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ABSTRACT 

An examination of the kinetics and kinematics produced by the conq)uterized 

dynamic biomechanical simulation model was performed to demonstrate the model's 

rehabiUty m predictmg stresses mq)osed on the body as a hftmg task is performed. The 

peak kmetic parameters predicted by the shnulation model were shown to be highly 

correlated, the kinematics less so, with the stresses hnposed m actual hfts under 

different task conditions (range of Uft, weight of load, size of box, and gender of lifter), 

thus its use can be advocated for liftmg evaluations. Although highly correlated, the 

simulation tended to overestimate the values of the parameters. However, simple linear 

regression models provided m the analyses with R^ values often m the range of 0.80 -

0.95 can be used to correct for the prediction errors. The sensitivity analysis performed 

on hiputs required to run the simulation model showed that the outputs of the model 

were consistent with the princq)les of biomechanics. The results provided in this study 

demonstrate that the simulation model should prove to be an effective alternative for 

the analysis of lifting tasks. By using the simulation model as a design tool, the tedious, 

time-consuming and costly data collection step required without use of a simulation 

tool can be eUminated and the ergonomist's time and effort spent more productively on 

design and evaluation. 
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CHAPTER 1 

INTRODUCTION 

The hfetune prevalence of low back pam (LBP) is 75 %, with over 12 milhon 

LBP unpaked people within the U.S. costing the economy as much as $80 milhon 

(Pope and Novotny, 1993). In the work environment, for a single year, there were 

370,000 cases of work-related back mjuries; 22 % of all disabhng work mjuries and 

31 % of Workers* Compensation costs (National Safety Council, 1992). The precise 

cause of LBP is unknown m 80-90 % of patients because it can result from a single 

overexertion or from several exertions; however, mechanical loading is speculated to 

be the most knportant factor (Pope and Novotny, 1993). Manual material handling 

(MMH), particularly lifting, poses a risk to many workers and is considered a major 

cause of work-related LBP and m^airment (Waters et al., 1993). It is difficult to 

predict why certain workers are injured while others are not under similar 

biomechanical loads, but overexertion in the form of job demand exceedmg individual 

worker capabihties may be a primary cause (Garg, 1982). LBP is more hkely to 

occur when loads exceed the physical capacity of the worker (Waters et al., 1993). 

At present, approximately one-third of all jobs m mdustry are estimated to 

mvolve some form of MMH. The inq)lementation of automation m the workplace 

was expected to reduce the need for MMH. Regardless of the arrival of automation, 

MMH has not decreased and may even mcrease m the fiiture due to the need for 

flexibihty m operations and the human capabihty for mformation handhng (Kuorinka 

et al, 1994). 

Recognizmg that MMH, particularly hftmg, is a problem now and will 

contmue to be a problem for some tune, the practical reasons for studymg h are to 
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recognize potentially dangerous work condhions, identify the factors posmg a risk to 

ulthnately make recommendations and hnplement conditions for safer hftmg. 

In order to use the inverse dynamics approach to investigate the 

biomechanical risks associated with a particular hftmg task, it is necessary to collect 

displacement-tune data usmg the actual workstation or a mockup m the lab. The data 

collection process is often difficult to perform and costly since expensive motion 

analysis systems are required, and the data processing is tedious and time consuming. 

Through the use of biomechanical simulation, these steps may be greatly reduced and 

eventually eliminated. 

A con^uterized dynamic biomechanical simulation model of lifting can be a 

valuable tool m lifting task analysis and evaluation. Estimates of kinematic and 

kinetic data can be obtained solely though use of a computer program It can be used 

to mvestigate the relative safety of a task pertaining to specified characteristics of the 

worker anthropometry, the geometry of the workstation and the lifting task. 

1.1. Justification of the Research 

The primary goal of this study was to examine the performance of the 

computerized dynamic biomechanical simulation model of liftmg to investigate its 

accuracy in simulating lifting motions. Simulation predictions of select kinematic and 

kinetic variables were compared to those of actual human subjects who lifted m 

e?q)erimental sessions. Both sets of parameters (simulation and actual) were 

conq)ared to values established m the hterature imder similar task conditions. 

As discussed m the hterature review m the next chapter, strategies adopted by 

lifters may vary with changes m task variables such as the weight of the load, the size 

of the contamer and the range through which the load is lifted. The eflfeas of these 
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variables were exammed to determme how they affected model predictions, e.g., 

whether the model was capable of adaptmg to different condhions m a manner shnilar 

to human responses. 

In the mterest of reducmg work-related mjuries, ergonomists evaluate the 

stresses placed on the body as a task is performed. This study focused on evaluatmg 

the stresses (forces and moments) actmg on the body during hftmg. Lee (1988), 

Hsiang (1992) and Lm (1995) evaluated simulation predictions from various versions 

of the model based on angular displacement only. A demonstration of the accuracy 

of the simulation model in producing forces and moments was necessary for the 

model to be shown to be of practical use to ergonomists. This research was intended 

to fill that void. 

1.2. Objectives of the Research 

There were three major objectives to be performed through this research. The 

first objective was to attenq)t to determine the weighting factor associated with each 

joint for use in the objective fimction. The purpose m using such weights was to 

adjust the contribution of each jomt m the simulated hft to more closely approximate 

that of the actual lift. Previous use of the simulation model had assumed that each of 

the jomts were equally weighted. Through use of an appropriate set of weights, the 

accuracy of the simulation predictions was expected to be improved. 

The second objective was to investigate the performance of the simulation 

model with regard to select variables of mterest m order to determme the accuracy of 

the shnulation model m predictmg the stresses of dynamic hftmg activities. 

