


13 

t-Or?' ^^' 

(/ ABSTRACT 

UST OF TABLES 

LIST OF HGURES 

CHAPTER 

1. INTRODUCTION 

//2 

TABLE OF CONTENTS 

1.1. Objectives 

1.2. Hypotheses 

2. REVIEW OF THE LITERATURE 

2.1. Biomechanical Models 

2.1.1. Static Models 

2.1.2. Dynamic Models 

2.1.3. Lower Back Models 

2.1.4. Asymmetric Lifting 

2.2. Task and Subject Characteristics 

2.2.1. Extended Lifting Periods 

2.2.2. Changes in Lifting Patterns 

2.2.3. Posture of Lift 

2.2.4. Frequency 

2.2.5. Height of Lift 

2.2.6. Previous Experience of Subjects 

2.2.7. MAWL and Extended Lifting Periods 

2.2.8. Fatigue and Perceived Exertion 

3. BIOMECHANICAL MODELING 

3.1. Determination of Kinematics and Kinetics 

V 

vii 

xi 

1 

1 

2 

5 

5 

5 

7 

14 

18 

22 

22 

23 

23 

24 

25 

25 

26 

28 

32 

32 

u 



3.1.1. Model Characteristics and Assumptions 3 2 

3.1.2. Modeling and Data Processing 32 

3.2. Determination of Empirical Objective Function Value 36 

4. METHODS 41 

4.1. Subjects 41 

4.2. Experimental Protocol 42 

4.2.1. Experimental Schedule 42 

4.2.2. Experimental Procedure 44 

4.3. Experimental Apparams 45 

4.4. Experimental Design 46 

4.4.1. The Primary Response Variables 46 

4.4.2. The Secondary Response Variables 48 

4.4.3. The ANOVA/MANOVA Analyses 49 

5. RESULTS 51 

5.1. Empirical Objective Function Value 51 

5.2. Time per Lift 53 

5.3. Minimum Hip Height 5 5 

5.4. Maximum Moment at the Hip 57 

5.5. Load Travel Distance 5 8 

5.6. Hip Travel Distance 60 

5.7. Summary of the Primary Response Variable Results 61 

5.8. ANOVA/MANOVA Results 62 

6. DISCUSSION AND CONCLUSIONS 104 

6.1. Empirical Objective Function Value 105 

6.2. Time per Lift 105 

6.3. Minimum Hip Height 106 

m 



6.4. Maximum Hip Moment 106 

6.5. Load Travel Distance 107 

6.6. Hip Travel Distance 107 

6.7. Secondary Response Variables 108 

6.8. Within Subject Trends 108 

6.9. Conclusions 109 

6.10. Suggestions for Fumre Research 111 

REFERENCES 114 

APPENDIX 

A. LISTING OF FKKD.FOR 120 

B. USTING OF OPT.FOR 126 

C. FORMS 130 

D. SUBJECT CHARACTERISTICS 135 

IV 



ABSTRACT 

Research on extended lifting periods has focused on the physiological and 

psychophysical effects of prolonged lifting; however, there has been little research done 

that documents the biomechanical effects of extended lifting periods. The research 

results presented here were a documentation of the changes in selected kinematic and 

kinetic parameters over extended lifting periods. Also, the effects of training on the 

development of long-term biomechanical strategies were investigated. 

Six male subjects were asked to lift a weight (determined by each subject) at the 

rate of one lift per minute for four hours. After this initial four-hour session, each 

subject lifted under the same conditions for six half-hour training sessions spaced across 

two weeks. After these training sessions, each subject lifted, again under the same 

conditions, for another four-hour period. Therefore, the effects of both extended lifting 

periods and training (practice) could be investigated. 

The effects of these conditions on two sets of response variables were analyzed. 

The first set was referred to as the primary response variables and consisted of the 

empirical objective function value, the time per lift, the minimum height at the hip, the 

maximum moment at the hip, the distance traveled by the load, and the distance traveled 

at the hip. The second set of response variables were the maximum moments exerted at 

the elbow, shoulder, hip, knee, and ankle. 

Results indicated that there were significant trends (as determined by the Cox and 

Smart test for trend) during at least one of the training conditions for the empirical 

objeaive function value (decreasing), time per lift (decreasing), the minimum hip height 

(increasing), and the maximum hip moment (increasing). The distance traveled by the 

load and at the hip did not consistently show significant trends for all subjects. 

Furthermore, the empirical objective function value, the time per lift, the maximimi hip 



moment, and the load travel distance all showed training effects as determined by the 

ANOVA. The maximum moments at the five joints showed training effects, but only the 

moment at the hip showed an effect due to the extended lifting period (the lift number). 

The implications of these results were that there is an development of strategies 

across extended lifting periods that involves the decrease in the time per lift and the 

increase in the maximum moments at all joint. However, the immediate response of 

naive lifters who are allowed to lift freestyle is to use the hip joint to absorb the greater 

dynamic moment required by a shorter time per lift. This inference is made since the 

moments increased at the hip only due to the lift number. However, when the subjects 

were allowed to practice, the moments at all joints increased, showing that stresses 

(moments) were distributed across all joints to accommodate the shorter time of the lift. 
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CHAPTER 1 

INTRODUCTION 

Current biomechanical models that empirically determine the kinetics and 

kinematics of a lift use either static or dynamic and two- or three-dimensional analysis 

methods. Models that do not require the input of empirical coordinate data have been 

used to simulate or predict lift biomechanics. These models, however, do not describe 

changes (due to factors such as training or repeated lifting) that occur over the course of 

extended lifting periods of four hours or more. The closest that any model has come to 

incorporating a time factor is the NIOSH (1981) calculation of the Action Limit (AL), 

where frequency and duration of lift are factors. However, this is not a biomechanical 

model per se. 

Furthermore, there is a paucity in current research concerning the empirical 

determination of the kinematics and kinetics of extended lifting periods. In the past all 

research on extended lifting periods has concentrated on physiology and psychophysics 

(such as Femandez 1986). 

Therefore, there have been two motivations for this research. The first was to 

examine the effects of extended lifting periods and training (praaice) on biomechanical 

strategies for future use by biomechanical modelers. The second was to provide 

documentation of the changes in biomechanical strategies (kinematics and kinetics) over 

extended lifting periods. 

1.1. Objectives 

In order to better understand the objective of this research, a brief overview of the 

methods would be helpful. Subjects were asked to participate in two, four-hour lifting 

sessions. The first session (henceforth referred to as the before-training four-hour 
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session) consisted of lifting a weight determined by the subject from floor to shoulder 

height at the rate of one lift per minute for four hours with no breaks; this resulted in the 

subject performing 240 lifts during this four-hour session. Each subject then participated 

in six half-hour training (practice) sessions under the same lifting conditions. The 

training sessions consisted of 30 lifts each, and the total number of lifts performed in 

training totaled 180. After the completion of the training sessions, another four-hour 

lifting session (henceforth referred to as the after-training four-hour session) of 240 lifts 

was performed by each subject. 

The overall objective of this research was, therefore, to conduct experiments of 

lifting over extended lifting periods (of four hours, at the rate of one lift per minute) and 

to determine the effects of time and training on the biomechanical strategies used by the 

lifter. The specific objectives were: 

1. to investigate the effects of lifting over an extended lifting period of four hours 

through the analysis of selected kinematic and kinetic parameters, 

2. to investigate the effects of a series of training (practice) sessions on four-hour 

lifting periods (conducted before and after the training sessions) through 

analysis of the same parameters, 

3. to document changes in kinematics and kinetics (of selected parameters) over 

extended lifting periods due to the paucity of this information in the literature. 

1.2. Hypotheses 

With the objectives of the smdy thus stated, the following hypotheses were 

posited. 

1. There should be significant trends in the response variables in the course of the 

testing conditions (during the before-training four-hour session, the training 

sessions, and the after-training four-hour session). There should be decreasing 
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trends in the time per lift, the empirical objective function value, the distance 

traveled by the load, and the distance traveled by the hip. The downward trend 

in these four response variables should be a result of increasing "efficiency" of 

the lift. There should be an increasing trend in the minimum height of the hip 

and the moment exerted at the hip at the onset of the lift. This increasing trend 

should be the result of a shift from a leg lift to a back lift. These changes 

should most likely to occur in the before-training session or during the training 

sessions. These six response variables (empirical objective function value, 

time per lift, minimum hip height, maximum hip moment, load travel distance, 

and the hip travel distance) wiU be henceforth referred to as the "primary 

response variables." 

2. The changes in biomechanical strategies (kinematics and kinetics) that occur 

across the four-hour lifting periods should reflect a shift from lifting with the 

legs toward lifting with the back. The changes should be less pronounced (or 

absent) in the after-training four-hour sessions than in the before-training four-

hour sessions. The principal kinematic and kinetic parameters associated with 

this shift are: 

a. the minimum height of the hip during the lift should increase as the 

shift from a back lift to a leg lift occurs, 

b. the moment exerted at the hip should increase. 

3. The time required for the lift should decrease across the course of each of the 

four-hour lifting sessions. 

4. There should be significant training and lift number effects for the peak 

moments exerted at the joint centers. 

There have been precedents for these hypotheses in the literature. For instance, 

Leskinnen et al. (1983) found that there was an increase in peak hip torque when lifting 

3 



with the back as opposed to lifting with the legs. Therefore, it would seem that there 

would also be changes in other peak values when changes in lifting strategies occur due 

to training and repeated lifting across extended lifting periods. 

The research presented here was intended to document the effects that learning, 

repeated lifting, and boredom have on the biomechanical strategies that are adopted by 

lifters when they are allowed to lift and to learn to lift under freestyle conditions. 

Industrial training regarding lifting technique can be more involved than cursory 

instruction. However, the "natural" evolution of lifting technique has never been 

documented. This evolution will occur if there is no formal training, but may be 

circumvented if formal training is provided. 



CHAPTER 2 

REVIEW OF THE LITERATURE 

2.1. Biomechanical Models 

Biomechanical models are used to calculate kinematics and kinetics of centers of 

mass and joint centers and can use either a static or dynamic, two-dimensional or three-

dimensional analysis. Since most tasks encountered in industry are dynamic, static 

models must make the simplifying assumption that acceleration and momentum are 

negligible. Dynamic models, therefore, can be easily changed to static models by setting 

the acceleration equal to zero. Dynamic models vary according to the number of 

segments that are incorporated into them. Since many dynamic models include the 

lumbosacral junction, this will be included as a separate section due to the amount of 

work done in this area. 

2.1.1. Static Models 

Chaffin and Baker (1970) developed a computerized, static, symmetric, sagittal 

planar model in which the musculoskeletal system was represented as a series of eight 

solid links. The objective of the model was to evaluate physical strength capabilities 

required during manual materials handling operations. The output was joint moments 

resulting from lifting in a variety of body positions. The model was validated through 

laboratory experimentation. Although the original model was two-dimensional, a 1990 

version was developed that performed a three-dimensional static analysis. 

Chaffm and Park (1973) discussed a Lifting Strength Rating (LSR) methodology 

that was to be used to assess risk in industrial manual materials handling tasks. The LSR 

was calculated as follows: 

LSR= maximum load / strength. 
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The maximum load refers to the most stressful weight lifted on the job and the strength 

was that of "large, strong man." This ensures that a value of 1 is reached only when the 

strongest man can lift the weight in the given position. They concluded that when the 

LSR index increased beyond 0.2 that the likelihood of lower back injury increased for 

both men and women. This level was then considered potentially hazardous. 

Anderson et al. (1985) developed a static model in which the inputs were discrete 

lifting postures. The output of the model was an estimate of the moments and the forces 

on the L5/S1 interface, the strain on several lower back ligaments given the orientation of 

the L5 and the sacrum, and the strain on the outermost layer of the annulus for a given 

disk compression. 

Schultz and Andersson (1981) and Schultz et al. (1982) were interested in 

investigating the effects of asymmetry and developed lower back models with this 

objective. These models no longer made the assumption that the body was a series of 

rigid links, but rather looked at the effects of individual muscle forces in countering the 

extemal forces of the load. The model incorporated both the intrinsic lower back 

muscles (the extemal and intemal obliques and the erector spinae) as well as the 

abdominals. Although this model does not require the assumption of rigid links, it does 

require extensive assumptions about the activity of the intrinsic muscles of the trunk. 

The indeterminate nature of these muscle forces required that linear programming 

techniques be used to solve for the trunk muscle forces. 

Schultz et al. (1982) further discussed the model proposed by Schultz and 

Andersson (1981). An experiment was conducted in which the model was applied to 

symmetric and asymmetric tasks. Also, the myoelectric activity of the trunk muscles had 

to be measured. The tasks were not lifting tasks per se, but rather static trunk extension 

and flexion tasks during which the EMG could be ascertained. Some assumptions of the 

model are listed below. 



1. All extemal and body weight segment lines of action were known from 

measurements taken during the experiment. 

2. The ten muscles that were monitored for myoelectric activity were assumed to 

provide shear and compression resistance, although no moment resistance was 

assumed. 

3. Intraabdominal pressure was negligible. 

4. Linear programming was used to solve for the unknown trunk muscle forces in 

such a way that: 

a. the equations for moment equilibrium were satisfied, 

b. the muscle experienced only tensile forces, 

c. the prescribed value of maximum contraction intensity was not 

exceeded, 

d. the objective function was minimized. 

Therefore, an important inherent assumption in this model was that the muscles 

would exert the minimum force possible to move a particular load or to maintain a 

particular level of tension. The two quantities that were minimized were the compression 

on the L3 motion segment and the second was the minimization of the largest maximum 

contraction intensity. Once the muscle forces had been determined by optimization 

techniques, the remaining static equations for force equilibrium could be solved. 

2.1.2. Dynamic Models 

There have been a number of dynamic biomechanical models developed and most 

have been in the sagittal plane. Some of the more notable of these are discussed in 

chronological order of their publication. However, due to the prevalence of injuries to 

the lower back, there has been special interest in developing models that incorporate 

estimates of lower back (especially L5/S1) kinetics. Although many of the dynamic 
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models incorporated the L5/S1 (or more lower back segments), a special section will be 

devoted to the development of lower back modeling. Also, there has been a recent 

interest in three-dimensional asymmetric models to be discussed separately. 

Dynamic models are superior in their predictive capabilities to static models 

although they are more difficult to develop, since they require kinematic estimates. Garg 

et al. (1982) found that the predictions of lumbar compression based on static models 

were lower than those based on dynamic models. However, they also found that the static 

biomechanical results are in general agreement with maximum voluntary isometric 

strength and psychophysically determined weight limits. Since the earliest models that 

were developed were static, this implied that static models resulted in underestimation of 

forces exerted during manual material handling tasks. McGill and Norman (1985) 

obtained similar results when they used both static and dynamic models to predict the 

moments at the L4/L5 and found that dynamic models predicted moments that were 19% 

higher on the average (with a maximum difference of 52%) than the static models. 

Biomechanical modeling requires a series of simplifying assumptions so that the 

models do not become so complex as to be unwieldy (see Winter 1990). Some of the 

more important of these assumptions are listed. 

1. For two-dimensional models, the motion of interest must be confined to the 

plane parallel to the plane of the film. 

2. The joints act as pin centered joints and do not change location. 

3. All links are assumed to be rigid. 

4. The weight of each segment, the location of the center of mass for each 

segment, and the length of the radius of gyration are assumed to be those 

proportions determined by Dempster (listed in Winter 1990, pp. 56-57). 

5. The effect of friction is negligible. 
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However, some of the three-dimensional approaches to modeling require 

additional or different assumptions to be made. Kroemer et al. (1988) outlined, 

exhaustively, all biomechanical models that incorporate three dimensions. However, 

some of the more salient models are presented below. 

Freivalds et al. (1984) developed a dynamic biomechanical model consisting of 

seven rigid links and six articulated joints. The input of the model was cinematographic 

analysis, mass and link lengths, and the characteristics of the load lifted. The output was 

(1) the body position from articulation angles, (2) the angular velocities and 

accelerations, and (3) the reactive moments and forces at each of the articulations 

including the L5/S1 joint. The results of application of the model indicated that there are 

higher compressive forces for boxes with handles versus boxes without handles and that 

there was a positive correlation between smoothed and rectified EMG signals of the 

erector spinae muscles with the compressive forces of the L5/S i calculated by the model. 

McGill and Norman (1986) considered the activity of a number of muscles in 

their dynamic modeling technique; the lifts were conducted in the sagittal plane. Their 

objectives were to produce a highly anatomically accurate model of the compressive 

forces on the L5/S1 during sagittal planar lifts. Their specification of "highly 

anatomically accurate" meant that they considered a large number of muscles, all of 

which, except for the psoas, were muscles intrinsic to the trunk. These muscles included 

the recms abdominis, the obliques, the sacrospinalis, the iliocostals, the quadrams 

lumbonim, the latissimus dorsi, and the multifidus. This array of muscles was monitored 

with the use of surface mounted EMG apparams. Although it is not clear from the model 

how these deep and adjacent muscles' signals were separated through the use of surface 

mounted EMG, they used the signals to determine moments based upon extant models of 

the muscle's activity. 



Chen (1988) developed a three-dimensional dynamic model in which the muscles 

of the trunk were included, as well as intraabdominal pressure calculations. Many of the 

assumptions incorporated into this model were similar to those mentioned for two 

dimensional modeling. However, by their nature, three-dimensional models require that 

several additional assumptions be made. Chen made the following assumptions. 

1. An imaginary plane was assumed to cut through the torso at the level of the 

L5/SI disc. The origin of a subcoordinate system was assumed to originate at 

this disc and describe the movement of the plane. All extemal forces and 

moments were then assumed to act about the origin of this subcoordinate 

system. 

2. The L5 segment was assumed to provide no moment resistance, the trunk 

muscles are assumed to provide all of the necessary reactive moments. 

3. The effects of inertial forces and moments were assumed to be included in the 

computations of net reactive forces and moments. 

4. When the trunk twists it was assumed that the hip was in motion rather than the 

L5 segment and that the L5 vertebra and the trunk muscles remained in the 

same orientation to the imaginary plane at the L5/S1 disc. 

5. Muscle forces were solved by linear optimization techniques (the same as 

Schultz et al. 1982). 

Jager and Luttmann (1989) developed a 19 segment (18 joint center) dynamic 

model that incorporated 5 segments at the levels of five intervertebral discs and included 

intraabdominal pressure in these calculations. The joints centers that were used in this 

model were the left and right wrist, elbow, shoulder, hip, knee, and ankle. The 

nonbilateral points were the five lumbar vertebrae and the seventh cervical vertebra. The 

model is three dimensional and can accommodate asymmetrical lifting tasks as well as 

symmetric coplanar tasks. The third derivative ("jerk") component of lifting has been 
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incorporated. The model was validated through comparison of the results of lumbosacral 

kinetics with those already in the literature. These comparisons were favorable and 

indicated that the model was useful for a variety of lifting applications. 

The set of assumptions used by Jager and Luttmann (1989) in developing this 

model are more similar to those used in two dimensional models except that it also 

required the recording of myoelectric signals and the estimation of force generation of 

specific muscles. The following is a hst of the assumptions that were used in the 

development of this model. 

1. The anthropometric characteristics of the body were used for the calculation of 

the kinetics and kinematics. 

2. The segments in the lumbar area of the back were located at each of the 

intervertebral disks and therefore the model did not require the rigid segment 

assumption. However, the upper trunk was assumed to be rigid. 

3. The head and neck were assumed to be a rigid segment the movement of 

which, relative to the trunk, was modeled via the "neck joint." 

4. The parameters regarding the mass, center of gravity, and radius of gyration 

were adapted from Dempster. 

5. The body segments were assumed to have homogeneous mass distribution and 

were assumed to be conical or cylindrical in shape. 

6. The musculature of the trunk at the level of the lumbar spine was approximated 

using a total of eight muscles: erector spinae, the extemal and intemal 

obliques, and the recms abdominis (right and left for each). The location and 

direction of the forĉ e generation of these muscles was taken from such sources 

as Sobotta (1967; cited in Jager and Luttmann 1989). However, how the 

acmal force was determined is not clear. 
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7. Intraabdominal pressure calculations were included in a modified version of 

Chaffin's (1969) model. 

8. The entire intervertebral disks were assumed to play a role in the transmission 

of force, therefore, the force was assumed to be evenly distributed over the 

disk. 

Therefore, the set of assumptions is not very dissimilar to that set used in the two-

dimensional models; however, the use of tmnk muscle forces does introduce more 

complexity into the model. 

Most biomechanical models use rigid link assumptions and calculate the kinetics 

from the load in the hands, down to the feet. However, Schipplein et al. (1990) used a 

model in which the kinetics were calculated from the feet (instead of the usual 

convention of begiiming kinetics calculations at the hands). They compared the results 

of this model with the more traditional approaches and found that the shapes of the lifting 

profiles were the same but that the magnimdes were different. The primary result of 

interest was that the upper body contributed more to L5/S1 moments than did the weight 

lifted. 

Marras and Sommerich (1991a and 1991b) pointed out that the forces that act on 

the lower back during a lift can be classified as intemal and extemal in origin. Extemal 

forces are those that produce moments about the spine due to the mass of the weight 

lifted as well as the mass of the body segments. The intemal forces are those that 

originate due to muscle forces, intemal pressures, and passive resistance of various 

components of the body. Moment arms of intemal forces are less than those of extemal 

forces that they must counter, placing the muscles at a mechanical disadvantage. 

Consequently, Marras and Sommerich (1991a) suggested a model that was to be 

used for laboratory conditions and which incorporates myoelectric activity (EMG) as a 

source for intemal force production in the trunk. The model was intended to describe 
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shear, compression, and moment at the lower back. The assumptions and approximations 

that are required of this model were: 

1. Muscle force must be estimated. To do this, the subject characteristics, the 

EMG signal, and the trunk kinematic and kinetic elements must be used. This 

carried with it an assumption regarding the relationship between EMG and 

force production. 

2. The EMG data for each subject were collected using isokinetic laboratory 

tasks. The muscles that were used were the following five pairs: latissimus 

dorsi, erector spinae, recms abdominis, and the intemal and extemal obliques. 

3. All EMG signals were normalized for time so that they could be compared 

between different muscles. In addition, the force approximation includes gain, 

velocity factor, a length-strength factor, and muscle cross sectional area. 

4. The task for which this model was developed was for an isokinetic trunk 

flexion conditions performed with an isokinetic dynamometer. 

It was made very clear (Marras and Sommerich 1991a) that the model developed 

was intended stricfly for laboratory applications where the tasks could be restricted to 

isokinetic ones controlled by an isokinetic dynamometer. Therefore, the applicability of 

the model to general lifting conditions is limited. The advantage of the model was that it 

gave the loading patterns of the spine under different conditions and that it allowed 

insights to be gained on the effects of trunk asymmetry. Although the authors 

approached the results with a good deal of reservation, the model indicated that mean 

spinal compression acmaUy were reduced with increasing asymmetry, but that at the 

same time the mean left to right lateral shear increased (Marras and Sommerich 1991b). 

This implies that the primary risk may have been in the increasing shear forces rather 

than with the increased compression resulting from the asymmetry. 
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Chaffm and Andersson (1984), in the discussion of three-dimensional static 

models, indicated that when a task is not coplanar, that two-dimensional models lost their 

validity. For instance, when an individual was not lifting in the sagittal plane, a coplanar 

model was not adequate. However, when the task was restricted to the sagittal plane it 

was not necessary to introduce the third dimension into the calculations. As already 

mentioned, three-dimensional models use similar assumptions to those used by the two-

dimensional models. However, the models that are most prevalent in the literature have 

made use of the muscle forces in the trunk, which necessitated the use of the EMG to 

force relationship which can often be problematic (Woods and Bigland-Ritchie 1983). 

The three-dimensional models are appropriate for lifting activities and those mentioned 

above have been used for that purpose (among other applications). Also, under 

laboratory conditions, three dimensional models provide more information about the 

kinetics and kinematics of the lower back than do the six link coplanar models. 

However, this increase information must be obtained at the cost of making the models 

difficult to apply in a nonlaboratory setting. In contrast, the two-dimensional model can 

be more easily applied in an industrial setting. However, it should be noted that the task 

must be strictly coplanar for the use of the two-dimensional model. If there is any 

twisting, application of force with only one hand, or asymmetry of loading then the 

coplanar model becomes invalid. 

2.1.3. Lower Back Models 

Because of the prevalence of injuries to the lower back, modeling the lumbosacral 

area has been of particular interest in the development of biomechanical models. Lower 

back models have used an estimation of the abdominal pressure based on the hip 

moments. 
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The earliest lower back modeling efforts were by Chaffm (1969) and Chaffm and 

Baker (1970) and more recently was addressed by Chaffin (1988). This model was an 

eight link sagittal planar dynamic model that used hip torque to calculate the 

intraabdominal pressure and compressive forces on the lumbosacral joint. The model 

proposed (Chaffm 1969) was as follows: 

Pa = 10-'̂ [0.6516 - 0.005447*a]*[Mhjl-8 *[0.00136], 

where, P^ = abdominal pressure (kilograms/cm^), 

a = angle between the trunk and thigh (degrees), 

Mh = hip moment (Idlogram-centimeters). 

The formula for the abdominal force was: 

Fa = P a * * . 

where, F^ = abdominal force (kilograms). 

Pa = abdominal pressure (kilograms/cm^, calculated previously), 

O = disqjhragm area (assumed to be 465 cm^). 

The next step was to calculate the moment at the lumbosacral junction. 

Mis = Dcg*Wcg + Dfh*Wi - Da*Fa. 

where, Mjg = moment at the L5/S1 joint (kilogram-centimeters), 

Dcg = distance from the center of gravity of the body above the L5/S i 

to the L5/S1 (centimeters), 

Wcg = the mass of the body above the L5/S1 (kilograms), 

Dfli = distance of the load from the L5/S1 (centimeters), 

Wj = mass of the load (kilograms). 

Da = the distance of the action of the abdominal pressure from the 

L5/S1 (assumed to act 9.1 centimeters anterior to the L5/S1), 

Fa = abdominal force (kilograms). 
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Penultimately, the muscular force is determined by: 

Fm = Mis/Dm, 

where, F̂ ^ _ ^g muscle force (kilograms), 

Mjs = moment at the L5/S1 joint (kilogram-centimeters), 

Dj^ = length of the moment arm of the erector muscle group from the 

L5/S1 (assumed to be 5 centimeters posterior to the L5/S1). 

Finally, the compressive force at the lumbosacral junction can be determined by: 

Fc = [(Wb+Wi)/sin(p)] + Fm - Fa, 

where, F^ = compressive force on the L5/S1, 

W ĵ = body mass (kilograms), 

Wj = mass of the load (kilograms), 

P = angle of the superior surface of the sacrum to the vertical 

(degrees), 

Fm = the muscle force (kilograms). 

Fa = abdominal force (kilograms). 

Lower back modeling using abdominal pressure and hip moment requires several 

assumptions. Some of these assumptions are listed below. 

1. The line of action of the abdominal pressure is parallel to the normal 

compressive force on the intervertebral disc. 

2. The distance of the abdominal force from the spine is not constant but changes 

as the individual stoops. 

a. El Bassoussi (1974) showed that this distance increased from 0 degrees 

to 60 degrees trunk flexion and then decreased from 60 degrees to 90 

degrees trunk flexion. 

b. Chaffin (1969) made the assumption that the distance varied with the 

sine of the hip angle; when the trunk was erect the moment arm is 6.7 
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centimeters and when the hip was bent to 90 degrees the moment arm 

is 14.9 centimeters. 

3. Mitchell (1934) found that the angle of the upper surface of the Sj disc was 40 

degrees to the horizontal and the lower surface of the L5 was 21 degrees from 

the horizontal. The sacral angle changed in a predictable manner with trunk 

and knee flexion. For each degree of lumbar rotation, 18/83 of a degree 

occurred at the L5/S1 (Davis et al. 1966). 

4. The abdominal pressure was assumed to act on a diaphragm area of 465 cm .̂ 

5. The abdominal muscles are not active during lifting and do not, therefore, exert 

longimdinal pull. 

Other lower back models that incorporated Chaffin's (1969) and Chaffin and 

Andersson's (1970) results are Freivalds et al. (1984) and McGill and Norman (1985). 

. However, Troup et al. (1983) found that there was a poor relationship between measured 

intraabdominal pressure and calculated peak values for lifting velocity, lumbosacral 

compression, and hip torque. Therefore, this indicates that attempts to calculate the 

lumbosacral compression based on the hip torque and calculated intraabdominal pressure 

may not be successful. The results indicated that the intraabdominal pressure was greater 

for lifts in which the trunk was kept straight versus those that allowed greater bending of 

the trunk. 

Likewise, Mairiaux and Malchaire (1988) found a poor relationship between 

intraabdominal pressure and lumbar stress at different trunk flexion levels in a sagittally 

symmetric lifting task using a leg lift. The relationship between these two variables 

became weaker as the trunk was flexed more. 

An indirect method for determining L5/S1 compressive forces from variables that 

are easily measured in an industrial simation, such as the peak hand forces, the load 

parameters, and several anthropometric variables was developed by Potvin et al. (1992). 
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The models were developed using Chaffin's (1969) methods for estimating the L5/S1 

compressive forces and were significant (r^ values of 0.90). This model is attractive in 

that the measurements are easily made in a field simation and the accuracy of predicting 

compressive forces seems to be very good. 

2.1.4. Asymmetric Lifting 

Since the publication of the NIOSH (1981) guidelines, there have been numerous 

investigations into the effects of asymmetric lifting. For instance, Garg and Badger 

(1986) investigated isometric loading in asymmetric positions. Also, since the latter part 

of the 1980s, much work has been conducted at the Biodynamics Laboratory at the Ohio 

State University ( for instance, Marras and Mirka 1989, Marras and Sommerich 1991a 

and 1991b). However, most of these dealt with the EMG activity of very restricted 

portions of the trunk musculature, i.e., the intrinsic muscles of the trunk (primarily the 

extemal and intemal obliques, the erector spinae, the recms abdominis, and the latissimus 

dorsi). Other extrinsic trunk flexors/extensors, such as the gluteals, the quadriceps 

package, and the hamstrings, were not included in most of these smdies. Also, the lifting 

positions were limited to back extension activities while maintaining a straight legged 

position. 

Gallagher et al. (1988) and Gallagher et al. (1990) used EMG of eight trunk 

muscles to investigate compressive forces at the L3 vertebra. Their independent 

variables were posmre (kneeling and stooping), height of lift, and weight of lift in a 

laboratory setting that simulated low seam coal mines. For the purpose of the analysis of 

variance, they used torque, shear, maximum muscle force, average muscle force and 

compression. These were determined through the use of the EMG driven biomechanical 

models presented by Reilly and Marras (1989). Gallagher et al. found that the all of the 

factors that were manipulated in the experiment influenced compression and muscle 
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force (peak and average) but not shear forces and torque in a consistent manner. 

Therefore, for this study, the posture was significant in reducing the amount of 

compression on the lumbar vertebrae. The kneeling posture produced higher 

biomechanical stresses. 

Lavender et al. (1989) looked at the combined effects of preview time and task 

asymmetry on the sudden loading of the trunk. Subjects were asked to catch falling 

weights while maintaining different degrees of trunk asymmetry. With regards to both 

peak force and average force as determined by the EMG of the erector spinae, the 

extemal obliques, the latissimus dorsi, and the recms abdominis. They found that the 

degree of asymmetry was significant in effecting the loading on the spine as indicated by 

the intrinsic trunk muscles and that the amount of preview that was afforded the subject 

affected the compression forces. When longer preview was allowed, less compression 

resulted. 

Marras and Mirka (1989) conducted an experiment in which trunk torque 

production was investigated as a function of trunk asymmetry, trunk angle, and trunk 

velocity (during both concentric and eccentric exertions). The main effects and all 

interactions (except asymmetry and trunk angle) were found to be significant. This 

suggested that there was a complex interrelationship of these variables in determining 

trunk torque production. They also used these independent variables in an attempt to 

constmct regression equations for predicting eccentric exertion, isometric exertion, and 

concentric exertion. The best results were obtained for isometric exertion with an r̂  

value of 0.70; the eccentric and concentric r̂  values were 0.37 and 0.50, respectively. 

The authors believed that the most significant result was the prediction of trunk torque 

production as a function of both angular velocity and trunk angle. This implied that the 

static terms for defining trunk strength were not valid. 
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Marras and Mirka (1990) found that as the trunk became more asymmetric, that 

the muscles other than the erector spinae became more active. They conducted an 

experiment in which symmetric lifting and two levels of asymmetry (15 and 30 degrees) 

were used in addition to three levels of acceleration. They found that contralateral 

muscles to the direction of the asymmetry showed greater EMG activity indicating that 

these muscles compensated for the increase in load. 

Mirka and Marras (1990) in investigating lumbar responses to load lifting looked 

at the variables of asymmetry and bent versus straight leg lifting. The resulting analysis 

of variance indicated that the lifting style (i.e., bent or straight legged) was not 

significant for the components of acceleration. The components of acceleration selected 

were the magnimde of the peak acceleration, the sagittal angle at which the peak 

acceleration occurred, the vertical height of the load at which the peak acceleration 

occurred, and the number of the load acceleration peaks that occurred during the lift. 

The degree of asymmetry was significant, however, in determining the sagittal angle and 

the local acceleration peaks. The authors regarded this as insufficient cause, however, to 

dismiss the importance of the posture (stoop versus squat in this smdy) as an important 

factor in the lower back compression. 

Kumar (1990) tested asymmetric lifting in only the stooped posture (straight 

legged) through the manipulation of the following variables: isometric lifting (with hip 

angles of 60 and 90 degrees of flexion) and isokinetic lifting (at a constant linear velocity 

of 50 cm per second). The isokinetic lift was performed at floor to knuckle height and 

the planes of interest for both isokinetic and isometric tasks were the sagittal, 30 degree 

lateral, and 60 degree lateral. There were also three reach distances: half reach, three-

quarters reach, and full reach. This resulted in 27 experimental conditions. The 

magnimde of the lifting strength was then determined through the use of a load cell. The 

results of the analysis of variance indicated that peak strength was significantly 
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determined by plane and reach, but that the isometric and isokinetic treatments were not 

significant. For average strength, all variables and all of their interactions were 

significant. The greater the deviation from the sagittal plane the more the peak and 

average strength was reduced. 

Ferguson (1990) investigated range, peak velocity, average velocity, and peak 

acceleration in the frontal, transverse and sagittal planes as a function of asymmetry and 

weight. The results indicated that task asymmetry was significant along the sagittal 

plane, while weight was significant along all three planes. In particular, task asymmetry 

greater than 120 degrees from the sagittal plane put the greatest strain on the lower back 

as determined by the criteria measured. 

Kumar (1990) showed that there was more extensive activity of the erector spinae 

and extemal obliques during asymmetric tasks indicating more severe loading on the 

spine. Similarly, Garg and Badger (1986) showed that the psychophysical estimates of 

the amount of maximum weights were reduced as the degree of asymmetry (deviation 

from the sagittal plane) increased. They found that at three asymmetric angles (at 30, 60, 

and 90 degrees to the sagittal plane) the maximum acceptable weight determined by the 

subjects was reduced by as much as 9%. The maximum isometric strength also 

decreased by 12%, 21%, and 31% for the three asymmetric angles, respectively. Similar 

results for psychophysical responses to asymmetric lifting were reported by Mital and 

Fard (1986). 

Most asymmetrical smdies have investigated lifting at various levels of deviation 

from the sagittal plane while in the standing position. However, note that Gallagher et al. 

(1990) looked at the asymmetric lifting in stooping and kneeling postures. Another 

important objective of the asymmetric lifting analysis has been to smdy the activity of the 

trunk muscles during different levels of asymmetry. The results of Kumar (1990), for 

instance, indicate that EMG activity is altered during an asymmetric task and that spine 
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loading increases. Most of the work in asymmetry has been with regard to lifting, in 

response to the lack of considerations of asymmetry in the NIOSH (1981) guidelines. 

2.2. Task and Subject Characteristics 

2.2.1. Extended Lifting Periods 

Much of the work done to date on extended lifting periods has concentrated on 

the physiological energy expenditure and psychophysical limits over the lifting period 

and the effects that the resulting fatigue has on the weight of the load lifted and the 

frequency of the lifts. For instance. Snook (1965, cited in Ayoub and Mital 1989) found 

that there was not a decrement of load lifted in four-hour lifting shifts. 

Femandez (1986) and Femandez et al. (1991) conducted a psychophysical smdy 

in which the subjects lifted their maximum acceptable weight of lift (MAWL) from the 

floor to 30 inches at rates of 2 and 8 lifts per minute for eight hour periods. In one 

experiment, the subjects were allowed to adjust the weight during the 8 hour lifting 

period and in the second experiment, they were required to keep the weight constant. 

The results indicated that the maximum acceptable weight of lift decreased, on the 

average, to 85.97% of the initial value when they subjects were allowed to adjust the 

weight themselves. The decrement was lower for two lifts per minute than for eight lifts 

per minute. 

Snijders et al. (1987) developed instrumentation that could be worn under a 

subject's clothing for recording of back movements over extended lifting periods of eight 

hours or more. They measured several kinematic and kinetic parameters through the use 

of this device; however, they made no attempt to trace the evolution of these parameters 

through the course of the day. 
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2.2.2. Changes in Lifting Pattems 

Changes in lifting pattems can be due to fatigue, boredom, learning, or a variety 

of load and worker characteristics. Lewis (1982) investigated the effects of fatigue, 

while Schipplein et al. (1990) looked at the effects of the weight of the load on the free

style lifting pattems of subjects. 

Lewis (1982) conducted a biomechanical smdy of the effects of fatigue induced 

by extended lifting periods. This projea, however, used a relatively high rate of lifting 

(9 lifts per minute) and then continued the lifting period for only 30 minutes. Results 

indicated that lifting with the arm occurred later in the lift after fatigue had been induced. 