Experimental data of human subjects, referred to as "actual,'' was coUected imder a 

variety of lifting conditions. The actual data was processed and its kinetics estunated 
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usmg the mverse dynamics approach for comparison with the shnulation predictions. 

A total of 720 hfts were analyzed, 360 actual hfts and 360 shnulated hfts modeled 

under similar conditions. 

Three sets of response variables were estunated and subjected to statistical 

analyses. The response variables were selected based on thek inq)ortance to 

ergonomists performing a biomechanical evaluation, importance in performing the lift 

itself̂  and availability of values m the hterature for comparison. The following three 

sets of mdependent variables were analyzed: variables related to the motion of the 

load, the stresses on the spine and the moments at the jomts. By examining and 

conq)aring differences m shnulation predictions and actual data, limitations of the 

model may be defined and areas in need of improvement recognized. 

The thkd objective was to investigate the sensitivity of the model to variations 

m the inputs. The purpose was to use the simulation model in an exploratory manner 

as an ergonomist would be expected to approach a liftmg evaluation. Appropriate 

inputs describing the initial and final postures of the lift, the time of lift, and load and 

lifter characteristics were generated. The goal was to estabhsh that the responses of 

the simulation model to variations in the hiputs were consistent with the principles of 

biomechanics. 
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CHAPTER 2 

REVIEW OF THE LITERATURE 

2.1. Biomechanical Models 

Biomechanical models are used to quantify the effects of a physical activity on 

an individual by estknatmg the forces and moments actmg on the musculoskeletal 

system of the body as it performs a task. Ergonomists are interested m modeling the 

stresses produced m MMH activities, particularly lifting. Biomechanical models have 

been used to compare different hftmg techniques, evaluate the effects of job design 

and predict individual lifting capacities. The primary goal of biomechanical modeling 

is to reduce work-related mjuries of the musculoskeletal system (Ayoub, 1992). 

Biomechanical models may be classified as two- or three-dimensional static or 

dynamic models. 

Biomechanical models are used to estimate the forces and moments occurring 

at each joint center. In static models, the stresses are a fimction of the load held in 

the hands, body segment weights and the posture of the body (Garg et al., 1982), 

while the effects due to acceleration are considered negUgible. Dynamic models 

include inertial effects in addition to the static stresses. 

Static models, such as ChafBn's (1969) have the following advantages over 

dynamic models: (1) static models requke relatively simple logic and sin^ler task 

data; and (2) more practical use has been made of static models because comparisons 

with muscle strength data are available ((jarg et aL, 1982). The mam disadvantage of 

static models is that smce mertial effects are ignored, the stresses on the 

musculoskeletal system are grossly underesthnated (Ayoub, 1993). 
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The primary advantage of usmg a dynamic model is that they more accurately 

represent the stresses produced m dynamic activities. The major hmitation m usmg 

dynamic models is the difficulty m comparing predicted stresses with safe, aUowable 

stresses (Crarg et al., 1982). Dynamic models mclude those developed by Ayoub and 

El-Bassoussi (1978), Leskmen et al. (1983b), Freivalds et al. (1984), Chen and 

Peacock (1985), Chen and Ayoub (1988) and Morris and Trimble (1992). 

Two-dimensional models which typically use a smgle muscle equivalent to 

account for compressive and shear forces in the spine, are limited to symmetric lifting 

motions occurring in the sagittal plane. Three-dimensional models, which can be 

apphed to a larger number of varied situations such as non-symmetrical lifting, are 

intended to more accurately represent muscle activities and loads on the spine. 

However three-dimensional models have a larger number of unknown internal forces 

than equations of motion, making them statically indeterminate and requiring 

additional assumptions for thek solution (Ayoub, 1992). 

2.1.1. Static Versus Dynamic Models 

Static model predictions have been compared to dynamic model predictions 

by several mvestigators. Thek main interest was determining whether static models 

adequately predicted stresses occurring m dynamic liftmg tasks. In general, static 

models grossly imderestimated stresses; for exanq)le, Freivalds et al (1984) reported 

dynamic effects act to mcrease the static load by as much as 40% of its weight. 

Cjarg et aL (1982) mvestigated whether stresses predicted by a static model 

could be used to reasonably approximate dynamic stresses. Peak dynamic 

compressive forces at the low-back were 2.8 tunes the peak static forces and peak 

dynamic jomt moments were 2 to 3 tunes greater than peak static moments. The 



compressive forces estunated by the static model were widun the NIOSH action hmh, 

whereas those of the dynamic exceeded the NIOSH maxhnum permissftle hmh. The 

static model underestimated peak dynamic stresses; however. Garg et aL concluded 

that peak d>Tiamic stresses could be roughly estunated by muhiplymg the static 

stresses by a constant. 

Leskinen (1985) conq)ared static and dynamic estknates of peak L5/S1 

compression. The average peak conq)ression calculated with the static model ranged 

from 3989-4650 N depending on the lifting technique used by the subject, while 

dynamic estimates ranged 5866-6629 N. Differences in static and dynamic model 

estimates were not consistent across aU of the lifting techniques. The back lift 

technique had the smaUest peak static L5/S1 compression, but hs peak dynamic 

con^ression was significantly larger than either the leg hft or load kinetic hft (a 

technique in vduch the load was placed mto motion before the body started lifting). 

The conflict in static and dynamic models were hypothesized to be due to accelerative 

effects vAnch were ignored by the static modeL The back lift had larger accelerations 

of the trunk than the other techniques, therefore hs dynamic component was much 

larger. The increase in spinal compression due to dynamic effects ranged from 33-

60% depending on the lifting technique. 