This implied that the load was lifted at the last possible moment when the subject was 

fatigued. 

Schipplein et al. (1990) hypothesized that subjects would lift a heavier weight 

(250 Newtons) with the back, rather than with the legs as is observed with lighter weights 

(50 Newtons). These two extremes are referred to as the leg lift, where the knees are 

bent and the back is vertical, and the back lift, where the trunk is flexed. The authors 

compared peak values for the kinematic parameters that resulted from lifting the different 

weights. The results vindicated the initial hypotheses, i.e., that when subjects were 

allowed to lift in the manner that they wanted, the heavier weight resulted in a back lift 

method and the lighter weights induced a leg lift. 

2.2.3. Posture of Lift 

The posture of the lift influences the mechanics of the lift. Ayoub and Mital 

(1989) classified three different posmres that can be used in lifting: stoop (straight leg), 

squat (straight back), and free style (semi-squat). The squat posture was less stressful 

than the stoop posture from a biomechanical standpoint; however, the stoop posture was 

lower in the metabolic costs incurred. The free style posttire was less biomechanically 
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taxing, although there was some disagreement as to whether it incurred less physiological 

cost than the stoop method. 

Leskinnen et al. (1983) compared peak values of the hip torque, the 

intraabdominal pressure, and the lumbosacral compression forces for the back lift and the 

leg lift. They found that there was a significant difference for the hip torque and the 

inttaabdominal pressure, but not for the lumbosacral compressive forces. The results of 

this portion of the smdy were outlined in Table 2.1. 

Anderson and Chaffin (1986) used a sagittal static model and found that the 

estimated lumbosacral compressive forces were lower for sttaight backed lifting than for 

the leg lift. These results should be applied with caution, however, since the kinetic 

parameters were estimated using a static analysis. 

2.2.4. Frequency 

The frequency of a task dictates the duration with which that task can be 

performed. Ayoub and Mital (1989) pointed out that much of the work that has been 

done with task frequency and duration has involved psychophysical and physiological 

approaches. In general, biomechanical approaches have been limited to smdies of 

infrequent tasks. 

Mital (1983) found that the maximum acceptable weight of lift decreased by 

approximately 25% by after eight hours of lifting. This may indicate that a lower 

percentage of weight should be used when the duration of the lifting is as long as eight 

hours. Ciriello and Snook (1978) found that the most acceptable frequency was 4 lifts 

per minute for two handed lifting tasks as weU. 

Genaidy and Asfour (1989) investigated the relationship between weight and 

duration on the endurance of subjects in a manual lifting task. They found that the 
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lightest frequency and load combination (4 lift per minute at 5 kilograms) could be 

maintained for most subjects for an eight hour period. 

Ciriello et al. (1991) found that when subjects were asked to select weights that 

they could lift for four hours without becoming unusually tired the selected weights did 

not change over the four-hour lifting period. They concluded that the psychophysical 

methodology was sufficient for determining the maximum acceptable weight of lift for 

extended periods when the rate of lifting was 4.3 lifts per minute or lower. 

2.2.5. Height of Lift 

The vertical height of the lift influences the performance of that lift. Previous 

research has shown that the psychophysical lifting capabilities vary inversely with the 

height of the lift (Ciriello and Snook 1978,1983). The height of the beginning of the lift 

is as imponant as the total vertical distance of the lift. Ciriello and Snook (1983) showed 

that the changing the beginning point of the lift from knuckle height to shoulder height 

can also reduce the lifting capabilities of an individual. 

2.2.6. Previous Experience of Subjects 

There are several earlier smdies that looked at the differences of lifting pattems 

based on the experience of subjects. Patterson et al. (1986) obtained results that 

indicated that inexperienced lifters had larger peak forces and moments at the lower 

back. Brown and Abani (1985) smdied kinetics and kinematics of adolescent dead lifters 

and found that less skilled power lifters had greater variability and magnimde in linear 

and angular acceleration parameters. 
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Smith et al. (1982) found that subjects performing manual material handling tasks 

in an industrial environment varied in the amount of time it took them to lift. The task 

duration was lower for experienced lifters than for inexperienced lifters. 

Gamberale et al. (1987; see also Lindbeck et al., 1988) conducted psychophysical 

evaluations of lifting tasks using subjects with previous experience (warehouse workers) 

and those with no experience (office workers). They found that subjects with previous 

occupational lifting experience chose lower workloads than did the office workers. 

Furthermore, the experienced subjects rated their perceived exertion higher than the 

office workers. In contrast, no consistent relationship was found between the subjects' 

physical characteristics and these responses. 

2.2.7. MAWL and Extended Lifting Periods 

The effects of extended lifting periods on the MAWL (Maximum Acceptable 

Weight of Lift) have been investigated. Legg and Myles (1981) used psychophysical 

methods and the purpose was to evaluate the reproducibility of the psychophysical 

method. The results indicated that the psychophysical method was reproducible; 

however, it is significant to point out that the mean load selected for an eight-hour work 

day at the lifting rate of 2.5 lifts per minute (for ten military subjects) was 17.5 

kilograms. This indicated that subjects were capable of using this weight over an eight-

hour day without metabolic, cardiovascular, or subjective evidence of fatigue. In fact, 

the recorded mean heart rate was 92 beats per minute and the oxygen cost was oidy 21% 

of the maximal oxygen uptake values. 

Mital (1983) conducted an extended lifting smdy in which the subjects estimated 

during a 25 minute lifting period what they could lift for an extended (eight-hour period). 

For the male subjects, it was found that the amount that they could acmally lift for an 

eight-hour period was only 65% of what they had estimated that they could lift for that 
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period. A smaller decrement was documented for females, who lifted 84% of the 

estimated weight. Mital hypothesized that the weight adjustments were made in an effort 

by the subjects to maintain a relatively constant cardiovascular burden. 

Similar results were found by Karwowski and Ayoub (1984) in which it was 

determined that the MAWL for extended high frequency lifting bouts could not be 

exttapolated from shorter lifting periods. Likewise Legg and Myles (1981) found that 

there was a decrement in the MAWL for military personnel across an eight hour period 

and that it was more pronounced than for the industrial workers used by Snook (1978). 

Mital (1984) tabulated the maximum acceptable weights for male industrial 

workers over an eight hour period of lifting. The variables that are presented in 

conjunction with this table are frequency of lift, box size, and height of lift (floor to 

knuckle, knuckle to shoulder, and shoulder to reach). Also the physiological responses 

(heart rate and oxygen uptake) at each combination were listed. Furthermore, the eight 

hour lifting experiment conducted by Mital (1984) shows that the results are comparable 

to those of Snook (1978) and Ayoub et al. (1978). The results indicated that for an eight 

hour lifting shift that there is a decrement in the weight lifted except at the rate of 1 lift 

per minute. The results for males are summarized in Table 2.2. 

Snook and Ciriello (1991) published tables for the determination of the weights 

of lift that were found to be acceptable to industrial populations at different frequencies, 

box sizes, and height of lift. These data included information regarding the percentage of 

the industrial population that should be capable of the weight indicated for each 

combination of variables. 

Karwowski and Mital (1986) developed a safety index for determining the 

maximum weight that should be lifted at various frequencies over an eight hour period. 

This safety index was based on biomechanical as well as physiological criteria. For a 

frequency of one lift per minute, the calculation of the safety index is listed below. 
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SI = [F/4300]*exp[0.3(l-(V/0.8))], 

where, SI = safety index, 

F = predicted compressive force on the L5/S1 (Newtons), 

V = the oxygen consumption due to lifting a given load at a given 

frequency Giters of 02/minute). 

Furthermore, if the load is to be lifted over an extended period such as eight 

hours, then the load should be further reduced through multiplying the planned weight of 

the lift by the safety index, yielding a lower lifting weight for the duration of the 

extended lifting period. 

Finally, it should be noted that Welbergen et al. (1991) found that there was a 

significantly greater power output and VO2 for squat than for the stoop lifting at the 

same frequency. However, there was not a significant difference in the mechanical 

efficiently between the two techniques. This may support the ideas that any prolonged 

lifting period or high lifting rate will induce the lifter to abandon lifts of the squat variety 

in favor of lifts that more resemble stoop lifting in an effort to minimize energy outputs. 

2.2.8. Fatigue and Perceived Exertion 

Fatigue and perceived exertion are closely related. Borg (1962), Borg and Noble 

(1974), and Borg (1977) have discussed extensively the rating of perceived exertion. 

Borg and Noble (1974) have proposed the following version of the power law to apply to 

extended physical effort over a "long" period of time. 

R = a + c(S-b)n, 

where R is the intensity of the perception, c is the measure constant, S is the physical 

intensity in kpm/minute, b is the basic constant, and a is the constant for the basic 

percepmal noise level. Borg (1962) developed the Rated Perceived Exertion (RPE) scale 

for rating perceived exertion during extended periods. The scale varies from 6 to 20 to 
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approximate 1/10 of the heart rate. This scale was revised to a 10-point category ratio 

scale (Borg and Borg 1987); this revised scale was presented in Table 2.3. 

Borg (1962) found that the responses to the rating scale correlated very highly 

with heart rate (r=0.85) when the work was "light to heavy" (the RPE is not indicated, 

although we could assume a RPE of 3 or higher); however, at lighter work loads 

(RPE<3), the correlation was not good (r=0.20 to 0.50). Therefore the scale is only valid 

for heavier work loads. Borg (1977) indicates that the best scale to use for applied 

smdies is the simple rating scale shown in Table 2.3. 

Snook and Irvine (1969) outline the criteria that are used to define fatigue. These 

criteria are oxygen consumption rates, metabolic energy expenditure, and heart rate (e.g., 

Brouha 1960). The authors conducted a laboratory and a field smdy and found that there 

was not a significant difference among weights, replications, and the industrial or the lab 

smdy for heart rate, metabolic expenditure, and oxygen consumption. They conclude 

that psychophysical criteria are adequate for fatigue evaluation. Garg and Ayoub (1980) 

found that psychophysical criteria for how much load can be lifted safely are consistently 

lower than the biomechanical criteria. 
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Table 2.1. Comparison of the average peak of selected kinetic parameters for back 
and leg lifting (Leskinnen et al. 1983). 

BACK LIFT LEG LIFT SIGNIHCANCE OF DIFFERENCE 

HIP TORQUE (Nm) 346 263 p<0.01 

LUMBOSACRAL 
COMPRESSION (N) 5765 6039 not significant 

INTRAABDOMESTAL 
PRESSURE (kPa) 5.3 7.9 p< 0.001 

Table 2.2. Decrement (for males) in MAWL with frequency, box size, and height of 
lift (adapted from Mital 1984). 

Ayoub et al. (1978) Mital (1984) 

100 
94 
92 

Variable 

box size (cm) 
30.48 
45.72 
60.96 

frequency 
(lifts/minute) 

1 
4 
8 
12 

Snook (1978) 

100 
91 
89 

100 
89 
79 
59 

Aye 

100 
97 
92 

100 
93 
84 
-

100 
92 
81 
71 

height of lift 
floor to knuckle 100 100 100 
knuckle to shoulder 98 94 96 
shoulder to reach 84 71 87 
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Table 2.3. Category Scale for rating perceived exertion (Borg and Borg 1987). 

0.5 extremely easy 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

very easy 
easy 
moderate 
somewhat difficult 
difficult 

very difficult 

extremely difficult 
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CHAPTER 3 

BIOMECHANICAL MODELING 

This chapter contains information pertaining to the smoothing and biomechanical 

modeling techniques that were developed and used specifically for this project. The 

techniques described here require the input of raw x-y coordinate data. 

3.1. Determination of Kinematics and Kinetics 

3.1.1. Model Characteristics and Assumptions 

The model developed for analysis of digitized data was coplanar (in the sagittal 

plane), dynamic, and used six segments. All biomechanical models require a series of 

simplifying assumptions. The most important of these for the model used in this 

experiment are listed below. 

1. The joints acted as pin centered joints and did not change location. 

2. All links were rigid. 

3. Each segment's weight, center of mass location, and length of the radius of 

gyration were calculated according to those proportions determined by 

Dempster (listed in Winter 1990, pp. 56-57). 

4. The effect of friction was negligible. 

5. The center of mass for the load was at the point located on the second knuckle 

of the hand. 

6. The sampling rate was 60 hertz. 

3.1.2. Modeling and Data Processing 

The input to the model was raw, digitized, sagittal planar coordinates of the seven 

joint centers (see Figure 3.1 for the definition of the segments and joint centers). This raw 
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coordinate data was smoothed using a Butterworth digital filter (Winter 1990). The 

smoothed data (in conjunction with the Dempster's proportionality constants, 

anthropometric data, and load data) were then used to obtain the following kinematic and 

kinetic infomiation: 

1. joint center Hnear position, velocity and acceleration, 

2. angular position, velocity, and acceleration at each joint center, 

3. center of mass linear position, velocity, and acceleration for each segment, 

4. reactive forces at each joint center, 

5. moments at each joint center. 

The reference system for the development of this kinematic and kinetic information is 

represented in Figure 3.2. 

The filtering, kinematic, and kinetic calculations were accomplished by a 

FORTRAN program resident on the VAX 8650 mainframe computer. This program is 

listed in Appendix A. The equations for the kinematic and kinetic calculations are 

discussed below. 

The joint center kinematics (hnear velocity and acceleration in both the x and y 

axes) are obtained through the use of finite differences (Winter 1990). The equations for 

the velocity and acceleration are: 

V — ^i+l ~ ^ i - i 
' 2At ' 

and 

_ Xi•^l-2x^-^-x^_l 
i ~ A 2 

Here At is the inverse of the number of frames per minute. For the motion analysis 

system this was exactiy 60 Hz, and for videotape cameras this can be assumed to be either 

30 Hz or 60 Hz. The linear velocity and acceleration in the y axis was found in the same 

manner, except that y is substituted for x in the above equations. 
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The angular position of each of the segments was determined relative to the 

horizontal. The following equation was used with some qualifications. 

©i = tan -1 yi-yi-i 
Xj - X i _ i 

Since this yielded an angle between -K/2 and +7i/2 radians, it had to be evaluated (subject 

to several conditions) to arrive at a value between 0 and 27t radians. These conditions 

were: 

1. if the denominator was less than zero, then add n radians were added to the 

resuh, 

2. if the denominator was greater than zero and the numerator was less than zero, 

then 2K radians were added to the result, 

3. if both the denominator and the numerator were greater than zero, then the 

result stood. 

The angular kinematics were found by the use of finite differences discussed 

above, except that the joint center angles {&[) were substituted for x in the velocity and 

acceleration equations. 

The center of mass position for each of the segments is obtained by the following 

formula: 

Xcmi =Xi-h>.iLiCOs(0i), 

ycmi =yi+>iiLiSin(0i), 

where X{ is the proportion of the segment length that lies between the proximal end (at xj, 

yj) and the center of mass (based on Dempster's data presented in Winter 1990) and Lj is 

the length of the segment. The velocity and acceleration of the center of mass for each 

segment was then determined by finite differences. 

The kinetics at each of the joint centers (reactive forces and moments) were 

determined by the following set of equations. 
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1. The x direction reactive forces for the hand (segment I, making the assumption 

that the instantaneous acceleration at xj , yj is the center of mass acceleration 

for the load) were: 

Fxj =Xcm|mass]-i-xiload, 

and 

Fyi =[g + ycmi]massi-h[g + yi]load. 

2. For the remaining joint centers, these equations became: 

Fxi =Fxi_i+XcmimasSi, 

and 

Fy, = F y , _ i + [ g + ycmi]masSi. 

3. The moment at the wrist was: 

Mj = IojOi+FyjXiLiCOs(0i)-Fxj>.iLisin(0i) + 

load(l-?ii)Li[(g-i-yi)cos(0i)-xisin(0i)]. 

4. The moments at the remaining joint centers were: 

^ i = ^ i - l + IQ ^ i + Fy ^iLi cos(0i)- Fx- XiLi sin(0i) + 

(l-?i.)Li[Fy._j cos(0i)-Fx._j sin(0i)]. 

In the kinetics equations, the following were the variable definitions: 

ĉm = center of mass position in the x axis for segment i, 

ycm • = center of mass position in the y axis for segment i, 

Xj = position of joint center i in the x axis, 

yj = position of joint center i in the y axis, 

massj = the mass of segment i, 

IQ = the moment of inertia about the center of mass for segment i, 

M = the length of segment i, 
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'̂ i = proportional location of the center of mass for segment i from the 

proximal end of that segment, 

g = acceleration due to gravity, 

load = the mass of the weight lifted, 

^i = the angle at joint center i, 

^ i = the moment about joint center i, 

Fyj = the y reactive force at joint center i, 

^\i = the X reactive force at joint center i. 

3.2. Determination of Empirical Objective Function Value 

Hsiang (1992) used the ratio of the moment produced at each joint to the sttength 

at that joint as determined by the strength equations developed by Stobbe (1982, cited in 

Chaffin and Andersson 1984) to determine the value of a function for each hft. This 

function was the summation of the square of the ratio of the joint moment to the joint 

strength at five joints (elbow, shoulder, hip, knee, and ankle) for each frame. These 

summations were then integrated across the entire lift: 

/ x y f . A M J 

Oj=lV Ĵ J 

2 

dt. 

where, f = the objective function value, 

T = the time of the lift, 

c = the number of joints, 

Mj = the moment at joint j , 

Sj = the strength at joint j . 

Hsiang (1992) experimentally determined that lifters reduced the value of this 

function in the course of training. Therefore, to accurately simulate the lift of a trained 
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individual, the function was treated as on objective function to be minimized in an 

optimization program. 

The empirically determined value of this objective function was used as a response 

variable for each lift. This empirical value was determined through the summation of finite 

elements as follows: 

N C 

F = I I 
M 

N2 
U At, 

where, F 

N 

C 

M 
ij 

•y 

At 

i=ij=iv ^ i j ; 

= the empirical objective function value, 

= the number of frames for the lift, 

= the number of joints (this number is always 5), 

= the moment exerted at joint j in frame i, 

= the strength of joint j in frame i as determined by Stobbe's 

sttength prediction equations, 

= the inverse of the number of frames per minute. 

Stobbe's equations for joint sttength are summarized in Table 3.1. These are based 

on regression equations for each joint. The angles (a) at each joint, indicate the angle 

between the two adjacent segments. For instance, a^ is the angle between the lower arm 

and the upper arm. Furthermore, these equations represented the 95th percentile sttength 

value for males. 

The FORTRAN program (resident on the VAX 8650 mainframe computer) to 

calculate the value of the objective function for each lift is listed in Appendix B. This 

program required the input of the joint center angular positions and moments as 

determined by the kinematics and kinetics program listed in Appendix A. 
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©1 
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s3 
©jj 
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1 » 

/ \ $4 

\ \ © 4 
jT^N 

/ J 5 

<©5 

s6 

V-^©6 

Segment Definitions: 
si: hand 
s2: lower arm 
s3: upper arm 
s4: trunk 
s5: thigh 
s6: lower leg 

Figure 3.1. Segment, joint center, and angle definitions for the development of the 
sagittal coplanar model. 
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positive y 

positive 
moment 

> 

positive X 

Figure 3.2. Sign conventions for the development of the sagittal coplanar model. 
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Table 3.1. Stobbe's (1982, cited in Chaffm and Andersson 1984) equations for the 
prediction of joint strength for males. 

Elbow 
flexion 
extension 

Shoulder 
flexion 
extension 

Hip 
flexion 
extension 

Se=[336.29+1.544ae-0.0085ae2-0.5as][0.1924] 
Se=[264.153-0.575a^-0.425as][0.2126][-l] 

Ss=[227.338+0.525ae-0.296as][0.3017] 
Ss=[204.562-0.099as][0.4957][-l] 

Sh=[-820.21-H34.29ah-0.11426ah2][0.1304] 
Sh=[3338.1-15.711ah+0.0462ah2][0.0977][-l] 

Knee 
flexion Sk=[-94.437+6.3672ak] [0.1429] [-1 ] 
extension Sk=[1091.9-0.0996ak+0.17308ak2-0.00097ak3][0.0898] 

Ankle 
extension Sa=[3356.8-18.4aa][0.0816][-l] 
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CHAPTER 4 

METHODS 

4.1. Subjects 

Subjects were recmited from a university population and selected through an 

advertisement placed in the university newspaper. The subjects were informed of the 

experimental procedures, were required to sign a written consent form for participation in 

the experiment, and were required to pass a physical examination administered by the 

Texas Tech University Health Sciences Center. Examples of the medical history and 

informed consent forms are included in Appendix C. 

Six male subjects participated in the experiment. Due to the amount of data 

generated and the amount of time required to run each subject, this figure was chosen as 

one sufficiently large to allow adequate degrees of freedom for statistical analysis (see 

Section 4.4), but small enough to provide a manageable amount of data. Also, subjects 

were selected for the greatest homogeneity possible, so that variation due to subject 

characteristics could be minimized. Subject characteristics (including anthropometry) 

are listed in Appendix D. 

The weights chosen by the subjects to lift for all of the experimental conditions 

were somewhat below those noted previously by Snook and Ciriello (1991). However, 

Snook and Ciriello's subjects were industrial subjects who were specifically instmcted for 

several days in monitoring their own feelings about the weights lifted. This may be 

sufficient to explain the lower MAWL noted in Appendix D. The weights that Snook 

and Ciriello (1991) determined for their subjects who lifted from floor to shoulder height 

at the rate of one lift per minute was approximately 25 kilograms, while the average 

weight for the subjects listed in Appendix D was only 12.24 kilograms. Therefore, based 
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on the relatively low loads selected by the subjects, fatigue was not expected to be a 

concern in this research. 

4.2. Experimental Protocol 

4.2.1. Experiment Schedule 

Each subject was asked to participate in the following activities: 

1. familiarization session, 

2. physical examination, 

3. one before-ttaining 4 hour lifting session, 

4. six half-hour ttaining sessions, 

5. one after-ttaining 4 hour lifting session. 

Ehiring the familiarization session, the following tasks were accomplished. 

1. The subject read and completed the medical history and informed consent 

forms and these were explained to him. 

2. Anthropometric measurements were taken. 

3. The subject's maximum acceptable weight of lift was determined for the four-

hour lifting session. Ayoub and Mital (1989) discussed factors effecting the 

MAWL. A frequency of 1 lift per minute allows for no decrement while 

increasing this to 4 lifts per minute results in a decrement of approximately 

10%. Therefore, the rate of one lift per minute was used for this experiment. 

The MAWL determined at this time and the frequency of 1 lift per minute then 

prevailed throughout the experiment. 

4. The preferred beginning position of the load and the placement of the feet were 

marked on a masonite board. This varied slightly among the subjects. This 

board was then taped to the floor for aU experimental sessions to ensure 

consistency among lifts. 
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5. Arrangements for the physical examinations were made. The physical 

examinations were routine and meant to determine the suitability of each 

subject for participation in the project. 

The be fore-training four-hour lifting sessions were scheduled during the week 

prior to the onset of the ttaining program. No subject had a period of time greater than 

one week between the before-ttaining four-hour session and the onset of the ttaining 

sessions. The before-ttaining four-hour session consisted of 240 lifts. 

After the before-ttaining four-hour lifting session, each subject completed a 

training period consisting of six half-hour sessions (30 lifts each). These half-hour 

ttaining sessions were spaced across two weeks. The sessions were conducted in tandem 

for all subjects. Asfour (1980), while investigating the effects of ttaining on lifting and 

lowering capacity, found that there was a leveling of ttaining effects between 5 and 10 

ttaining sessions of 30 repetitions each. Therefore, the two-week ttaining session with 

six sessions was consistent with this result. 

It should be emphasized that the ttaining sessions contained no acmal instmction 

and therefore were acmally practice sessions during which the task was repeated over 

shorter time periods that were spaced over two weeks. They are referred to as ttaining 

since practice can be regarded as a method of self ttaining. 

Also, since the ttaining sessions were spaced over a two-week period (as opposed 

to the four-hour period for each of the intensive sessions), this was considered sufficient 

reason to separate the ttaining sessions and their effects from those of the four-hour 

sessions in all of the analyses. 

After the ttaining sessions, each subject then lifted for another (after-ttaining) 

four-hour session consisting of another 240 lifts. As with the before-ttaining session, 

there was no more than a one-week period between the end of the ttaining sessions and 

the performance of the after-ttaining session. 
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4.2.2. Experimental Procedure 

During all lifting sessions, all lifts were recorded in video files. However, for the 

240 lifts recorded during the four-hour lifting sessions, only every sixth lift was 

analyzed. Therefore, 40 lifts were used to sample the 240 performed for each four-hour 

lifting session for each subject. In addition, all ttaining sessions were recorded and every 

fifth lift was analyzed. This resulted in the analysis of 6 lifts per half-hour session, and a 

total of 36 ttaining lifts analyzed per subject. The total number of lifts performed by 

each subject was 660 and the total number analyzed for each subject was 116. No breaks 

were taken by any of the subjects during any of the experimental sessions. This was 

accomplished to avoid "start up" effects during the sessions. 

Before each experimental session, joint center markers were placed at the 

following locations on each subject: 

1. the second knuckle, 

2. the ulnar styloid process, 

3. the lateral epicondyle, 

4. the glenohumeral joint, 

5. the greater ttochanter, 

6. the lateral femoral condyle, 

7. the lateral malleolus. 

To ensure consistency of joint center marker placement among all experimental 

sessions, joint center marker locations were marked on the skin of the subjects with 

indelible ink. The ink marks were redrawn at the beginning of each experimental 

session. 

Lifts were done free style, however, the subjects were encouraged to lift smoothly 

without jerking the load. Lifts were monitored throughout the course of the experiment 

and the subjeas were verbally admonished to lift without jerking if they appeared to be 
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doing so. This attempt to reduce jerk was done to reduce the likelihood of injury and to 

make the between subject comparisons more accurate. 

4.3. Experimental Apparams 

The subjects lifted a box constmcted of plywood with handles. The box 

measured 30.48 centimeters (12 inches) in all three dimensions. Weights (each subject's 

MAWL) were loaded into the box and packed with foam core to avoid shifting. 

This box was wired such that when resting on the floor or when placed on the 

shelf it completed a 9 volt DC circuit with a light. In this way, when the box was picked 

up the light went off and when it was placed on the shelf, the light came back on. This 

provided an objective method of determining the beginning and the end of the lift. 

The subject lifted the weight from the floor to shoulder height (which varied 

among subjects, see Appendix D) on an adjustable shelf. The shelf was adjusted to the 

shoulder height for each subject as listed in Appendix D. 

The lifts of interest were recorded and digitized using a Motion Analysis'™ 

System. The hardware consisted of a Motion Analysis™ VP-320 video processor, three 

60 Hz cameras, and a Sun Sparc Station. The software resident on the Sun system is the 

Motion Analysis™ Video-Analog Data Collection program and the Motion Analysis'"^ 

Expert Vision data analysis program. The output of the data analysis program was the 

raw coordinate data which was then ttansferred to the VAX for input to the dynamic, 

sagittal planar biomechanical analysis program discussed in Chapter 3. 

Lifting was performed at the rate of one lift per minute; the cadence was 

determined by a mettonome that emitted a beep. The mettonome consisted of a Shawnee 

n™ model 355 digital setting solid state timer manufactured by Automatic Timing and 

Conttols Company in a circuit with a Sonalert™ model SCI ION solid state signaler 

manufactured by Newark Corporation. 
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4.4. Experimental Design 

The weight (determined by each subject, see Appendix D) and the frequency (one 

lift per minute) was the same for all testing conditions (both four-hour lifting sessions 

and all of the ttaining sessions). Likewise, the height of the lift was from the floor to 

shoulder height for all testing conditions. For each of the four-hour sessions, 40 lifts 

were selected for analysis. The analysis involved the calculation of all kinematic and 

kinetic information as weU as the value of the empirical objective function. 

There were two sets of response variables used to analyze the lifts. The first was 

a set of six response variables referred to as the "primary response variables." The 

second was a set of kinetic values (moments) referred to as the "secondary response 

variables." The two sets were chosen based on the groupings for the MANOVA 

analyses. These variables and the details of their analysis are discussed in the following 

sections. 

4.4.1. The Primary Response Variables 

The primary response variables consisted of six variables which were defined as: 

1. the empirical objective function value, 

2. the time per lift, 

3. the minimum height of the hip at the beginning of the lift, 

4. the maximum moment exerted at the hip at the beginning of the lift, 

5. the load ttavel distance in the course of the lift, 

6. the hip ttavel distance in the course of the lift. 

The empirical objective function value (discussed in detail in Chapter 3) is a 

measure of the motion, time, and "efficiency" of the lift. Since this value is integrated 

across the duration of the lift, it is closely related to the time per lift. Therefore, these 

two variables will be regarded as related to the efficiency of the lift. While the empirical 
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objective function value can be related to both time and motion, since the moments are 

involved in its calculation. In addition, the load travel distance may also be an indicator 

of the efficiency and motion, therefore, this response variable is considered with those 

relating to lift efficiency. 

The relative minimum height at the hip at the beginning of the lift is an indicator 

of a shift from a leg lift to a back lift. In addition, the maximum moment exerted at the 

same time the hip is at its minimum vertical position, indicates the added sttain on the 

hip and indirectly on the lower back. This is assumed to be tme, since Chaffm ( 1969) 

and Chaffin and Baker (1970) used the hip moment (among other variables) in the 

determination of the compression on the lower back. The hip ttavel distance marker is 

related to the hip height in that the lower the hip, the greater the ttavel distance should be 

during the course of the lift. 

To analyze the six primary response variables, two different techniques were 

used. The first was to use the Cox and Smart test for ttend (Conover 1980). This test 

can be one-tailed or two-tailed. The two-tailed test only indicates change, but the 

direction of the change cannot be ascertained. In conttast, the one-tailed test can indicate 

the direction of the change, but the direction must be determined a priori. 

Therefore, the one-tailed test for ttend was conducted on the six primary response 

variables. These analyses were conducted on each primary response variable, for each 

subject (1 through 6), for each ttaining condition (before, during, and after ttaining). 

The empirical objective function value, the time per lift, the load ttavel distance, and the 

hip ttavel distance were tested for a decrease, while the height at the hip and the 

maximum moment at the hip were tested for an increase. These directions of change 

correspond to the hypothesized changes outlined in Chapter 1. 

In addition, the ANOVA/MANOVA analysis was conducted for these variables 

only for the before-ttaining and the after-ttaining four-hour sessions. The six, half-hour 
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sessions conducted during ttaining were not exactly the same conditions, and while they 

were valid for use in the Cox and Smart test for trend, they were not allowable for 

inclusion in the ANOVA. Therefore, since a level of significance of 0.05 was required 

and since there were two analyses performed on the before-training and the after-ttaining 

four-hour sessions, the required p value was 0.05/2 or 0.025. However, since the ttaining 

sessions were only used as response variables for one analysis (the test for ttend), the p 

value could remain at 0.05 for a 0.05 level of significance. (See Johnson and Wichem 

[1988] for a discussion of Bonferroni intervals.) 

The factors and their associated degrees of freedom for the ANOVA/MANOVA 

analysis will be discussed in section 4.4.3. These are the same that will be used for aU 

ANOVA and MANOVA analyses. 

4.4.2. The Secondary Response Variables 

The secondary response variables wDl be used for only the ANOVA/MANOVA 

analysis. These response variables consist of the maximum moments exerted at five of 

the joint centers during the course of each lift. The five joint centers are the elbow, 

shoulder, hip, knee, and ankle. The joint centers were chosen (and the wrist excluded) ^ 

since these are the joint center moments that are used in the determination of the 

empirical objective function value. If the objective function value changes, then there 

must be changes in the joint center moments of these five joints (and the time per lift, 

which has already been considered) for each lift. The maximum values of the joint 

center moments will be subjected to the ANOVA/MANOVA analysis discussed in 

Section 4.4.3. 
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4.4.3. The ANOVA/MANOVA Analyses 

Both the primary and the secondary response variables were subjected to 

ANOVA analysis. The primary response variables were the first MANOVA grouping 

and the secondary response variables were the second MANOVA grouping. This section 

outlines the factors for this analysis and the associated degrees of freedom. 

The following factors were used for each ANOVA: 

1. ttaining (before ttaining and after ttaining) - 2 levels, 

2. lift number - 40 levels, 

3. subject (blocking variable) - 6 levels. 

The ttaining factor is intended to capmre the effects of ttaining on the response 

variables. The factor of lift number will capture the variability across the course of each 

four-hour lifting session. The blocking variable wiQ absorb the variation due to 

intersubject differences. 

The experimental design is represented by the following linear statistical model: 

yijk = ^̂  + 'Ci + 7j + (.V()ij + Pk + Eijk' 

where, |i = the overall mean effect, 

Tj = the effect of ttaining, 

7j = the effect of lift number, 

(T7)ij = the interaction of ttaining and lift number, 

PIĴ  = the blocking effect, 

^iik ~ ^ ^ random error component. 

These factors, each with the number of levels indicated above, will result in the 

following degrees of freedom for each analysis of variance. 
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FACTOR DEGREES OF FREEDOM 

lift number 39 

ttaining 1 

lift number * ttaining 39 

subject (blocks) 5 

error 395 

total 479 

The result was six ANOVAs for the primary response variable MANOVA 

grouping and five ANOVAs for the secondary response variable MANOVA grouping. 

The MANOVA then provided a Wilk's lambda statistic testing the null hypothesis of 

whether the mean vector for each of the factors is the same (Johnson and Wichem 1988). 

The objective with the MANOVA statistic was to determine the effects of the factors on 

all of the response variables when considered together. 

The analysis of variance assumes that the residuals are normally and 

independently distributed. Therefore, a residual analysis was performed on the residuals 

that resulted from each analysis of variance procedure to test these assumptions. 
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CHAPTER 5 

RESULTS 

The following sections outline the results of the nonparametric and paramettic 

analysis of the six primary response variables and the paramettic analysis of the 

secondary response variables. In addition, descriptive statistics blocked on subject and 

testing condition are also provided for the primary response variables. 

Graphs (Figures 5.1 to 5.36) are presented for each of the variables for each of 

the subjects. All three testing conditions (the before-ttaining four-hour session, the six 

ttaining sessions, and the after-ttaining four-hour session) are included in each graph. 

All graphs show a division between the before-ttaining four-hour session (designated lifts 

1 through 240), the six half-hour ttaining sessions (designated lifts 241 through 420), 

and the after-ttaining four-hour lifting session (designated lifts 421 through 660). 

5.1. Empirical Objective Function Value 

The first response variable is the empirical objective function value. This value 

has been calculated for each of the lifts for each of the subjects according to the method 

described in Chapter 3. This variable was hypothesized to decrease through the course of 

the experiment. 

For Subject 1, the graph of the objective function values across all testing 

conditions is shown in Figure 5.1 and the results of the nonparamettic tests for ttend and 

the descriptive statistics are shown in Table 5.1. These indicate that Subject 1 showed a 

decrease in objective function values during the ttaining sessions, but not during either of 

the four-hour sessions. However, the plots and the descriptive statistics also show that 

there was greater variability during the ttaining sessions than during the four-hour 
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sessions. From Figure 5.1, however, the pattem indicates that the after-ttaining four-

hour session stabilized at a lower mean value. 

For Subject 2, the graph of the objective function values across all testing 

conditions is shown in Figure 5.2 and the results of the nonparametric tests for ttend and 

the descriptive statistics are shown in Table 5.2. These indicate that Subject 2 exhibited 

a relatively high but unstable objective function value in the before ttaining four-hour 

session. The value of the objective function then showed a significant decrease during 

the ttaining sessions and the after-ttaining four-hour session. This may indicate that 

continued ttaining may have further reduced the objective fimction values for this 

subject. 

For Subject 3, the graph of the objective function values shown in Figure 5.3 and 

the results of the nonparametric tests for ttend and the descriptive statistics are shown in 

Table 5.3. These indicate that the only statistically significant decrease was during the 

ttaining sessions. The means indicate that the mean value was higher for the before-

ttaining four-hour session than for the ttaining sessions or for the after-ttaining four-hour 

session. Although it is not statistically valid to test for the ttend in both directions, the 

graph seems to indicate that there may be an upward ttend during both of the four-hour 

sessions. This can be attributed to the effects of repeated lifting across these extended 

lifting sessions. 

The data for Subject 4 are shown in Figure 5.4 and Table 5.4. This subject shows 

a significant decrease in the objective function values only during the before-ttaining 

four-hour lifting session. This conclusion is supported by the lower mean values, the 

lower ranges, and the lower variability found during the ttaining sessions and the after-

ttaining four-hour session. This implies that the before-ttaining four-hour session was 

adequate for stabilization of the objeaive function value for this subject. 
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Objective function values, descriptive statistics and the test for ttend for Subject 5 

are shown in Figure 5.5 and Table 5.5. Figure 5.5 iUusttates that the objective function 

values are highly variable for this subject. This is also indicated by the relatively high 

standard deviations shown in Table 5.5. However, there was only a statistically 

significant decrease in these values in the before-ttaining four-hour session, implying that 

the learning that had occurred was completed by the end of this session. 

Objective function values for the last subject. Subject 6, are graphed in Figure 5.6 

and the descriptive statistics are shown in Table 5.6. This subject showed a significant 

downward ttend in the objective function values for aU three testing conditions. This 

conclusion is further supported by the decreasing mean values obtained for each of the 

testing conditions. However, there seemed to be little changes in the variability, which 

slightly increased during the ttaining sessions. 

Overall, these results indicate that there is a decrease in the objective function 

values in all subjects. This took place exclusively in the before ttaining four-hour 

session (Subjects 4 and 5) or exclusively during the ttaining periods (Subjects 1 and 3). 

The remaining subjects showed a decrease either during the ttaining periods and during 

the after-ttaining four-hour session (Subject 2) or across aU three testing conditions 

(Subject 6). This implies that all subjects underwent a learning process and that the latter 

two may have continued the decrease in objective function values had they continued to 

perform the task. 