McGill and Norman (1985) mvestigated the adequacy of usmg a static model 

to assess lifting an 18 kg load at an extended reach poshion. Peak dynamic L4/L5 

moments were 19% higher on average up to a maximum of 52% larger indicatmg that 

m many tasks, static analyses may severefy underestimate the demands of a dynamic 

hft. The average moment predicted by the static model was 232 Nm vdiich produced 

a compressive force of 5218 N, within the NIOSH MPL. The average moment 

predicted by the dynamic model was 276 Nm producmg a 6391 N compressive force, 



shghtfy above the MPL. It was noted that the dynamic model did not predict larger 

moments m all trials. 

Frigo and Pedotti (1993) conq)ared static and dynamic L3/L4 disc 

compression m floor-to-knuckle lifts. Two mam peaks were always present m both 

the static and dynamic compression-tkne profiles. The two peaks corresponded to 

the accelerative phase at the beghmmg of the hft and the decelerative or poshioning 

phase at the end of the hft. In both of these phases, the static model greatfy 

underestimated the compression as compared to the dynamic model. However, 

during the middle "flying" phase of the lift, dynamic compression estimates were 

smaUer than static estimates. 

These studies suggest that static models are madequate for use in analyzing 

dynamic tasks. The effect of introducmg inertial effects into the static model may 

vary wrth posture, lifting technique and the time at wdiich the hft is examined 

depending on the accelerations produced during the lift. 

2.1.2. The Lower Back 

Biomechanical models have been used to estimate loads on the lower back to 

identify high risk jobs for nearfy thirty years (McGill and Norman, 1993). Three 

types of stress vectors occur in the musculoskeletal tissue of the spme: compressive, 

shear and torsion forces (Waters et al., 1993). Compression is beheved to be largely 

responsible for vertebral end-plate fracture, disc herniation and nerve root irritation 

(ChaflSn and Andersson, 1984). The biomechanical criterion estabhshed by NIOSH 

to hmit lumbosacral (L5/S1) stress is a static maximum disc compression force value 

of 3.4 kN or 770 lbs (Waters et aL, 1993). This value is based on field studies Imking 

conq)ressive force estknates to mcidence of low back disorders. The L5/S1 segment 

mtmrn 
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was selected for evaluation because h has the potential to experience the largest 

moment m hftmg and is one of the most vuhierable areas to force-mduced mjiuy 

(Chaflfin and Park, 1973; Waters et aL, 1993). 

Biomechanical models, particularly dynamic ones, often predict low back 

forces that exceed known tissue tolerances, but cause no apparent damage to the 

hfter (McGiU and Norman, 1987). The criterion vahie of 3.4 kN was for evaluations 

of static compression. As discussed earher, static models grossly underestimate the 

stresses of dynamic motions. Currently there is a lack of data linkmg predicted 

dynamic con:q)ressive forces to the observed mcidence of lift-related LBP. Therefore 

it is difficult to determme the degree of risk associated with dynamic compression 

estimates. For example, Kkn (1990) showed that maximum dynamic L5/S1 

con^ressive forces exceeded the NIOSH action limit even when no weight was lifted; 

Le. the compression was due to the body alone. Garg et aL (1982) reported that peak 

dynamic con[q)ressive forces exceeded NIOSH maximum permissible limits, but could 

not conclude that the forces were necessarily hazardous. Studies are needed to 

determine dynamic strengths and identify hazardous dynamic compressive force levels 

at the L5/S1 jomt (Waters et aL, 1993). 

The original studies used to set compressive limits were based on the maximal 

amount of compression tolerated by lumbar spmal columns of cadavers. Jager and 

Luttman (1989) compiled a review of several studies which evaluated the 

conq)ressive strength of 307 lumbar spme segments. Thek mean compressive 

strength was 4.36 kN. Troup (1979) reported that the lumbosacral discs of young 

healthy males can resist brief maxhnum loads of 9.8 kN without failure, while elderly 

or degeneratmg discs may fail under loads of 2.45 kN or less. Hutton and Adams 

(1982) suggested that the tolerance data may be too low for vahd use m dynamic 
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models. They tested cadaver lumbar mtervertebral jomts wedged to shnulate the 

forward flexion assumed m hftmg. They reported the compressive strengths of the 

young male cadavers averaged 10.2 kN and decreased with age. Con^ressive 

strength values ranged from 3.698 kN for an elderly female to 12.981 kN for a young 

male. Comparing biomechanical estimates of spmal loading with lumbar segment 

strengths indicates that the estimates faU m the same range as, and even exceed the 

ultimate strength values. However, smce the strength values apply to cadaver 

specimens, the predictabihty of LBP is Iknited, especiaUy when using dynamic 

estimates. 

The muscles of the lower back produce an extensor moment which extends 

the lower back and counterbalances the weight of the upper body and load in the 

hands. The forces generated by these muscles are very large because they operate on 

small moment arms and are the primary source of the lumbosacral compression force 

(ChaflSn and Park, 1973). Chaflfin (1969) developed one of the earhest models to 

predict forces on the lower back. Most of the simple two-dimensional models for 

predicting lumbosacral joint conq)ression assume that the extensor muscles of the 

spine may be represented by a single muscle equivalent acting at a moment arm 

distance of 5 cm from the disc center. Use of the 5-cm smgle muscle equivalent 

model is common; however, esthnates of lumbosacral con^ression have been quite 

high. The estimates of compressive loads exceeded recommended fahure tolerance 

limits; however, the mdividuals were capable of performmg the hft without mcurring 

any ill effects. This suggests that either the tolerance data are too low, as suggested 

above, or that the lumbar anatomy is not accurately represented (McGill and Norman, 

1993). Some researchers mtroduced an mtra-abdommal pressure (lAP) mechanism 

mto the lower back model to reduce the estimates of compression to withm tolerance 
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hmits (Chaflfin and Andersson, 1984). However, recent controversy exists regardmg 

the eflfects of lAP. For example, some evidence suggests that an mcreased lAP may 

act to mcrease the net compressive load on the spme, rather than reducmg h. 