5.2. Time per Lift 

The time required to perform a lift is closely related to the objective function 

value, since the function is integrated across the duration of the lift. It was hypothesized 

that the time per lift would decrease across the course of the experiment, therefore tests 

for downward ttend were conducted. 
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The times required for each of the analyzed lifts for Subject 1 are shovm in 

Figure 5.7 and the descriptive statistics are shown in Table 5.7. These results indicate a 

statistically significant decrease in the time per lift during the ttaining sessions. This 

same significant ttend is not seen in either of the four-hour sessions, however Figure 5.7 

shows that there is a considerable amount of stabilization of the times during the after-

ttaining four-hour session. The standard deviations (see Table 5.7) indicate that the 

variability in the after-ttaining four-hour session is reduced. 

Information pertaining to the time per lift for Subject 2 is shown in Figure 5.8 

and Table 5.8. The significantly decreasing ttend in the time is only evident during the 

training sessions. The before-ttaining four-hour session shows less stability, although no 

significant decrease. The graph of the times and the standard deviations indicate more 

stability in the lift time during the after-ttaining four-hour session. 

Subject 3 shows a significantly decreasing time per lift during the before-ttaining 

four-hour session in Figure 5.9 and Table 5.9. The times then stabilize during the 

ttaining sessions and (at a somewhat higher level) during the after-ttaining four-hour 

session as shown by the lower standard deviations during these periods. 

Figure 5.10 and Table 5.10 show that there is a decreasing ttend in the time per 

lift across both the before-ttaining four-hour session and the ttaining sessions for Subject 

4. The standard deviations indicate that there was a decrease in variability during the 

ttaining sessions and the after-ttaining four-hour session. 

Subjea 5 exhibited a decreasing ttend in time per Uft throughout the course of the 

experiment as shown in Figure 5.11 and Table 5.11. However, the change was more 

dramatic and the variability was much greater during the before-ttaining four-hour 

session than during the ttaining sessions or the after-ttaining four-hour session. 

The time per lift for Subject 6 is shown in Figure 5.12 and Table 5.12. This 

subjea showed a significant decrease in time during the ttaining sessions, but not during 
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either of the four-hour sessions. However, there does not appear to be much decrease in 

variability as indicated by observation of Figure 5.12 and the standard deviations. 

All subjects showed a decrease in the time per lift in at least one of the testing 

conditions. Subjects 1, 2, 3, and 6 showed a decrease during either the before-ttaining 

four-hour session or during the ttaining sessions, while Subject 4 showed a decrease 

during both of these testing conditions. The only subject that showed a decrease in time 

per lift during the after-ttaining four-hour session was Subject 5, who showed significant 

decreases during all testing conditions. 

5.3. Minimum Hip Height 

It was hypothesized that the minimum hip height would increase during the 

course of the experiment as the result of a shift from the leg lift to the back Hft. 

Therefore, the one-tailed test for ttend was for an increase in the minimum hip height. It 

is important to note that the minimum hip height was always observed at the beginning 

of each lift and in conjimction with the maximum moment exerted at the hip for each lift 

(see Seaion 5.4). 

The trend in minimum hip height for Subject 1 is shown in Figure 5.13 and Table 

5.13. A significant increase in the minimum hip height occurs during the ttaining 

sessions, but not during either of the four-hour sessions. This ttend is very dramatic (an 

average increase of 10 centimeters) during the ttaining sessions and then levels off at the 

end of the ttaining and remains at this level throughout the after-ttaining four-hour 

session. It can be inferred from this that the shift from a leg lift to a back lift for this 

subjea is purely due to ttaining and not to repeated lifting. 

For Subject 2, the results shown in Figure 5.14 and Table 5.14 indicate that there 

was an increase during each of the four-hour sessions, but that there was an overall four 

centimeter reduction in the average minimum hip height. This may imply that the 
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increases were the result of repeated lifting and that ttaining may have slightly reduced 

the minimum hip height for this subject. However, this is a very small amount as 

compared with the 10 centimeters observed in Subject 1. 

Subject 3 showed a significant increase in the minimum hip height in both the 

before-ttaining four-hour session and during the ttaining sessions (see Figure 5.15 and 

Table 5.15). The minimum hip height then levels off during the after-ttaining four-hour 

session at a level higher than that observed in either the before-ttaining session or during 

the ttaining sessions. This implies that the increase was the result of a combination of 

learning and of repeated lifting, since there was an increase before ttaining but not after 

ttaining. 

Subjea 4 showed no significant increase in minimum hip height during any of the 

testing conditions (see Figure 5.16 and Table 5.16). This lack of change in response 

variables is characteristic for this subject. 

Subjea 5 (see Figure 5.17 and Table 5.17) showed an increase in the minimum 

hip height during the before-ttaining four-hour sessions, which then stabilized during the 

ttaining sessions and then again increased during the after-ttaining four-hour session. 

However, the average minimum height was greater for the after-ttaining four-hour 

session. This implies that there may be a combination of repeated lifting and learning at 

work, since one would expect the stabilization observed during ttaining to continue into 

the after-ttaining four-hour session if there were not a repeated lifting component. 

Figure 5.18 and Table 5.18 show that Subject 6 was the only subject whose 

behavior with regard to the hip height was the opposite of that expected. Although there 

was an increase in the minimum hip height during the before-ttaining four-hour session, 

this ttend was reversed during ttaining and during the after-ttaining four-hour session. 

As mentioned before, it is not proper to do two one-tailed tests on the same data; 

however, a qualitative evaluation of the graph (Figure 5.18) of this data indicates that 
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there was a dovmward trend in minimum hip height during ttaining and in the 

after-ttaining four-hour session. This implied that this subject leamed to lift by 

maintaining a leg lift and that this was most probably the result of the ttaining sessions. 

All subjects (including Subject 6) showed an increase in minimum hip height at 

the beginning of the lift during at least one of the stages of the experiment. Subjects 1, 2, 

3, and 5 showed an increase that was maintained during the later stages of the 

experiment. Subject 4 showed no ttend in this variable, while Subject 6 showed an 

increase which was then reversed. This suggests that there was indeed some evidence 

that ttaining and/or repeated lifting contributes to a shift from a leg lift to a back lift. 

5.4. Maximum Moment at the Hip 

The variable of the maximum moment exerted at the hip during the lift was 

hypothesized to increase with ttaining. The maximum moments used in the analysis 

were always exerted at the beginning of the lift in conjunction with the minimum height 

achieved at the hip. 

The maximum hip moments for Subject 1 are reported in Figure 5.19 and Table 

5.19. These indicate a clear upward ttend during the ttaining period, but this trend is not 

significant during either of the four-hour lifting sessions. This upward ttend is also 

evident in the mean values for each of the testing conditions, which show an increase. 

For Subjea 2, the data are presented in Figure 5.20 and Table 5.20. Subject 2 

showed a significant increase only during the before-ttaining four-hour session. There 

was no increase during the ttaining period nor during the after-ttaining four-hour session. 

The moments stabilized during ttaining and the after-ttaining four-hour session as 

indicated by the standard deviation and the graph of the values. 

Although Subjea 3 showed a significant increase in the maximum moment at the 

hip during the before-ttaining four-hour session (see Table 5.21), a qualitative 
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examination of Figure 5.21 seems to indicate a slight reduction during the ttaining 

sessions, followed by an increase during the after ttaining four-hour session (although 

neither were significant). However, the moment did not remm to the level exhibited 

during the before-ttaining four-hour session. 

As with many of the other variables examined up to this point. Subject 4 ( see 

Figure 5.22 and Table 5.22) showed no significant ttend in this response variable. The 

means and the standard deviations across all ttaining conditions were similarly uniform. 

Subject 5 showed a dramatic increase in hip moments in both of the four-hour 

lifting sessions (see Figure 5.23 and Table 5.23). However, there was an intermediate 

stasis across the ttaining sessions, during which time the mean was comparable to the 

mean of the before-ttaining four-hour session. This implies that the Ufting pattem 

achieved during the before-ttaining four-hour lifting period was retained during the 

ttaining sessions, and was then increased during the after-ttaining four-hour session. 

Subjea 6 showed an increase in the hip moment only during the before-ttaining 

four-hour session (see Figure 5.24 and Table 5.24). This ttend did not continue through 

the ttaining sessions nor through the after-ttaining four-hour session. As the descriptive 

statistics for maximum hip moment values indicate, there was very little change in this 

response variable for this subjea. 

These results indicate that there is a very close relationship between the increase 

in minimum hip height and the increase in the maximum moments exerted at the hip. 

Therefore, when a shift from a leg lift to a back lift occurs due to the effects of extended 

lifting, there will be an accompanying significant increase in hip moment. 

5.5. Load Travel Distance 

The load ttavel distance in the course of the lift was hypothesized to decrease 

across the course of the experiment. This response variable was related to the efficiency 
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of the lift in the sense that the load distance should be minimized over the course of 

adapting to a preferred lifting technique. 

Subject 1 demonsttated a decrease in the load ttavel distance only during the 

ttaining sessions. However, the means for each of the testing conditions show a steady 

decrease (see Figure 5.25 and Table 5.25). Variability also decreased during the after-

ttaining four-hour session. 

Figure 5.26 and Table 5.26 show that there was no significant decrease in the load 

ttavel distance across the testing conditions for Subject 2. Examination of the mean 

values supports the conclusion indicating that this response variable did not change 

drastically. 

Information pertaining to the load ttavel distance for Subjea 3 is shown in Figure 

5.27 and Table 5.27. The data indicate that there was no significant change in the load 

ttavel distance for this subjea under any of the testing conditions. Variability for this 

response variable was also relatively constant. 

The load ttavel distance was not reduced during any of the testing conditions for 

Subjea 4, as indicated in Figure 5.28 and Table 5.28. The variability was also similar 

for all testing conditions. 

Subject 5 (see Figure 5.29 and Table 5.29) showed a decrease in the load ttavel 

distance during the before-ttaining four-hour lifting session and the ttaining sessions. 

The means and standard deviations for each of the testing conditions showed a decrease 

as well. 

Finally, Subject 6 (see Figure 5.30 and Table 5.30) exhibited decreasing ttends in 

load ttavel distance during the ttaining sessions and across the after-ttaining four-hour 

session. There is also some decrease in variability, although this is not as pronounced as 

with Subject 5. 
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It appears that the load ttavel distance does not evolve due to ttaining and 

repeated lifting as has been seen in the other variables observed to this point. This is 

informative, however, in that it eliminates this as a source of variation in variables such 

as the objective function. This implies that there are other sources of motion that wiQ 

influence the other primary variables that are examined here. 

5.6. Hip Travel Distance 

The hip ttavel distance in the course of a lift was hypothesized to decrease across 

the course of the experiment. This is related to the hypothesis that the increase in the 

minimum hip height would result in a decrease in the hip ttavel distance. 

Subject 1 showed considerable consistency in the hip ttavel distance during both 

of the four-hour sessions, with the only significant decrease occurring during the ttaining 

sessions (see Figure 5.31 and Table 5.31). Note that the mean hip ttavel distance during 

the ttaining sessions and the after-ttaining four-hour session was approximately 6 

centimeters less than the before-ttaining mean. 

For Subject 2, the hip ttavel distance did not significantly decrease during the 

entire experiment (see Figure 5.32 and Table 5.32). The descriptive statistics support the 

conclusion of very little change. 

Subjea 3 (see Figure 5.33 and Table 5.33) showed a consistent decrease in hip 

ttavel distance across all testing conditions. The mean hip ttavel distance decreased by 3 

centimeters between the ttaining sessions and the after-ttaining four-hour session. Also 

the variability decreased as is shown by the reduction in the standard deviation. 

Subjea 4 exhibited no change in the hip ttavel distance across any of the testing 

conditions (see Figure 5.34 and Table 5.34). Likewise the mean and standard deviation 

were relatively constant. 

60 



In conttast. Subject 5 showed a decrease in the hip ttavel distance during the 

before-ttaining four-hour session, but no changes across the other two testing conditions 

(see Figure 5.35 and Table 5.35). The reductions in the mean and the standard deviations 

also show a similar pattem. 

Likewise, Subject 6 exhibited a significant reduction during the before-ttaining 

four-hour session, although the mean and the standard deviations do not show a decrease 

during the ttaining sessions, nor in the course of the after-ttaining four-hour session (see 

Figure 5.36 and Table 5.36). This is no doubt related to the anomalous results of the 

minimum height at the hip for this subjea, which was acmaUy reduced during the course 

of ttaining. 

The implications of the hip ttavel distance are equivocal. Two of the subjects (2 

and 4) showed no changes at all in the response variable, while Subject 3 continued to 

decrease the hip ttavel distance throughout the course of the experiment. Subject 1,5, 

and 6 showed decrease in hip ttavel distance only during the before-ttaining four-hour 

session or during the ttaining sessions. Generally, therefore, it can be said that in 

conjunction with the other response variables there may be some value in observing hip 

ttavel distance, but that it does not provide much information on its own. 

5.7. Summary of the Primary Response Variable Results 

A summary of the results obtained above for the six primary response variables is 

shown in Table 5.37. From this table, it can be seen that there is some relationship 

between the empirical objective funaion values and the time per lift, however, one may 

decrease without a significant change in the other. For instance. Subject 5 showed a 

significant decrease in the objective function value only during the before-ttaining fom-

hour session, while showing significant decreases in the time per lift across all testing 

conditions. Conversely, Subject 6 showed significant decreases in objective function 
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values across all of the testing conditions, while only showing a significant decrease in 

time per lift during the ttaining sessions. A Spearman nonparametric cortelation 

(Conover 1980) indicated that there was no cortelation between the times and the 

objective functions values for all subjects under all conditions (p = -0.035). 

The relationship between the minimum height of the hip and the maximum 

moment at the hip is more consistent. Hip moment shows an increase whenever there is 

an increase in the height at the hip; however, there may be a significant increase in the 

height of the hip without an accompanying increase in the hip moment. For instance. 

Subjects 2 and 4 show increases in the height of the hip without an accompanying 

increase in the maximum hip moment. This is the only instance where this occurs, 

however. The sttong relationship between these two response variables is illusttated by 

the relatively high nonparametric rank correlation (p = 0.625). 

Finally, an overall observation is that most changes that do occur for each 

response variable occur during either the before-ttaining four-hour session or during the 

series of ttaining sessions. This implies that there is more of a ttaining component than 

there is a repeated lifting component to the changes observed here. This is illusttated in 

the MANOVA groupings for the six primary response variables discussed in the 

following section. 

5.8. ANOVA/MANOVA Results 

ANOVAs and accompanying MANOVA groupings were performed on the six 

primary response variables. These variables are: empirical objective funaion value, time 

per lift, minimum hip height, maximum moment at the hip, load ttavel distance, and hip 

ttavel distance. In addition, a MANOVA grouping was conducted on the maximum 

moments produced at the elbow, shoulder, hip, knee, and ankle. Residual analysis was 

performed for each ANOVA. The results indicated that the assumption of normal and 
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independent distribution of the residuals was not violated for any of the ANOVAs. 

Therefore, this allowed the results to be interpreted without reservation. 

The results of the MANOVA on the six primary response variables are presented 

in Table 5.38. As expected, all dependent variables were significant (p<0.0001) for the 

blocking variable of subject. 

For the empirical objective function values, only the effects due to ttaining were 

significant (p<0.0001). The average before ttaining value (1.5853) was significantiy 

higher than the average after ttaining value (1.3129). This is not surprising, since all 

subjects showed significant decreases in the objective function values. 

The time per lift was significant for both the ttaining condition (p<0.0001) and 

for the lift number (p<0.0001), however, not for the interaction of the two. The average 

before ttaining time (2.12 seconds) was significantiy higher than the average after-

ttaining times (1.71 seconds). Also, the time per lift changes significantiy according to 

the lift number. The general ttend for this factor was that as the lifting progressed, the 

time per lift decreased. Once again, this is not conttadictory to the results of the tests for 

trend. 

Although the minimum height of the hip was significant in many of the tests for 

ttend, the overall analysis showed that this variable was not significant for any of the 

faaors in the analysis of variance. 

The maximum moment exerted at the hip was significam for both the ttaining 

effeas (p<0.0001) and for the effect of lift number (p<0.0123). The average moment 

exerted at the hip before ttaining was significantiy lower (336.17 Newton-meters) than 

the average moment exerted after ttaining (354.51 Newton-meters). Also, there was an 

increasing ttend in the moment as the lifting sessions progressed. 
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The load ttavel distance was significant according to the ttaining condition 

(p<0.0001). The average load ttavel distance before ttaining (1.7533 meters) was 

significantiy higher than the average load ttavel distance after ttaining (1.7070 meters). 

As expected the MANOVA results are significant for both the blocking variable 

of subject and for the ttaining effects, but not for either the lift number nor for the 

interaction of lift number and ttaining effects. This implies that there is sufficient 

evidence to suggest that there is a ttaining effect for all six primary response variables 

when considered as a group. Therefore, the ttaining effects are the most compelling 

dependent variables. 

The results of the MANOVA on the maximum moments exerted on five joints for 

each lift are shown in Table 5.39. The blocking variable was again subject, which was 

significant for all ANOVAs (p<0.0001). 

The results indicate that there is a significant increase in the maximum moment 

exerted at these five joints between the before ttaining and the after ttaining conditions 

(see Table 5.40). However, the only joint which shows a change according to the lift 

number is the hip, and this is an increasing trend. This implies that when lifting over an 

extended period, the only joint center that responds to the reduction in time per lift is the 

hip. This is an important result since it shows that the hip, and by implication the lower 

back, absorb the added sttess associated with the shift from a leg lift to a back lift and the 

decreasing time per lift. 

The MANOVA results also show that the ttaining response variables are 

significant (p<0.0001) as well as the blocking variable (p<0.0001), but that lift number 

and the interaction of lift number and ttaining condition is not significant. Therefore, it 

can be concluded that due to ttaining, there is a total increase in the moments produced at 

all joints, but over extended periods, the only joint that bears this added sttess is the hip 

joint. 
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Figure 5.1. Graph of the empirical objective function values across all testing 
conditions for Subject 1. (Objective fiinaion values are urutiess.) 

Table 5.1. Results of the nonparametric test for ttend and descriptive statistics on 
the empirical objective function value for the three testing conditions for 
Subject 1. 

SIGNIFICANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

1.4709 

0.1131 

1.1800 

1.7280 

DURING 
TRAINING 

yes 

0.0038 

1.4724 

0.1443 

1.1554 

1.8509 

AFTER 
TRAINING 

no 

-

1.3875 

0.0939 

1.1275 

1.5759 
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Figure 5.2. Graph of the empirical objective function values across all testing 
conditions for Subject 2. (Objective function values are imitiess.) 

Table 5.2. Results of the nonparametric test for ttend and descriptive statistics on 
the empirical objective function value for the three testing conditions for 
Subject 2. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

1.7487 

0.1498 

1.2015 

1.9559 

DURING 
TRAINING 

yes 

0.0154 

1.5409 

0.1511 

1.3143 

1.8261 

AFTER 
TRAINING 

yes 

0.0013 

1.3915 

0.1115 

1.1924 

1.6418 
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Figure 5.3. Graph of the empirical objective function values across all testing 
conditions for Subject 3. (Objective function values are unitiess.) 

Table 5.3. Results of the nonparametric test for ttend and descriptive statistics on 
the empirical objective function value for the three testing conditions for 
Subject 3. 

SIGNIFICANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

2.1129 

0.2219 

1.1111 

2.5629 

DURING 
TRAINING 

yes 

0.0154 

1.9797 

0.1454 

1.6536 

2.2746 

AFTER 
TRAINING 

no 

-

1.9944 

0.1600 

1.7210 

2.2731 
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Figure 5.4. Graph of the empirical objective function values across all testing 
conditions for Subject 4. (Objective function values are unitiess.) 

Table 5.4. Results of the nonparametric test for ttend and descriptive statistics on 
the empirical objective function value for the three testing conditions for 
Subject 4. 

SIGNIFICANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0013 

0.9432 

0.0896 

0.7905 

1.1839 

DURING 
TRAINING 

no 

-

0.7982 

0.0637 

0.6992 

0.9134 

AFTER 
TRAINING 

no 

-

0.7170 

0.0615 

0.6231 

0.8449 
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Figure 5.5. Graph of the empirical objective function values across all testing 
conditions for Subject 5. (Objective function values are unitiess.) 

Table 5.5. Results of the nonparametric test for ttend and descriptive statistics on 
the empirical objective function value for the three testing conditions for 
Subject 5. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVL^TION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0207 

1.9142 

0.2501 

1.5360 

2.5181 

DURING 
TRAINING 

no 

-

1.5744 

0.2222 

1.1400 

2.4114 

AFTER 
TRAINING 

no 

-

1.4054 

0.1688 

1.0387 

1.7858 
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Figure 5.6. Graph of the empirical objective function values across aU testing 
conditions for Subject 6. (Objective function values are unitiess.) 

Table 5.6. Results of the nonparametric test for ttend and descriptive statistics on 
the empirical objective function value for the three testing conditions for 
Subject 6. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0001 

1.3218 

0.1067 

1.1249 

1.5196 

DURING 
TRAINING 

yes 

0.0154 

1.1142 

0.1374 

0.8348 

1.4436 

AFTER 
TRAINING 

yes 

0.0002 

0.9817 

0.1024 

0.7861 

1.2166 
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Figure 5.7. Graph of the time per lift (seconds) across aU testing conditions for 
Subject 1. 

Table 5.7. Results of the nonparametric test for ttend and descriptive statistics on 
the time per lift for the three testing conditions for Subject 1. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVL îTION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

2.42 

0.1431 

2.12 

2.77 

DURING 
TRAINING 

yes 

0.0001 

1.99 

0.1758 

1.75 

2.37 

AFTER 
TRAINING 

no 

-

1.72 

.0685 

1.55 

1.87 
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Graph of the time per lift (seconds) across all testing conditions for 
Subject 2. 

Results of the nonparamettic test for ttend and descriptive statistics on 
the time per lift for the three testing conditions for Subject 2. 

SIGNIFICANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

2.52 

0.1607 

2.23 

3.07 

DURING 
TRAINING 

yes 

0.0154 

2.35 

0.1481 

2.08 

2.70 

AFTER 
TRAINING 

no 

-

2.04 

0.1172 

1.82 

2.27 
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Figure 5.9. Graph of the time per lift (seconds) across all testing conditions for 
Subject 3. 

Table 5.9. Results of the nonparametric test for ttend and descriptive statistics on 
the time per lift for the three testing conditions for Subject 3. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0002 

1.83 

0.3119 

1.67 

2.47 

DURING 
TRAINING 

no 

-

1.33 

0.1352 

1.08 

1.67 

AFTER 
TRAINING 

no 

-

1.54 

0.1044 

1.35 

1.88 
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Figure 5.10 Graph of the time per lift (seconds) across aU testing conditions for 
Subject 4. 

Table 5.10. Results of the nonparametric test for ttend and descriptive statistics on 
the time per lift for the three testing conditions for Subject 4. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0001 

1.98 

0.1756 

1.72 

2.40 

DURING 
TRAINING 

yes 

0.0154 

1.61 

0.1186 

1.45 

1.93 

AFTER 
TRAINING 

no 

-

1.52 

0.0811 

1.35 

1.70 
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Figure 5.11. Graph of the time per lift (seconds) across all testing conditions for 
Subject 5. 

Table 5.11. Results of the nonparametric test for ttend and descriptive statistics on 
the time per lift for the three testing conditions for Subject 5. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< — 

MEAN 

STANDARD 
DEVL\TION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0001 

1.75 

0.2126 

1.43 

2.40 

DURING 
TRAINING 

yes 

0.0154 

1.49 

0.0956 

1.27 

1.75 

AFTER 
TRAINING 

yes 

0.0207 

1.38 

0.0865 

1.22 

1.58 
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Figure 5.12. Graph of the time per lift (seconds) across all testing conditions for 
Subject 6. 

Table 5.12. Results of the nonparametric test for ttend and descriptive statistics on 
the time per lift for the three testing conditions for Subject 6. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

2.50 

0.1267 

2.28 

2.75 

DURING 
TRAINING 

yes 

0.0481 

2.20 

0.1121 

1.90 

2.45 

AFTER 
TRAINING 

no 

-

2.06 

0.1085 

1.82 

2.38 
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Figure 5.13. Graph of the minimum hip height (meters) across all testing conditions for 
Subject 1. 

Table 5.13. Results of the nonparametric test for ttend and descriptive statistics on 
the minimum hip height for the three testing conditions for Subject 1. 

SIGNinCANTLY 
INCREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVL\TION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

0.7042 

0.0173 

.6700 

0.7440 

DURING 
TRAINING 

yes 

0.0481 

0.8002 

0.0312 

0.6940 

0.8460 

AFTER 
TRAINING 

no 

-

0.8228 

0.0141 

0.6241 

0.8490 
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Figure 5.14. Graph of the minimum hip height (meters) across all testing conditions for 
Subject 2. 

Table 5.14. Results of the nonparametric test for ttend and descriptive statistics on 
the minimum hip height for the three testing conditions for Subject 2. 

SIGNinCANTLY 
INCREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0207 

0.6685 

0.0303 

0.6160 

0.7800 

DURING 
TRAINING 

no 

-

0.6419 

0.0274 

0.5830 

0.7170 

AFTER 
TRAINING 

yes 

0.0059 

0.6241 

0.0219 

0.5660 

0.6600 
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Figure 5.15. Graph of the minimum hip height (meters) across all testing conditions for 
Subject 3. 

Table 5.15. Results of the nonparametric test for ttend and descriptive statistics on 
the minimum hip height for the three testing conditions for Subject 3. 

SIGNinCANTLY 
INCREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0013 

0.8416 

0.0416 

0.7480 

0.8890 

DURING 
TRAINING 

yes 

0.0038 

0.8154 

0.0250 

0.7620 

0.8740 

AFTER 
TRAINING 

no 

-

0.8678 

0.0149 

0.8280 

0.8960 
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Figure 5.16. Graph of the minimum hip height (meters) across all testing conditions for 
Subject 4. 

Table 5.16. Results of the nonparamettic test for ttend and descriptive statistics on 
tiie minimum hip height for the three testing conditions for Subject 4. 

SIGNinCANTLY 
INCREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

— 

BEFORE 
TRAINING 

no 

-

0.5766 

0.0236 

0.5160 

0.6310 

DURING 
TRAINING 

no 

-

0.5804 

0.0151 

0.5510 

0.6220 

AFTER 
TRAINING 

no 

-

0.5884 

0.0088 

0.5710 

0.6150 
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Figure 5.17. Graph of the minimum hip height (meters) across all testing conditions for 
Subject 5. 

Table 5.17. Results of the nonparametric test for ttend and descriptive statistics on 
the minimum hip height for the three testing conditions for Subject 5. 

SIGNinCANTLY 
INCREASESFG 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0001 

0.8145 

0.0260 

0.7500 

0.8630 

DURING 
TRAINING 

no 

-

0.8173 

0.0159 

0.7840 

0.8470 

AFTER 
TRAINING 

yes 

0.0002 

0.8345 

0.0257 

0.7790 

0.8730 
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Figure 5.18. Graph of the minimum hip height (meters) across all testing conditions for 
Subject 6. 

Table 5.18. Results of the nonparametric test for ttend and descriptive statistics on 
the minimum hip height for the three testing conditions for Subject 6. 

SIGNinCANTLY 
INCREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0207 

0.8746 

0.0237 

0.8270 

0.9080 

DURING 
TRAINING 

no 

-

0.8061 

0.0228 

0.7610 

0.8840 

AFTER 
TRAINING 

no 

-

0.7748 

0.0197 

0.7370 

0.8060 
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Figure 5.19. Graph of the maximum hip moment (Newton-meters) across aU testing 
conditions for Subject 1. 

Table 5.19. Results of the nonparametric test for ttend and descriptive statistics on 
the maximum hip moment for the three testing conditions for Subject 1. 

SIGNinCANTLY 
INCREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

294.34 

9.27 

273.40 

319.04 

DURING 
TRAINING 

yes 

0.0001 

319.53 

12.61 

287.57 

344.07 

AFTER 
TRAINING 

no 

-

363.95 

10.10 

341.68 

386.22 
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Figure 5.20. Graph of the maximum hip moment (Newton-meters) across all testing 
conditions for Subject 2. 

Table 5.20. Results of the nonparametric test for ttend and descriptive statistics on 
the maximum hip moment for the three testing conditions for Subject 2. 

SIGNinCANTLY 
INCREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0059 

342.90 

17.20 

301.15 

375.41 

DURING 
TRAINING 

no 

-

337.81 

17.27 

292.86 

373.44 

AFTER 
TRAINING 

no 

-

341.36 

14.19 

311.72 

369.48 
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Figure 5.21. Graph of the maximum hip moment (Newton-meters) across all testing 
conditions for Subject 3. 

Table 5.21. Results of the nonparametric test for ttend and descriptive statistics on 
the maximum hip moment for the three testing conditions for Subject 3. 

SIGNinCANTLY 
INCREASING 
TREND? 

P< .^ 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0059 

399.73 

34.85 

349.21 

478.33 

DURING 
TRAINING 

no 

-

432.60 

29.01 

362.68 

477.31 

AFTER 
TRAINING 

no 

-

401.15 

22.31 

358.32 

451.82 
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Figure 5.22. Graph of the maximum hip moment (Newton-meters) across all testing 
conditions for Subject 4. 

Table 5.22. Results of the nonparametric test for ttend and 
the maximum hip moment for the three testing 

SIGNinCANTLY 
INCREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

255.84 

11.87 

221.19 

277.99 

DURING 
TRAINING 

no 

-

259.41 

9.59 

242.97 

281.01 

descriptive statistics on 
conditions for Subject 4. 

AFTER 
TRAINING 

no 

-

258.88 

10.06 

238.51 

278.97 
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Figure 5.23. Graph of the maximum hip moment (Newton-meters) across all testing 
conditions for Subject 5. 

Table 5.23. Results of the nonparametric test for ttend and descriptive statistics on 
the maximum hip moment for the three testing conditions for Subject 5. 

SIGNinCANTLY 
INCREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0001 

421.29 

25.11 

346.10 

458.93 

DURING 
TRAINING 

no 

-

421.68 

12.71 

392.24 

446.03 

AFTER 
TRAINING 

yes 

0.0002 

453.88 

22.84 

409.69 

501.66 
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Figure 5.24. Graph of the maximum hip moment (Newton-meters) across aU testing 
conditions for Subject 6. 

Table 5.24. Results of the nonparametric test for ttend and descriptive statistics on 
the maximum hip moment for the three testing conditions for Subject 6. 

SIGNinCANTLY 
INCREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0002 

302.92 

12.65 

283.60 

329.54 

DURING 
TRAINING 

no 

-

300.95 

9.86 

280.93 

327.88 

AFTER 
TRAINING 

no 

-

307.81 

10.75 

288.47 

329.06 
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Figure 5.25. Graph of load ttavel distance (meters) across all testing conditions for 
Subject 1. 

Table 5.25. Results of the nonparametric test for ttend and descriptive statistics on 
load ttavel distance for the three testing conditions for Subject 1. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

1.6935 

0.0365 

1.6169 

1.7555 

DURING 
TRAINING 

yes 

0.0001 

1.6759 

0.0436 

1.6089 

1.7866 

AFTER 
TRAINING 

no 

-

1.6277 

0.0251 

1.5768 

1.7008 
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Figure 5.26. Gr^h of load ttavel distance (meters) across all testing conditions for 
Subject 2. 

Table 5.26. Results of the nonparametric test for ttend and descriptive statistics on 
load ttavel distance for the three testing conditions for Subject 2. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

1.7821 

0.0457 

1.5530 

1.8431 

DURING 
TRAINING 

no 

-

1.8088 

0.0344 

1.7343 

1.8881 

AFTER 
TRAINING 

no 

-

1.7788 

0.0288 

1.7171 

1.8673 
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Figure 5.27. Graph of load ttavel distance (meters) across all testing conditions for 
Subject 3. 

Table 5.27. Results of the nonparametric test for ttend and descriptive statistics on 
load ttavel distance for the three testing conditions for Subject 3. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

1.7504 

0.0461 

1.6346 

1.8290 

DURING 
TRAINING 

yes 

0.0481 

1.7034 

0.0566 

1.4691 

1.8174 

AFTER 
TRAINING 

no 

-

1.7099 

0.0302 

1.6472 

1.7825 
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Figure 5.28. Graph of load ttavel distance (meters) across aU testing conditions for 
Subject 4. 

Table 5.28. Results of the nonparametric test for ttend and descriptive statistics on 
load ttavel distance for the three testing conditions for Subject 4. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

1.7489 

0.0279 

1.6914 

1.8006 

DURING 
TRAINING 

no 

-

1.7167 

0.0305 

1.6709 

1.7839 

AFTER 
TRAINING 

no 

-

1.6843 

0.0373 

1.6244 

1.7685 
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Figure 5.29. Gr^h of load ttavel distance (meters) across all testing conditions for 
Subject 5. 

Table 5.29. Results of the nonparametric test for ttend and descriptive statistics on 
load ttavel distance for the three testing conditions for Subject 5. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0002 

1.8213 

0.0600 

1.6879 

1.9331 

DURING 
TRAINING 

yes 

0.0154 

1.7313 

0.0475 

1.6480 

1.8428 

AFTER 
TRAINING 

no 

-

1.7338 

0.0267 

1.6805 

1.7809 
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Figure 5.30. Graph of load ttavel distance (meters) across all testing conditions for 
Subject 6. 

Table 5.30. Results of the nonparametric test for ttend and descriptive statistics on 
load ttavel distance for the three testing conditions for Subject 6. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

1.7237 

0.0373 

1.6597 

1.8407 

DURING 
TRAINING 

yes 

0.0154 

1.7521 

0.0282 

1.6884 

1.8211 

AFTER 
TRAINING 

yes 

0.0207 

1.7074 

0.0291 

1.6511 

1.7652 
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Figure 5.31. Graph of hip ttavel distance (meters) across all testing conditions for 
Subject 1. 

Table 5.31. Results of the nonparametric test for ttend and descriptive statistics on 
hip ttavel distance for the three testing conditions for Subject 1. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

0.3612 

0.0268 

0.2957 

0.4113 

DURING 
TRAINING 

yes 

0.0481 

0.3034 

0.0316 

0.2477 

0.3923 

AFTER 
TRAINING 

no 

-

0.3090 

0.0180 

0.2728 

0.3476 

95 



'w^—-.-.••»*»•—"V 

60 120 180 240 300 360 420 480 540 600 660 
UFT NUMBER 

Figure 5.32. Graph of hip ttavel distance (meters) across all testing conditions for 
Subject 2. 

Table 5.32. Results of the nonparametric test for ttend and descr^)tive statistics on 
hip ttavel distance for the three testing conditions for Subject 2. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MESriMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

0.4237 

0.0352 

0.2951 

0.4905 

DURING 
TRAINING 

no 

-

0.4444 

0.0282 

0.3512 

0.4908 

AFTER 
TRAINING 

no 

-

0.4566 

0.0181 

0.4240 

0.5080 
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Figure 5.33. Graph of hip ttavel distance (meters) across all testing conditions for 
Subject 3. 

Table 5.33. Results of the nonparametric test for ttend and descriptive statistics on 
hip ttavel distance for the three testing conditions for Subject 3. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0002 

0.3765 

0.0391 

0.3090 

0.4765 

DURING 
TRAINING 

yes 

0.0154 

0.3708 

0.0239 

0.2945 

0.4169 

AFTER 
TRAINING 

yes 

0.0059 

0.3442 

0.0196 

0.3052 

0.3777 
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Figure 5.34. Graph of hip ttavel distance (meters) across all testing conditions for 
Subject 4. 

Table 5.34. Results of the nonparametric test for ttend and descriptive statistics on 
hip ttavel distance for the three testing conditions for Subject 4. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

no 

-

0.4924 

0.0325 

0.4300 

0.5627 

DURING 
TRAINING 

no 

-

0.4993 

0.0255 

0.4393 

0.5548 

AFTER 
TRAINING 

no 

-

0.5128 

0.0314 

0.4573 

0.5927 
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Figure 5.35. Graph of hip ttavel distance (meters) across all testing conditions for 
Subject 5. 

Table 5.35. Results of the nonparametric test for ttend and descriptive statistics on 
hip ttavel distance for the three testing conditions for Subject 5. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVL\TION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0059 

0.4002 

0.0308 

0.3452 

0.4652 

DURING 
TRAINING 

no 

-

0.3641 

0.0275 

0.3078 

0.4289 

AFTER 
TRAINING 

no 

-

0.3502 

0.0251 

0.3001 

0.4014 
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Figure 5.36. Graph of hip ttavel distance (meters) across all testing conditions for 
Subject 6. 

Table 5.36. Results of the nonparametric test for ttend and descriptive statistics on 
hip ttavel distance for the three testing conditions for Subject 6. 

SIGNinCANTLY 
DECREASING 
TREND? 

P< 

MEAN 

STANDARD 
DEVIATION 

MINIMUM 

MAXIMUM 

BEFORE 
TRAINING 

yes 

0.0207 

0.3128 

0.0252 

0.2660 

0.3766 

DURING 
TRAINING 

no 

-

0.3595 

0.0247 

0.3158 

0.4069 

AFTER 
TRAINING 

no 

-

0.3743 

0.0208 

0.3342 

0.4265 
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Table 5.37. Summary of the tests for ttend for the six primary response variables. 

VARIABLE TRAINING SUBJECT! SUBJECT 2 SUBJECTS SUBJECT 4 SUBJECTS SUBJECT 6 

COND. 

OBJECTIVE 

FUNCTION 

VALUE 

TIME 

PER 

LIFT 

BEFORE 

DURING 

AFTER 

BEFORE 

DURING 

AFTER 

decrease 

decrease 

decrease 

decrease 

decrease 

decrease 

decrease 

decrease 

-

-

decrease 

decrease 
. 

decrease 

-

-

decrease 

decrease 

decrease 

decrease 

decreiisc 

decrease 

. 

decrease 
. 