Other researchers have used more anatomicaUy detailed models to predict 

lower back stresses m the hopes of obtaming more reahstic predictions of lower back 

stresses. When these anatomicaUy detaUed models are used, the problem of 

mathematical mdetermmacy arises and the use of mathematical optimization (Schultz 

and Andersson, 1981) or more sophisticated mputs (Marras and Sommerich, 1991) 

become necessary. Schultz and Andersson (1981) presented a three-dknensional 

model to estimate trunk mtemal forces under a wide variety of ckcumstances; the 

contraction forces of 10 trunk muscles was mcluded. Jager and Luttmann (1989) 

described a dynamic 19-segment, 18-jomt model with 8 truncal muscles to assess the 

lumbar stress. McGiU and Norman (1986) developed a dynamic model that uses 

extensive anatomical detaU of the musculo-Ugamentous-skeletal system and requkes 

dynamic force-time histories of 18 muscles and 7 Ugaments. This model reduced 

estimates of L4-L5 conq)ression and shear forces by 16.2 and 42.5% on average, 

respectively, as compared to the sinq)le 5 cm erector moment arm length models. 

These estimates were within recommended tolerance limits. Marras and Sommerich 

(1991) presented a model to estimate spinal loading under symmetric and asymmetric 

constant velocity (isokinetic) hftmg conditions. As mputs, h requked trunk torque, 

posture and trunk muscle activity via electromyography recording often muscles as 

input. 

Rather than usmg such compUcated models, McGiU and Norman (1993) 

suggested that a smgle equivalent model with a moment arm of 7.5 cm (mstead of 5 
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cm and m the complete absence of abdommal activity) often predicts compression 

values comparable to more anatomicaUy detaUed dynamic lumbar models. 

2.2 Computer Simulation Modeling 

Dynamic biomechanical models using the inverse dynamics approach to 

estimate kinetics and kinematics requke inputs of the body's displacement-time 

profiles from film data. CoUection of displacement-time mformation requkes a large 

amount of effort. An alternative approach is to use a biomechanical computer 

simulation model to predict human motion. 

According to Vaughan and Sussman (1993), con[q)uter simulation models 

have several advantages over real-world experimentation. Simulation models are safe 

to experiment with since real human subjects do not perform any of the hazardous 

tasks. Tasks which pose a risk can be identified and layouts can be readily 

reconfigured for fiirther evaluation. Simulations save time because many different 

conditions can be evaluated relatively quickly, and they save money because it is not 

necessary to bmld workstations and pay subjects. Simulations can be used to predict 

optimal motion of how lifters should ideaUy perform. Simulations can also be used m 

an exploratory manner to mvestigate the influence of a smgle variable or combmation 

of variables (MiUer, 1976). 

The greatest drawback to computer simulation is the difficulty m vaUdatmg 

models. Adequate vaUdation is necessary because the use of mcorrect models wiU 

prejudice results (Vaughan and Sussman, 1993). Further disadvantages of simulation 

modehng are that advanced mathematics and computer skUls are requked to develop 

a model and the results may be difficult to mterpret for use m practical appUcations. 
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A wide variety of hmnan postures and motions has been modeled m the 

sports, ergonomics and medical hterature. A major problem m shnulatmg human 

motion is the mfinite number of potential solutions. There are more degrees of 

freedom than necessary, Le., there is an msufficient number of equations to uniquely 

define the solution (Latash, 1993). For example, there is an mfinite number of 

potential trajectories to describe the movement of a smgle jomt from an mitial to final 

position. The problem for the simulation is how to select a specific trajectory. One 

approach is to introduce a cost fimction that is presumably optimized during 

voluntary movements. Latash (1993) identified foiu classes of cost fimctions, based 

on: (1) reasonable engmeering principles, (2) hypothetical control measures, (3) a 

combmation of engmeering principles and control measures, and (4) psychological 

principles such as psychophysical discomfort. Latash describes the set of cost 

fimction based on engineering principles as being what an engineer would use to 

design a robot that would move like a human. Cost fimctions of this type include 

minimizing: kinetic energy, jerk, effort, joint moments, joint motion and thek 

combinations. In general, upon reviewing the resuhs of several studies (single or 

muhijoint planar arm motion), Latash concluded that many of these cost fimctions 

produced reasonable kmematic predications which were simUar to experimental 

observations and to each other. The simUarity of the predictions of the different 

criteria suggested that the human control system may not care about any criteria m 

particular. Instead natural movements are reasonably smooth and safe and do not 

violate engineering and/or kinematic principles. 

Although many of the models utUizmg optimization techniques have provided 

generaUy good results, the method has several disadvantages. The specific cost 

fimction may vary among different people dependmg on the demands of the task; and 
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may be affected by conditions such as comfort, fatigue or mjury; and cannot be 

known a priori (McGiU and Norman, 1993; Vaughan and Sussman, 1993). 

Another disadvantage is that models based on reactive jomt moments cannot 

distinguish between agonist and antagonist muscle activity, whUe more anatomicaUy 

correct models are computationaUy mtensive and are often limited to a smaUer 

number of degrees of freedom (Vaughan and Sussman, 1993). Many of the early 

mathematical models based on optimization techniques were apphed to gait analysis. 

For example, Beckett and Chang (1968) used the principle of minimum energy 

expenditure to predict the motion of the leg and foot and moments at the joints in the 

swing phase of a normal walkmg step and Sekeg and ArvUcar (1973) developed a 

model having 29 unknown muscle forces and 21 system equations to evaluate muscle 

forces and joint reactions m the lower extremities for different static postures 

(standing, leaning and stoopmg). 

2.2.1. Shnulatmg Initial Static Liftmg Posture 

Simulation models of liftmg have focused on two areas: predictmg optimal 

mitial static postures and predictmg opthnal dynamic motion. 

Park (1973) simulated preferred mitial postures of two-handed symmetrical 

hfts m the sagittal plane. The simulation model was quasi-static, Le., the mertial 

eflfects of the movmg body segments were ignored but the initial acceleration of the 

load was considered to be an mcreased amount of weight. Four objective fimctions 

were considered for mmknization based on thek mq)ortance to the hfter: balance, 

low-back compression, relative torque loadmg on the jomts and the work done. The 

postures predicted by the four objective fimctions were compared to lab subjects and 

mdustrial subjects. The objective fimction which mmknized the work done predicted 
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postures closest to subject experimental postures; Le., had the smaUest total 

prediction error over the population, hft conditions and jomt angles. 

Noone and Mazumdar (1992) developed a model to predict the optimal mitial 

body posture to hft a low-lymg load. Predictions of foiu- cost fimctions based on six 

muscle equivalents about the lower back, hip, knee and ankle were compared, 

mcludmg the mmknization of (1) the sum of the reaction forces at L4-L5, hip, knee 

and ankle jomts which were the major jomts bearing the load; (2) the sum of the 

square of the muscles forces; (3) the sum of the mtensity of muscle contractions; and 

(4) the maximum necessary muscle contraction mtensity. The optimal mitial posture 

was one in which the load was shared by each of the joints such that no one joint was 

overstressed, and the best objective fimction was the one which minimized the 

maximum necessary muscle contraction intensities. 

Kothiyal et aL (1992) developed a model to predict initial postures of five 

joint angles. The cost fimction minimized the reaction force at the L4/L5 joint subject 

to the other jomts not being overstressed. It was hypothesized that the load Ufted 

was shared primarily by the low back, hip and knee jomts, but thek relative 

proportions of sharing depended on various factors such as age, sex, strength, mass 

of the object and posture. As the load mcreased, the L4/L5 compressive force and 

the hip moment Unearly mcreased, whUe the knee moment Unearly decreased. With 

regard to the load shape, size, position and magnitude: bulky loads had larger 

conq)ressive forces; as the width m the sagittal plane mcreased the compressive force 

mcreased almost Unearly; as the restmg height of the load mcreased off floor level the 

conq)ressive force decreased; and the optimal postural configuration was mdependent 

of load magnitude. 
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2.2.2. Dynamic Liftmg Shnulation 

The second type of hftmg shnulation model predicts the dynamic motion 

occurring throughout the hft. A shnulation model with five select jomts, the elbow, 

shoulder, hip, knee and ankle, was developed for sagittal hftmg activities (Ayoub 

1992, 1989; Hsiang, 1992; Lee, 1988). The models assumed that the body 

performed a hftmg motion, particularly m high exertion tasks, accordmg to some 

mtemal criterion such as the mmimization of total muscular effort (based on Nubar 

and Contkd's (1961) mmimal principle). The models predicted the angular 

displacement of the five joints. 

Lee (1988) developed a two-step solution approach using the Trajectory 

Approximation in State Spaces and Dynamic Programming search methods. In the 

first step, an mitial solution was generated to satisfy the static constramts of the 

model including the range of jomt motion, the geometry of the workstation and the 

volimtary muscle strengths at the joints. This mitial solution was the set of five joint 

trajectories; each trajectory was predicted at twenty discrete pomts in time. In the 

second step, dynamic programming was used iteratively to refine the paths whUe 

minimizing the objective fimction. The simulated angular displacements were 

compared to four male subjects who performed four rephcations of thek MAWL 

under four task conditions (two ranges of Uft x two contamer sizes). TheU's 

mequaUty coefficient U mdicated agreement between the shnulation and experimental 

data, and the predictive acciuacy of the model was fiirther verified by high statisticaUy 

significant correlations between the two. The jomt moments were conq)ared m a 

smgle case; discrepancies m the magnitudes of the moments were observed. The 

shnulation loaded the stronger lower extremities more heavily and extended the hip 

jomt earUer and faster than the experimental data showed actuaUy occurred. 
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Hsiang (1992) used eighth-order polynomials to describe the contmuous 

angular displacement trajectories of the five jomts. Eighth-order polynomials were 

used for the foUowmg reason: the hft was assumed to have three phases, e.g., 

puUmg, carrymg and releasmg. In each phase, the movements of the jomts had two 

major acceleration changes, one for acceleration and one for deceleration. Thus the 

angular acceleration of a jomt could be sufficiently described by a sbcth-order 

polynomial (two changes m acceleration x three phases of hftmg). Angular velocity, 

the integral of the angular acceleration, became a seventh-order polynomial, and 

similarly angular displacement, the mtegral of the angular velocity, became an eighth-

order polynomial. The optimization problem became one of finding coefficients of 

the angular displacement polynomials which minimized the objective fimction. 