MINIMUM BEFORE 

HIP DURING 

HEIGHT AFTER 
increase 

increase 

increase 

increase 

increase 

increase 

increase 

increase 

MAXIMUM BEFORE 

HIP DURING 

MOMENT AFTER 

increase increase 

increase 

increase 

increase 

increase 

LOAD BEFORE 

TRAVEL DURING 

DISTANCE AFTER 

decrease 

decrease 

decrease decrease 

decrease 

HIP BEFORE 

TRAVEL DURING 

DISTANCE AFTER 

decrease 

decrease 

decrease 

decrease 

decrease decrease 
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Table 5.38. Results of MANOVA on the six primary response variables. Table entries 
indicate p values or n. s. (not significant). 

FACTORS 

VARL^BLE TRAINING UFT NUMBER TR*LN SUBJECT 

OBJECTIVE 
FUNCTION 0.0001 n. s. n. s. 0.0001 

TIME PER 
LIFT 0.0001 0.0001 n.s. 0.0001 

MINIMUM 
HIP HEIGHT n. s. n. s. n. s. 0.0001 

MAXIMUM 
HIP MOMENT 0.0001 0.0123 n. s. 0.0001 

LOAD TRAVEL 
DISTANCE 0.0001 n. s. n. s. 0.0001 

HIP TRAVEL 
DISTANCE n. s. n. s. n. s. 0.0001 

MANOVA 0.0001 n. s. n. s. 0.0001 
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Table 5.39. Results of MANOVA on the maximum moments exerted at five joints. 
Table entries indicate p values or n. s. (not significant). 

FACTORS 

MAXIMUM 
MOMENT AT: 

ELBOW 

SHOULDER 

HIP 

KNEE 

ANKLE 

TRAD 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

TRAINING LIFT NUMBER TR*LN 

n. s. 

n. s. 

0.0123 

n. s. 

n. s. 

SUBJECT 

n. s. 

n.s. 

n. s. 

n. s. 

n. s. 

0.0001 

0.0001 

0.0001 

0.0001 

0.0001 

MANOVA 0.0001 n. s. n. s. 0.0001 

Table 5.40. Average maximum moments (in Newton-meters) for five joint centers 
before and after testing. 

AVERAGE MAXIMUM 
MOMENT AT: 

ELBOW 

SHOULDER 

HIP 

KNEE 

ANKLE 

BEFORE 
TRAINING 

29.07 

60.31 

336.17 

154.24 

232.82 

AFTER 
TRAINING 

29.71 

62.12 

354.51 

165.93 

239.73 
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CHAPTER 6 

DISCUSSION AND CONCLUSIONS 

The results showed that all of the primary response variables exhibited the 

anticipated changes (as indicated by the tests for ttend) across at least one of tiie testing 

conditions. Likewise, there were ttaining effects in the ANOVA for four of the primary 

response variables, the two that were not significant were the minimum hip height and 

the hip ttavel distance. However the lift number, intended to show the effects of 

extended lifting periods, was less consistentiy significant, with significant lift number 

effects shown by the time per lift and the maximum hip moment only. The secondary 

response variables also showed a consistent ttaining effect with very littie lift number 

effect. In the following sections, the implications of these results will be discussed. 

The single most striking result of this research was the decrease in the time per 

lift. This decrease was observed for all of the subjects under at least one of the testing 

conditions (see Table 5.37). This variable also showed significant ttaining and lift 

number effects in the ANOVA (see Table 5.38). Therefore, it could be inferred that the 

decreased time per lift in itself could account for the other changes observed (such at the 

increase in the dynamic moments). There are, however, other factors that played a role 

in the observed changes as well and these are discussed below. 

It should also be noted that even though there were fewer lifts performed during 

the six half-hour ttaining sessions, there was a much greater time elapsed in the course of 

the ttaining sessions (two weeks) than in the course of the more intensive four-hour 

sessions. This period of time is enough to account for changes that occur due to the 

effeas of ttaining versus changes that occur due to the effects of lift number. 
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6.1. Empirical Objective Function Valnp 

The tests for ttend indicated that there was a significant decrease in the empirical 

objective function value either during the before-ttaining four-hour session or during the 

ttaining sessions (or both, as was the case for Subject 6). This ttend only continued into 

the after-ttaining four-hour session for two of the subjects (2 and 6). The ANOVA witii 

the empirical objective function value as the dependent variable showed that there were 

no lift number effects, but that there were ttaining effects. This is not a surprising result, 

since the tests for ttend demonsttated that most changes took place during the ttaining 

periods. If the tests for ttend are viewed without the ttaining sessions, then two of the 

subjects showed no change at all. 

The implications for these results were that there was a decrease in both motion 

and time as the lifting progressed and that these are more likely to change under 

conditions such as a series of ttaining sessions than as a result of changes that occur over 

a single extended lifting period. The ANOVA results, to be subsequentiy discussed, 

offered more information on this. 

6.2. Time per Lift 

The time required to perform a lift showed pattems of decrease across the before-

ttaining four-hour session and during the ttaining sessions and no increase during the 

after-ttaining four-hour session for aU subjects except for Subject 6, who showed a 

decrease during aU testing conditions. Also, the ANOVA analysis showed a significant 

ttaining and lift number effect for the time per lift. 

There seems, however, to be a poor overall relationship between the time per lift 

and the empirical objective function value (shown by the rank correlation of p = -0.035). 

Therefore, conttary to the expectation that there would be a close relationship between 

these two variables, it seems that there are motion factors (i.e., dynamic moments) that 
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play a larger role in determining the objective function value. Time may be an indirect 

factor in that it effects motion variables that in mm effect the objective function value. 

For instance, the reduced time per lift required greater dynamic moments to accomplish 

the same task in a shorter period of time. 

6.3. Minimum Hip Height 

There was no significance in the ANOVA for either ttaining or lift number effects 

for this variable. This is rather surprising, since all subjects showed an increase (as 

inferred from the tests for ttend) in the minimum hip height during at least one of the 

testing conditions, except for Subject 4, who showed no significant change in this 

variable at all. However, the minimum hip height showed an increase during the ttaining 

sessions for only Subject 1 and Subject 3. Therefore, it stands to reason that the 

ANOVA would not detect changes in the aggregate means for the extended lifting 

sessions before and after the ttaining sessions. The implications of this were that there 

may be some evidence of a shift from a leg lift to a back lift, but this conclusion should 

be drawn with extteme caution. 

6.4. Maximum Hip Moment 

Maximum hip moments showed a very close relationship with the minimum hip 

height. As the hip height increased, so did the maximum moment exerted at the hip (as 

indicated by the rank correlation of p = 0.625). However, even though the minimum hip 

height showed no significance due to ttaining nor lift number effects, the maximum hip 

moment was significant for both effects. This implies that there was an increase in the 

hip moments due to both the effects of ttaining (an average 5.5% increase between the 

before ttaining mean and the after ttaining mean) and of extended lifting periods (an 

average increase of 11.5% from the earlier stages of the extended period to the later 
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stages). This implied that the hip joint absorbed most of the increased sttess associated 

with the decrease in time per lift and the increase in efficiency that occurs as the 

extended lifting periods progressed. However, when training occurred, there was an 

increase in aU of the joint center moments to accommodate the greater sttess associated 

with faster lifting. The ANOVA (see Tables 5.39 and 5.40) showed that all joint center 

moments increased significantiy from the before-ttaining four-hour session to the after-

ttaining four-hour session. 

6.5. Load Travel Distance 

The load ttavel distance was the most constant of the primary variables. Three of 

the subjects showed no change at all in the load ttavel distance during any of the ttaining 

conditions. There was, however, a significant reduction in the load ttavel distance (by 

2.7%) due to the effects of ttaining. This suggested that, in addition to the overall 

increase in the joint center moments, the load path is shortened as the result of ttaining. 

E>ue to this fact, the load ttavel distance may have had an effect on the objective function 

value in that the decreased load ttavel distance was another indicator of the shift in 

motion pattems that were detected by changes in joint center moments. 

6.6. Hip Travel Distance 

Two subjects showed no decrease at all in the hip ttavel distance, while three of 

the remaining showed a decrease either during the before-ttaining four-hour session or 

during the ttaining sessions. One subjea, however, continued to show a decrease in this 

variable through all three testing conditions. However, the results of the tests for trend 

were somewhat doubtful due to the lack of significance of this dependent variable for any 

of the faaors tested in the ANOVA. A sttonger relationship between hip ttavel distance 
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and the minimum height of the hip would have been expected, but there seems to have 

been little relationship between these two variables. 

6.7. Secondary Response Variables 

The moments exerted at the five joint centers indicated that there were significant 

increases at all of the joints due to the effects of ttaining, but that the maximum hip 

moment was the only variable to show any effects across the course of the four-hour 

periods. The significance of ttaining in the ANOVA suggested that when a subjea was 

allowed to practice (over a two-week period as occurred during the ttaining sessions), 

there was an overall increase in moments at joint centers to accommodate the shorter 

time per lift that accompanied the ttaining effects. However, only the hip joint showed 

significance in the lift number effects. This suggests that when there are factors such as 

repeated lifting and boredom (not formally documented, but definitely observed during 

all four-hour sessions) across extended lifting periods, this additional sttess appeared to 

be absorbed solely by the hip joint, which is the only joint to show an increased ttend in 

moments for lift number effects. 

This was a significant result, since many times in industry, lifting is performed 

over extended lifting periods in a repetitive fashion. The results showed that there is a 

significant increase in hip moments both due to ttaining and lift number effects. Hip 

moments are related to lower back compressive forces as indicated by the calculations of 

lumbosacral compressive forces (Chaffm 1988). Therefore, it could be inferred that the 

increase in hip moments may be related to the incidence of lower back injuries. 

6.8. Witiiin Subject Trends 

Table 5.37 summarized the ttends of the six primary response variables botii 

between and within subjeas. Thus far, the six primary response variables have been 
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considered between subjects. If, however, Table 5.37 were viewed by subject rather than 

by response variable, some ttends may be seen. 

Subject 1 showed all significant changes during the ttaining sessions while 

showing no changes at all during the four-hour sessions. The remaining subjects, 

however, did not show such a consistent pattem. The only exception to this being 

Subject 4, who showed no ttends at all, except in the objective function values and the 

time per lift. 

The fact that the subjects did not consistentiy show ttends during any one of the 

testing conditions, or that they showed significant ttends during more than one testing 

conditions may explain why the ANOVA for the six primary response variables (Table 

5.38) showed few significant changes across the course of the extended lifting periods (as 

indicated by the lift number effect). The notable exceptions to this was the time per lift 

and the maximum hip moment, both of which changed across the four-hour periods 

consistently. 

6.9. Conclusions 

The results presented showed that there was a great deal of individual variation 

among the subjects when they were allowed to lift in a freestyle manner. The fact that aU 

subjects (except for Subjea 4, see Table 5.37) showed an increase in minimum hip 

height implies that there may be some evidence that there is a shift from a leg lift to a 

back lift. This evidence is somewhat equivocal, however, since there was no analysis of 

variance effeas due to ttaining or lift number for this response variable. Furthermore, 

there was very conclusive evidence that, for these subjeas, there was a definite increase 

in maximum hip moments due to both the effects of ttaining and due to the effects of 

extended lifting periods (see Table 5.39 and Table 5.40). The posture was related to the 

hip moment in that a back lift created a higher hip moment as indicated by the high rank 

109 



correlation between these two variables. Note that Table 5.37 showed that in most cases 

where there was a significant increase in minimum hip height, there was an 

accompanying increase in maximum hip moment. 

Since ttaining that allowed freestyle lifting resulted in higher joint moments as 

lifting became faster and more efficient, a question of the training protocol is raised. The 

subjects who participated in this project were allowed to lift freestyle during aU testing 

conditions, including the ttaining sessions. This method was chosen since it emulates 

conditions that are prevalent in industry. 

Therefore, the evolution of the kinetics and kinematics under conditions that 

emulate industrial freestyle conditions is significant, especially since these parameters 

have never been documented previously in the literamre. This project has shown that 

changes in moments over extended periods occur at the hip joint, but that freestyle 

ttaining (practice) sessions result in increases in moments at aU joints. This is 

documented in the ANOVA shown in Table 5.39 and the changes due to ttaining shown 

in Table 5.40. These results showed that there were increases in moments at the elbow 

shoulder, hip, knee, and ankle due to the effects of ttaining, but that there were increases 

only in the hip due to the lift number effects. 

This was a reasonable result, since short-term changes were accommodated by the 

sttongest joint (the hip), while long-term ttaining (praaice) resulted in increases in 

moments at all joints. This implied that the moment increases at the other joints were the 

result of the ttaining process rather than a short-term accommodation of increasing speed 

of the lift. That is, the other joints (elbow, shoulder, knee, and ankle) accommodated the 

greater dynamic moments required by a faster (as indicated by decreasing time per lift), 

more efficient (as indicated by deaeasing objective function value) lift only as the result 

of the ttaining process. Perhaps this is a method of "proteaing" the other joints from 

injury. For instance, Kothiyal et al. (1992) found that lifting with the legs may shift the 
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Sttess from the lower back to the knee, thus possibly resulting in the reduction in lower 

back injuries only to increase knee injuries. 

This project has documented the intuitive notion that biomechanical sttategies 

(i.e. kinematics, kinetics, time of the lift, etc.) evolve over the course of extended periods 

and as a result of ttaining sessions. Since there has been a void in the literamre with 

regard to this phenomenon, this establishes its existence and may provide the basis for 

future research in the area of the biomechanics of extended lifting periods. The 

following section makes suggestions for a number of research directions that could be 

taken. 

6.10. Suggestions for Fumre Research 

There are a number of directions that future research in this area could take. 

These directions can be divided into two main areas. The first is the manipulation of task 

and subjea variables and the second is the form of ttaining used for the subjects. 

Task characteristics that could be manipulated for the smdy of extended lifting 

are the frequency of the lift, the weight of the load, and the height of the load. AU of 

these would inttoduce different sttessors that may affect biomechanical sttategies in 

different ways. 

The task in this project was restricted to a symmetrical load in the sagittal plane. 

An asymmetrical task accompanied by a three-dimensional analysis would inttoduce 

more variables and emulate acmal simations more closely. 

Also, rather than keeping the feet stationary, it may be desirable to include a step 

in each lift (using either a two- or three-dimensional analysis). This is suggested since 

observation of most workers who perform manual material handling indicates that they 

take a step during the course of a lift. How does this step changes the kinetics and 

kinematics of the lift? 
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Rather than smdying only the lift itself, it may be interesting to look at the 

subjects' approach to the load from the standing position. Casual observation of this 

phenomenon during the course of the smdy indicated that the approach time is greatiy 

reduced with ttaining. Although no data were collected, this reduced approach time must 

influence the ballistic motion of the lift itself 

A subject variable that was not manipulated in this project was the gender and 

ethnicity of the subjects. Female subjects and non-Caucasian populations with different 

anthropometrics may respond to the sttesses of extended lifting periods differentiy due to 

different segment lengths and to different centers of gravity. It would be interesting to 

determine, for instance, if female subjects show the same ttends in the evolution of 

lifting Sttategies when allowed to develop their own lifting pattems. Also, would faster, 

more efficient lift cause the same increases in hip moments with ttaining in female 

subjects? 

The manipulation of the ttaining methods may influence the variables analyzed in 

this project. For instance, if naive subjects were allowed to lift for a four-hour period 

and were then put through ttaining sessions that are designed to teach them to lift using a 

specific method (for instance, with the legs rather than the back), would this influence 

their performance in the second extended lifting period in a manner different than 

freestyle ttaining? The results of such research could establish whether there are forms 

of ttaining that allow the lifter to reduce sttesses at the joint centers while maintaining 

the reduced time and efficiency of the lift. 

Such an approach could also be used with experienced industrial lifters as 

subjeas. Snook (1988a) discussed a number of approaches to the conttol of back pain in 

industrial workers and one of these approaches was ttaining. Snook noted that ttaining 

workers in proper lifting techniques (i.e., lifting with the legs rather than the back) can 

reduce injuries and cited cases in which injuries were reduced by up to 70%. However, 
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he also pointed out that these smdies were not of sufficient duration to ascertain the 

continued effectiveness of the ttaining program. Therefore, it would be interesting to 

document changes in biomechanical sttategies over extended lifting periods that may (or 

may not) be exhibited by experienced industrial manual material handlers. Also, the 

effects that standard ttaining (such as back schools) have on the biomechanical sttategies 

adopted by the experienced workers would be a valuable way of evaluating the 

effectiveness of these ttaining programs. 
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PROGRAM FKKD 

PARAMETER (R=200, CL=6, FS=60, FC=2, G=9.8) 
INTEGER I, J, RW 
REAL PI, FCC, WC, Kl, K2, K3, AO, Al, A2, Bl, B2, DT 
REAL N, D, L, LD, BW, MS, 10, LI, L2, AC, AS 
REALRX(-1:R,CL+1), RY(-1:R,CL+1), X1(-1:R,CL+1) 
REAL Yl(-l:R,CL-f-l), X(-l:R,CL-hl), Y(-1:R,CL+1) 
REAL XV(1:R,CL+1), YV(1:R,CL+1) 
REAL XA(l:R,CL-hl), YA(1:R,CL+1) 
REAL A(0:R,CL), AV(1:R,CL), AA(1:R,CL) 
REAL XCM(R,CL), YCM(R,CL), XCV(R,CL), YCV(R,CL) 
REAL XCA(R,CL), YCA(R,CL), FX(R,CL), FY(R,CL) 
REAL M(R,CL), LA(CL), MU(CL), RHO(CL), SL(CL) 

OPEN (81, nLE='DATA.RAW, STATUS='OLD') 
OPEN (82, nLE='S.INF', STATUS='OLD') 

READ(81,*)RW 

DOI=l,RW 
READ (81, *, END=71)(RX(I,J), RY(U), J=1,CL+1) 
END DO 

71 CONTINUE 

READ (82, *) LD 
READ (82, *) BW 

DOI=l,CL 
READ (82, *, END=72) (LA(I), MU(I), RHO(I), SL(I)) 
END DO 

72 CONTINUE 

PI = 4.0*ATAN(1.0) 
FCC = FC/0.802 
WC = TAN(PI*(FCC/FS)) 
Kl = SQRT(2.0)*WC 
K2 = WC**2 
A0 = K2/(1+K1+K2) 
Al = 2*A0 
A2 = A0 
K3 = (2*A0)/K2 
B1=K3-(2*A0) 
B2=1-A0-A1-A2-B1 

DOI=l,(CL+l) 
RX(-1,I)=RX(1,I) 
RX(0,I) = RX(1,I) 
RY(-1,I)=RY(1,I) 
RY(0,I) = RY(1,I) 
X1(-1,I) = RX(1,I) 
X1(0,I) =RX(1,I) 
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Y1(-1,I) = RY(1,I) 
Y 1(0,1) =RY(1,I) 
END DO 

DOJ=l,CL+l 
D0I=1,RW 
XI a,J)=AO*RX(I, J)-f-Al *RX(I-1, J)-hA2*RX(I-2,J)+ 

1 B1*X1(I-1,J)+B2*X1(I-2J) 
Y1 a,J)=AO*RY(I, J)+Al *R Y(I-1 ,J)-H A2*RY(I-2 J)+ 

2 B1*Y1(I-1,J)+B2*Y1(I-2J) 
END DO 
END DO 

D0I=1,CL-H 
Xl(RW-hU) = Xl(RW,I) 
X1(RW+2J) = X1(RW,I) 
Yl(RW-hU) = Yl(RW,I) 
Y1(RW-H2J) = Y1(RW,I) 
X(RW+1,I) =X1(RW,I) 
X(RW+2J) =X1(RW,I) 
Y(RW+U) =Y1(RW,I) 
Y(RW+2J) =Y1(RW,I) 
END DO 

D0J=1,CL+1 
D0I=RW,1,-1 
Xa,J)=AO*Xl (U)+A1 *X 1 (1+1 ,J)+A2*X1 (1+2,J)+ 

3 B1 *Xa+1 ,J)+B2*X(I+2 J) 
Y(I, J)=AO* Y1 (I J)-HA 1 * Y1 (1+1, J)+A2* Y1 (1+2 J)+ 

4 Bl*Ya+l,J)+B2*Y(I+2J) 
END DO 
END DO 

DT=1/FS 

DOI=l,CL+l 
X(0,I) = X(1,I) 
Y(0,I) = Y(1,I) 
X(RW+U) = X(RW,I) 
Y(RW+U) = Y(RW,I) 
END DO 

D0J=1,CL+1 
D0I=1,RW 
XV(I J)=(X(I+1 ,J)-X(I-1 ,J))/(2*DT) 
XA(I,J)=(X(I+l,J)-(2*X(IJ))+Xa-l,J))/(DT**2) 
YVa J)=(Y(I+1 ,J)-Y(I-1 ,J))/(2*DT) 
YA(I,J)=(Y(I+l,J)-(2*Y(U))+Ya-l,J))/(DT**2) 
END DO 
END DO 

122 



DOI=l,RW 
D0J=1,CL 
N=Ya,J)-Y(I,J+l) 
D=xa,j)-x(i,j+i) 
IF (D .LT. 0) THEN 
A(I,J)=ATAN(N/D)+PI 
ELSE 
IF (N .LT. 0) THEN 
A(I,J)=ATAN(N/D)+(2*PI) 
ELSE 
A(I,J)=ATAN(N/D) 
END IF 

END IF 
END DO 
END DO 

D0I=1,CL 
A(0,I)=A(1,I) 
A(RW+U) = A(RW,I) 
END DO 

DOJ=l,CL 
DOI=l,RW 
AVa J)=( A(I+1 ,J)-A(I-1, J))/(2*DT) 
AA(I,J)=(A(I+l,J)-(2*A(IJ))+Aa-l,J))/(DT**2) 
END DO 

END DO 

DOI=l,RW 
D0J=1,CL+1 
xaj)=xaj)/ioo 
Y(U)=Y(IJ)/100 
XV(IJ)=XVa,J)/100 
YVaj)=YV(I,J)/100 
XA(IJ)=XA(I,J)/100 
YAaj)=YAa,J)/100 
END DO 
END DO 

DOI=l,RW 
D0J=CL,1,-1 

IF (J .EQ. 5 .OR. J .EQ. 6) THEN 
L=(1-LA(J))*SL(J) 
ELSE 
L=LA(J)*SL(J) 

END IF 
XCM(I,J)=X(I,J+l)+(L*COS(A(I,J))) 
YCMa,J)=Ya, J+1 )+(L*SIN( A(I,J))) 

END DO 
END DO 

123 



DOJ=l,CL 
DOI=l,RW 
XCV(I,J)=(XCM(I+1,J)-XCM(I-1,J))/(2*DT) 
vn^/H^15£w^^"'^"^^-^2*^^^(I'J))+XCM(I-l,J))/(DT**2) 
YCV(I,J)=(YCM(I+1,J).YCM(I-1,J))/(2*DT) 
^j^g^)=(YCM(I+l,J)-(2*YCMa,J))+YCM(I-l,J))/(DT**2) 

END DO 

D0I=1,RW 
DOJ=l,CL 

L1=LA(J)*SL(J) 
L2=(1-LA(J))*SL(J) 
MS=MU(J)*BW 
IO=((RHO(J)*SL(J))**2)*MS 
AC=COS(A(U)) 
AS=SIN(A(IJ)) 
IF(J.EQ. 1)THEN 
FX(IJ)=(MS*XCA(I,J))+(LD*XA(I,J)) 
FY(I,J)=(MS*(G+YCA(I,J)))+(LD*(G+YA(I,J))) 
Ma,J)=(IO*AA(I,J))+(Ll*FY(I,J)*AC)-(Ll*FX(I,J)*AS) 

5 +(L2*LD*(G+YA(I,J))*AC)-(L2*LD*XA(I,J)*AS) 
END IF 

IF (J .EQ. 2 .OR. J .EQ. 3 .OR. J .EQ. 4) THEN 
FX(I,J)=(MS*XCA(I,J))+(FX(I,J-1)) 
FYaj)=(MS*(G+YCA(I,J)))+(FY(I,J-l)) 
Ma J)=Ma, J-1 )+(IO* AA(I, J)) 

6 +(Ll*FYa,J)*AC)-(Ll*FX(I,J)*AS) 
7 +(L2*FY(U-1)*AC)-(L2*FX(I,J-1)*AS) 

END IF 

IF (J .EQ. 5 .OR. J .EQ. 6) THEN 
FX(I,J)=(MS*XCA(I,J))+(FX(I,J-1)) 
FY(U)=(MS*(G+YCA(U)))+(FY(I,J-1)) 
M(I,J)=Ma, J-1 )+(I0* AA(I, J)) 

8 +(L2*FY(I,J)*AC)-(L2*FXa,J)*AS) 
9 +(L1*FY(U-1)*AC)-(L1*FX(I,J-1)*AS) 

END IF 

END DO 
END DO 

OPEN (91, nLE='DATA.POS', STATUS='NEW') 
OPEN (92, nLE='DATA.VEL', STATUS='NEW') 
OPEN (93, FILE='DATA.ACC', STATUS='NEW') 
OPEN (94, FILE='DATA.ANP', STATUS='NEW) 
OPEN (95, FILE='DATA.ANV', STATUS='NEW') 
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OPEN (96, nLE='DATA.ANA', STATUS='NEW') 
OPEN (97, nLE='DATA.CMP', STATUS='NEW') 
OPEN (98, nLE='DATA.CMV', STATUS='NEW') 
OPEN (99, nLE='DATA.CMA', STATUS='NEW') 
OPEN (101, FILE='DATA.FRC, STATUS='NEW') 
OPEN (102, FILE='DATA.MNT', STATUS='NEW) 
OPEN (103, FILE='DATA.NUM*, STATUS='NEW') 

21 FORMAT (<(CL+1)*2>(1X,F8.3)) 
22 FORMAT (<CL>(1X,F12.4)) 
23 FORMAT (<CL*2>(1X, F10.4)) 

D0I=2,RW-1 
WRITE (91,21) (X(I,J), Y(I,J), J=1,CL+1) 
WRITE (92,21) (XV(I,J), YV(I,J), J=1,CL+1) 
WRITE (93,21) (XA(I,J), YA(I,J), J=1,CL+1) 
WRITE (94,22) (A(I,J), J=1,CL) 
WRITE (95,22) (AV(I,J), J=1,CL) 
WRITE (96,22) (AA(I,J), J=1,CL) 
WRPTE (97,23) (XCMaj), YCM(I,J), J=1,CL) 
WRITE (98,23) (XCVaj), YCV(I,J), J=1,CL) 
WRITE (99,23) (XCAaj), YCA(I,J), J=1,CL) 
WRITE (101,23) (FX(I,J), FY(I,J), J=1,CL) 
WRITE (102,22) (M(U), J=1,CL) 
END DO 

WRITE (103,*) (RW-2) 

END 
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PROGRAM OPT 

PARAMETER (CL=6, ROW=200, FS=60, N=2, SD=2) 
INTEGER I, J, RW 
REAL PI, X, Y, DT, SUM, OBF, FACTOR 
REAL A(ROW,CL), M(ROW,CL), B(ROW,CL) 
REAL S(ROW,CL), SM(ROW) 

OPEN (81, nLE='DATA.NUM', STATUS='OLD') 
OPEN (82, FILE='DATA.ANP', STATUS='OLD') 
OPEN (83, FILE='DATA.MNT', STATUS='OLD') 

READ (81, *, END=71) RW 
71 CONTINUE 

DOI=l,RW 
READ (82, *, END=72) (A(I,J), J=1,CL) 
END DO 

72 CONTINUE 

D0I=1,RW 
READ (83, *, END=73) (M(I,J), J=1,CL) 
END DO 

73 CONTINUE 

PI = 4.0*ATAN(1.0) 

DO J=2,CL 
D0I=1,RW 

IF (J .EQ. 2 .OR. J .EQ. 5) THEN 
B(IJ) = (180/PI) * (A(I,J) - A(I,J+1) + PI) 
END IF 

IF (J .EQ. 3 .OR. J .EQ. 4) THEN 
BaJ) = (180/PI) * (A(I,J+1) - A(IJ) + PI) 
END IF 

IF (J .EQ. 6) THEN 
B(I,J) = (180/PI) * (PI - A(U)) 
END IF 

END DO 
END DO 

127 



D O J=2,CL 
DOI=l,RW 

IF (J .EQ. 2) T H E N 
IF (M(I,J) .LT. 0) T H E N 
S(I,J)=(336.29+(1.544*Ba,J))-(0.0085*Ba,J)**2) 

-(0.5*B(I,J+1)))*(0.1924) 
F A C T O R = S(I,J)*(0.2458)*SD 
S(I,J) = S(U) + FACTOR 
ELSE 

S(I,J)=(-l)*(264.153-(0.575*B(I,J))-(0.425*Ba,J+l))) 
*(0.2126) 

F A C T O R = S(I,J)*(0.2013)*SD 
S(I,J) = S(I J) + FACTOR 
E N D IF 
E N D IF 

IF (J .EQ. 3) T H E N 
IF (M(I,J) .LT. 0) T H E N 
S(I,J)=(227.338+(0.525*B(I,J-1))-(0.296*B(I,J)))*(0.3017) 
F A C T O R = S(I,J)*(0.2311)*SD 
S(I,J) = S(U) + FACTOR 
ELSE 
Sa,J)=(-l)*(204.562-(0.099*B(I,J)))*(0.4957) 
F A C T O R = S(I,J)*(0.3132)*SD 
Sa,J) = S(I J) + FACTOR 
E N D IF 
E N D IF 

IF (J .EQ. 4) T H E N 
IF (M(I,J) .LT. 0) T H E N 
S(I,J)=((34.29*B(IJ))-(820.21)-(0.11426*Ba,J)**2)) 

*(0.1304) 
F A C T O R = S(I,J)*(0.2729)*SD 
S(I,J) = S(I J) + FACTOR 
ELSE 
S(I,J)=(-l)*(3338.1-(15.711*B(U))+(0.04626*Ba,J)**2)) 

*(0.0977) 
F A C T O R = Sa,J)*(0.4016)*SD 
Sa,J) = S(U) + F A C T O R 
E N D IF 
E N D IF 
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IF (J .EQ. 5) THEN 
IF (M(I,J) .LT. 0) THEN 
S(I,J)=(-1)*((6.3672*B(I,J))-94.437)*(0.1429) 
FACTOR = S(I,J)*(0.2934)*SD 
S(I,J) = S(U) + FACTOR 
ELSE 

S(U)=(1091.9-(0.0996*B(U))+(0.17308*Baj)**2) 
5 -(0.00097*B(I,J)**3))*(0.0898) 

FACTOR = S(I,J)*(0.3503)*SD 
s(i,j) = s(ij) + FAcrroR 
END IF 

END IF 

IF (J .EQ. 6) THEN 
S(U)=(-1)*(3356.8-(18.4*B(I,J)))*(0.0816) 
FACTOR = S(I,J)*(0.3307)*SD 
S(I,J) = S(U) + FACTOR 

END IF 

END DO 
END DO 

SUM = 0 
DOI=l,RW 
SM(I) = 0 

END DO 

DOI=l,RW 
DO J=2,CL 
SM(I) = SMa) + (((-1)*M(U))/S(I,J))**2 

END DO 
SUM = SUM + SM(I) 
END DO 

DT = 1/FS 

OBF = DT*SUM 

OPEN (93, FILE='OUTPUT.OPT', STATUS='OLD', ACCESS='APPEND') 
22 FORMAT (1X,F12.6) 

WRITE (93,22) (OBF) 

END 
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Personal Data Form 
Instimte for Ergonomics Research 

Texas Tech University 

AN INVESTIGATION OF CHANGES IN BIOMECHANICAL STRATEGIES 
OVER EXTENDED LIFTING PERIODS 

Date 

Name Age 

Telephone # SS# 

Height (ft in) Weight (lb) 

Check if susceptible to: shormess of breath dizziness headaches fatigue 
pain in arm, shoulder, or chest 

If you checked any of the above items, explain: 

Have you ever had a heart attack? 

If so, give history: 

Are you currentiy taking any type of medication? 

If so, explain: 

Have you ever had any problems with blood pressure? 

If so, explain: . 
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In the last six months, have you had any surgery or serious illness? 

If so, explain: ^ 

In the last six months, have you had any back pain? 

If so, explain: 

Have you had, or do you now have, a hernia? 

If so, correaive date 

Have you had, or do you now have, any knee problems? 

If so, explain: 

Please carefully read and sign the following consent form. 
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CONSENT FORM 
Institute for Ergonomics Research 

Texas Tech University 

I have tmthfuUy answered the personal data questions attached to this form to the 
best of my knowledge. I hereby give my consent for my participation in the research 
projea entitied: AN INVESTIGATION OF CHANGES IN BIOMECHANICAL 
STRATEGIES OVER EXTENDED LIFTING PERIODS I understand that the 
person responsible for this research project is Dr. J. L. Smith (806) 742-3543. He or his 
authorized representative, Maxwell Fogleman (806) 742-3543 has explained that this 
smdy has the following objective: to identify the changes in biomechanical lifting 
Sttategies due to a ttaining program and due to learning and fatigue over two four hour 
lifting periods. Dr. J. L. Smith or his authorized representative has agreed to answer any 
inquiries that I may have concerning the procedures of the project and has 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 calling (806) 742-3884. 

Information concerning payment for my participation in this smdy has been 
explained to me as follows: (a) hourly wage is $5.00; (b) payment will be made to me at 
the end of my participation in the smdy; (c) the method of disbursement of my wages 
will be check or cash from the experimenter presented directly to me; (d) in the event of 
my withdrawal from the experiment, I wiU be paid for the work completed to date; and 
(e) the researchers for this smdy have the right to terminate my participation if I am not 
cooperative or have conflicting schedule problems. 

He or his authorized representative has (1) explained the procedures to be 
followed and identified those which are experimental and (2) described the attendant 
discomforts and risks. 

Briefly, these procedures involve the following: (a) measurement of various body 
segment dimensions, especially height, weight, and segment length; (b) determination of 
tiie amount of weight that I can safely lift from the floor to shoulder height; and (c) 
repetitive lifting of a weight less than or equal to my maximum weight at a frequency of 
one lift per minute for two periods of four hours. To measure body segment dimensions, 
I will be asked to hold my limbs in certain positions while calipers or tape measures are 
used for measuring. To measure the amount of weight that I can lift from floor to 
shoulder height, I will be asked to lift a box that contains weights. After completing a 
ttial, I will be asked if I can safely handle more weight. If so, I will add weight to the 
box and I will repeat tiie ttial. If the box is too heavy, I will remove weight and attempt 
to repeat the trial. I will continue imtil I have determined that a particular weight is the 
maximum tiiat I can safely handle. I will be asked to lift tiie container from tiie floor to 
shoulder height for two four hour periods. (These two four hour periods will be 
separated by at least one week.). The risks have been explained to me as follows: 
muscle Sttain and sprain, pulled tendons, back pain or sttain, hemia, bmises or broken 
bones if the container or weights are dropped. There are also possible changes in blood 
pressure and heart rate. I understand that I will likely experience muscle soreness, 
especially if I am not used to using tiie muscle groups tiiat I will be usmg m tiiis 
experiment. 

If this research project causes any injury to me, tteatment is not necessarily 
available at Texas Tech University or the Smdent Healtii Center, nor is there necessarily 
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any insurance carried by the University or its personnel applicable to cover any such 
injury. Financial compensation for any such injury must be provided through my own 
insurance program. Further information about these matters can be obtained from Office 
of Research Services, (806) 742-3884, Room 203 Holden Hall, Texas Tech University, 
Lubbock, Texas 79409. 

I understand that I will not derive any therapeutic tteatment from participation in 
this smdy. I understand that I may discontinue participation in his project at any time 
without prejudice. I understand that all data will be kept confidential and that my name 
wiQ not be used in any reports, written or unwritten. 

Signature of Subject Date 

Signamre of Project Direaor or Authorized Representative 

Signature of Wimess to Oral Presentation 
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APPENDDC D 

SUBJECT CHARACTERISTICS 
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Table D.l. Subject characteristics for Subjects 1, 2 and 3. 

GENDER 

AGE (years) 

HEIGHT (cm.) 

WEIGHT (kg.) 

SEGMENT 
LENGTHS (cm.) 
hand 
lower arm 
upper arm 
trunk 
tiiigh 
lower leg 

LIFTING 
CONDITIONS 
shelf height (cm.) 
weight lifted (kg.) 

SUBJECT 1 

male 

24 

157.5 

72.05 

10.9 
25.3 
33.9 
56.0 
38.8 
43.0 

137.5 
10.23 

SUBJECT 2 

male 

19 

166.5 

89.80 

10.5 
28.1 
36.5 
57.7 
42.2 
42.5 

143.3 
14.09 

SUBJECT 3 

male 

19 

166.5 

77.05 

11.8 
27.1 
35.4 
58.2 

. 43.1 
44.0 

143.5 
14.09 
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Table D.2. Subject characteristics for Subjects 4,5, and 6. 

GENDER 

AGE (years) 

HEIGHT (cm.) 

WEIGHT (kg.) 

SEGMENT 
LENGTHS (cm.) 
hand 
lower arm 
upper arm 
trunk 
thigh 
lower leg 

LlF'llNG 
CONDITIONS 
shelf height (cm.) 
weight lifted (kg.) 

SUBJECT 4 

male 

22 

162.0 

75.00 

10.6 
27.0 
34.6 
54.2 
44.0 
42.5 

139.2 
14.55 

SUBJECT 5 

male 

21 

166.5 

89.77 

10.5 
26.0 
35.7 
52.5 
45.0 
42.6 

147.0 
10.68 

SUBJECT 6 

male 

24 

162.0 

81.36 

10.4 
27.8 
35.3 
52.6 
44.3 
45.1 

137.5 
9.77 
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