Hsiang (1992) vaUdated the shnulation model by con:q)aring the angular 

displacements of the model predictions wdth those of experimental lifts. Four male 

subjects lifted four repUcations of thek psychophysicaUy determined maximal loads 

under four task conditions (two ranges of lift x two container sizes). Two statistical 

methods were used for the con^arisons: the sum of the squares of the geometric 

distance between the simulated and actual angular displacements and the number of 

disconcordant paks. The first measured the closeness of the prediction to the actual 

and the second measured thek trend, Le., the existence of phase relationships. The 

smaUer the value of the sums of squares and the fewer the number of disconcordant 

paks, the better the model prediction. The average sum of squares of the shoulder 

jomt was larger than the remaming jomts mdicatmg h was more poorly predicted than 

the others (Bernard et aL, 1993) and the ankle jomt had the largest number of 

disconcordant paks. GraphicaUy, the envelope patterns of the simulations generaUy 

overlapped the actual data (Ayoub and Hsiang, 1992). However, several 
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discrepancies were observed. Differences occurred m the load trajectories, e.g., 

actual subjects tended to move the load closer to thek bodies at the start of the hft 

than predicted by the model. Phase relationships, a phase shift m time m the 

predicted motion with respect to the actual motion, were also observed. The phase 

relationships may have been a result of ignoring jomt movements prior to the hftoff of 

the load (Ayoub, 1993b). 

The performance of this model was fiirther investigated through comparisons 

with another set of data m order to refine the constraints set. Data were coUected on 

an additional seven subjects as described in Fogleman (1993). The procedures that 

the subjects foUowed were different m the two experiments. The subjects of Hsiang 

assumed a stationary posture while grasping the container handles as it rested on the 

floor; whereas those of Fogleman were mitiaUy standing erect then bent over and 

started the lift whUe they were akeady m motion. Hsiang had four task conditions 

(two ranges of lift x two container sizes) with subjects lifting at thek maximum 

capacity in each condition, whereas Fogleman had only one task condition and a 

relatively Ught load, Le., one which they could lift over an extended period of time. 

Discrepancies occurred between the new data set and predictions made by Hsiang's 

shnulation model (Bernard et aL, 1994). The simulated velocity of the load early m 

the hft was slower than the velocity used by actual subjects. The simulation predicted 

larger movements of the knee joint and smaUer movements of the shoulder jomt than 

the actuaL Actual subjects Ufted the contamer higher than the model to clear the shelf 

at the end of the Uft. At times, the model moved the contamer away from the body at 

the beghming of the lift; whereas, actual subjects either Ufted the container straight up 

verticaUy or brought the load horizontaUy closer to thek body. The differences may 

m part be due to violations m the basic assunq)tions of the model. The model was 
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origmaUy mtended to shnulate high exertion one-tune only tasks, but the new subjects 

hfted a substantiaUy Ughter load because Fogleman was mterested m trackmg the 

biomechanical changes m hftmg over the course of an extended duration. Thus from 

a biomechanical pomt of view, they were not performmg a high exertion task. The 

model also assumed that aU jomts started from zero mitial velocity, whereas, 

Fogleman's subjects started from an upright position and as a consequence of bendmg 

over to pick up the contamer and changmg the dkection of motion, zero-value mitial 

velocities of aU the jomts did not comcide with the liftoff of the load. 

2.3. Contamer. Task and Worker Factors 

Three major factors that affect manual material handling capacities are: 

(1) material/contamer characteristics, (2) task characteristics, and (3) worker 

characteristics and work practices (Ayoub, 1993a). Task characteristics include: 

height and range of Uft, knowledge of load and task geometry/clearance. 

Material/container characteristics include: magnitude of load, contamer size and 

couplings. Worker characteristics and work practices mclude: strength, age, gender, 

body weight, speed of hft, liftmg posture/technique and traming/experience. The 

discussion below concentrates on the characteristics that are expected to have an 

effect m this study and which wUl be fiirther exammed. 

2.3.1. Contamer Characteristics 

2.3.1.1. Magnitude of Load 

It is generaUy recognized that an mcreased load magnitude acts to mcrease the 

biomechanical stresses on the body. Kuorinka et aL (1994) tracked sixteen material 

handlers at a retaU warehouse and found that nearly one-quarter of aU loads were 
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under 5 kg. The loads typicaUy handled by males ranged from 4.5-30 kg with a mean 

of 14.3 kg, while loads handled by women were 2-15 kg with a mean 9.8 kg 

Buseck et aL (1988) tested loads of 50 to 250 N m 50 N mcrements and 

found that the peak L5/S1 moment Unearly mcreased with mcreased loads m both leg 

hfts and freestyle hfts. Freivalds et aL (1984) reported peak L5/S1 compressive 

forces were significantly correlated with and mcreased with the load handled. HaU 

(1985), who tested loads of 40, 60 and 80% MAWL, found that the mean 

conq)ressive force of the 40% load was significantly smaUer than the two heavier load 

conditions, whUe the shear force of the 80% load was significantly larger than in the 

two hghter conditions. 

Schipplein et aL (1990) investigated the eflfects of loads of 50-250 N on the 

strategies adopted by the lifters by examining several parameters. The average peak 

vertical velocity of the load, the duration of the lift and the time to reach peak L5/S1 

moments were unaffected by the magnitude of the load. The mean peak L5/S1 

moment, the change m L5/S1 moment from Uftoflfto peak moment and peak hip 

moment increased linearly with increased load magnitude; whereas the peak knee 

moment had an mverse relationship that decreased with mcreased loads. The angular 

positions of the hip and knee at peak L5/S1 were not affected by the load, but the 

angular velocity of the knee at peak L5/S1 mcreased with the load. The angular 

in^ulse, the moment-time mtegral, of the L5/S1 and hip mcreased linearly with the 

load but the knee was unaffected by the load. At the time of peak L5/S1 moment, the 

relative contributions of the hip and knee showed that the knee exhibited a near 

constant angular impulse whUe the back and hip effort mcreased with load magnitude. 

The strategies adopted by the subjects showed they preferred to Uft with thek back 

and hip and reduced the contribution of the legs, particularly m heavy hfts. 
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2.3.2.2. Container Size 

(jarg et al. (1982) compared Ufts usmg four different boxes: 38 cm without 

handles, 38, 51 and 63 cm with handles. AU four boxes caused approxhnately equal 

peak moments and compressive forces; however, when the moments and force were 

normalized for the weight of the load, the peak moments and force per kg of weight 

lifted increased with increased in box width. 

Using the same box dimensions as Garg et aL, Freivalds et aL (1984) reported 

that heavier loads and larger box sizes tended to increase the rise times and peak 

values of predicted L5/S1 conq)ressive forces. For the larger boxes, the curve of 

compressive force over time tended to have sUght dips and double peaks because 

subjects tended to lean back and puU the box toward the waist to mamtam the system 

center of gravity over the feet, then near the end of the lift, they pushed the box away. 

This action decreased the moment arm of the load acting on the L5/S1 joint from its 

initial value then increased it again as the box was pushed away from the body. Since 

the MAWL was self-selected, the larger boxes did not necessarily have larger 

compressive forces, Le., they often had smaUer peak forces than the 38 cm box, due 

to the smaUer MAWLs which were selected for the larger boxes. When the peak 

compressive force was normalized for the magnitude of the load, significant box size 

eflfects were detected, Le., as the box size mcreased, the normaUzed compressive 

force mcreased meaning larger boxes had larger ratios of compressive force to load. 

2.3.2. Task Characteristics 

2.3.2.1. Task (jeometry 

Kuorinka et aL (1994) reported that liftmg techniques used m a retaU 

warehouse operation were seldom performed m the sagittal plane with a "correct" 
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posture, Le., knees bent and back straight. Instead the geometry of the task Umited 

the hfters' freedom to use correct postures. Restrictions such as lack of space created 

an envkonment necesshatmg the use of less favorable postures. 

The majority of hftmg studies of biomechanical eflfects tend to mvestigate 

floor-to-knuckle range Ufts (Buseck et aL, 1988; Schipplem et aL, 1990; Butler et aL, 

1993). The variable of primary mterest m biomechanical evaluations of liftmg is the 

compressive force on the spme. This force peaks in the early phase of the lift whUe 

the load is near the floor, thus there may be only a smaU difference in compressive 

forces between different ranges of Uft. When stresses on other joints are studied, 

differences between the ranges are observed. Lifts m the floor-to-knuckle range 

mainfy requke the muscle groups of the legs and back as the main source of power, 

whUe lifts m the floor-to-shoulder range also requke the muscle groups of the arms 

and shoulders as the load is hfted higher (Kim, 1990). 

2.3.2.1. Load Knowledge 

Butler et aL (1993) tested the effects of load knowledge and magnitude (0, 

150, 250 and 300 N) on several parameters. Light loads were lifted differently with 

and without knowledge of the load magnitude, but the effect disappeared in heavUy 

loaded conditions. When Uftmg Ught loads, several parameters were significantly 

higher mcluding peak shoulder velocity, peak L5/S1 moment, peak knee moment and 

maximum load velocity. When Uftmg Ught unknown loads, rapid upward movements 

and higher moments at the spme occurred. Variations were observed m the 

approaches taken by different subjects: some hfted m a conservative manner, whUe 

others used an uncontroUed sudden puU or jerk on the load that resuhed m a rapid 
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upward acceleration of the load and a straightenmg of the lumbar spme, hip and 

knees. 

The varied approaches observed m different subjects may have been the resuh 

of an mdividual's Uftmg experience. The effects of load knowledge on L4/L5 stresses 

(force and moment) m experienced and mexperienced hfters were tested by Patterson 

et al. (1987). Loads of 6.8, 10.2 and 13.6 kg were Ufted either with or without verbal 

and visual knowledge of load magnitude. Experienced lifters had lower stress levels 

than mexperienced. Experienced lifters had less stress with knowledge and used 

different strategies for the two conditions; whereas the mexperienced used the same 

strategy for aU lifts. 

2.3.3. Worker Characteristics and Work Practices 

2.3.3.1. Strength 

A biomechanicaUy based human strength prediction model was defined by the 

concept that each jomt has a muscle-produced strength moment that must not be 

exceeded by moments created by extemal loads (Chaflfin, 1985). The strength 

moments of each joint vary over the range of motion of a joint depending on the joint 

angles (Stobbe, 1982; Chaflfin and Andersson, 1984). Usmg these concepts, Garg et 

aL (1982) found the flexion at the knee was the jomt which limited Uftmg strength, 

Le., the moment requked by the task approached the voUtional strength of the knee. 

Kumar and Chaflfin (1985) reported that the hip was the limitmg jomt and Lee (1988) 

found load elbow moments to be high relative to thek strength. 

Kumar and Chaflfin (1985) investigated the relationship between static and 

dynamic strength and its dependence on speed of Uft. Static back lifts were compared 

to floor-to-knuckle dynamic lifts of slow, medium and fast constant lifting speeds (20, 
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60 and 100 cm/s, respectively). Peak dynamic strength decreased with mcreased 

speed of hft and occurred at progressively higher vertical displacements and later m 

the hft cycle. Dynamic hftmg strengths were significantly lower than static. Tasks 

based on static strengths Ukely overesthnate an individual's capacity when the task 

requkes movement. 

2.3.3.2. MAWL 

Guidelines for psychophysicaUy determined MAWLs are based on the 

workers' self-perceived feelings of exertion and fatigue. Independent variables such 

as task frequency, distance, height and duration, object size, handles and horizontal 

reach affect the MAWL (Snook and CirieUo, 1991). This psychophysical method 

assumes that lifters are capable of gauging thek limitations and adjusting the load to 

meet thek capabihties. 

Garg et aL (1982) calculated L5/S1 compressions and moments of 

psychophysicaUy determined MAWLs for four different boxes. Subjects were found 

to adjust thek body posture and MAWL such that aU of the boxes caused 

approximately equal relative peak moments and compressive forces. Garg et al. 

concluded that boxes with larger-sized dimensions m the sagittal plane need not 

necessarily cause larger stresses on the spme when subjects determined thek own 

MAWL. 

Chaflfin and Page (1994) compared pubhshed psychophysical MAWL values 

mtended as guideUnes with biomechanicaUy predicted L4/L5 compressive force to 

determme whether the MAWLs are safe accordmg to the 3.4 kN compressive force 

threshold recommended by NIOSH. For a freestyle Uft, MAWLs recommended by 

Snook and CkieUo (1991) were on average 17 % above the load which produced 3.4 
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kN, while the 99% MAWLs were below the threshold. Psychophysical values 

reported by Garg et aL (1982) for 90% and 75% MAWL exceeded the threshold by 

31% and 41%, respecth^ely, m freestyle hfts, whUe m leg hfts they exceeded k by 

47% and 56%, respectively. This study suggests that MAWL values may not be as 

safe as expected. Kun (1990) showed dynamic L5/S1 con^ressive force values for 

experimentaUy determmed psychophysical one-tune MAWL loads of 74.5 and 58.78 

kg were 14.6 and 11.1 kN for floor-to-knuckle and floor-to-shoulder hfts, 

respectively. 

2.3.3.3. Gender 

Lifting guideline MAWLs show that MAWLs for females are significantly 

lower but proportionaUy simUar to males (Snook and CirieUo, 1991). Chaflfin (1974) 

found that females have an overaU mean strength of about 58 % that of males. 

Kuorinka et al. (1994) tracked sixteen material handlers, seven males and nine 

females, at a retaU warehouse and recorded the effects of container and task 

characteristics on lifts. Loads typicaUy handled by males ranged from 4.5-30 kg with 

a mean of 14.3 kg, while loads handled by women were 2-15 kg with a mean 9.8 kg. 

(jender effects were also observed m the strategies adopted by lifters Bejjani 

et al. (1984) predicted the loads at the knee as a fimction of relative participation of 

the back m 18 females and 17 males who assumed an mitial liftmg posture. A very 

high inverse correlation was found between the knee and back forces. As the load on 

the knee mcreased, the spmal load decreased. When males were compared to females 

(after normalizmg the forces for body weight to minimize the role of dhfferent 

anthropometries) significant differences were found: females had larger normalized 
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back and knee shear forces, whereas males had larger normaUzed back conq)ression 

forces. 

2.3.3.4. Liftmg Po sture/Technique 

A universal hftmg method does not exist, mstead hfters employ a wide variety 

of techniques (Troup, 1979). Kuorinka et aL (1994) tracked sixteen workers to 

analyze the handhng practices used m retaU warehousing operations. The postures of 

79 Ufts were defined by the positions of the trunk and lower Umbs. In the typical 

mitial posture, the feet were apart, one behind the other, m 58% of the cases; the legs 

were straight (not bent) m 68%; the back bent m 92%; and the back was twisted m 

55% of the lifts. Analysis of mtermediate postures assumed during the lift showed 

that 79% were back Ufts and m 77%, the back was twisted. In the typical final 

posture, the feet were apart m 47% of the Ufts or abreast m 45%; the legs were 

extended m 92%; the back was bent m 58% or straight in 27% and twisted m 45% of 

the lifts. As a result of this study, Kuorinka et al. concluded that liftmg techniques 

vary and "correct" postures are rarely used outside the laboratory. 

Three styles of liftmg are of primary mterest m most studies: back Uft (stoop), 

leg lift (squat) and freestyle lift. Comparisons of the effects on the body from 

different postures are typicaUy performed as the load is just about to leave the floor 

or shortly after it has left the floor. This is the pomt of the hft at which peak lumbar 

stress is observed (Chaflfin, 1969; Bean et aL, 1988), Le., the most stressfid postures 

occur quite early m the lift as forces mcrease rapidly to peak values early then 

graduaUy dechne (Ayoub and El-Bassoussi, 1978; and De Looze, 1993). 

Under similar load and speed of Uft conditions, back Ufts were often found to 

create larger stresses than leg lifts. Ayoub and El-Bassoussi reported back Ufts 
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created higher maxhnum compressive forces. When performed "correctly", leg hfts 

had lower L3/L4 disc con:q)ression than back hfts; however, when the loads were 

approachmg an mdividual's hftmg capacity, subjects tended to adopt an "mcorrect" 

leg hft which created higher compressive forces (Frigo and Pedotti, 1993). Correct 

lifts were defined as the simultaneous raising of the load and body while maintaining a 

relatively erect trunk; an incorrect leg Uft was identified as when the legs were first 

straightened with Uttle mcUnation of the trunk, then the trunk was rotated and the 

load lifted. 

Grieve (1974) also compared back and leg lifts under the condition that lifts 

were performed as quickly as possible. Grieve found that the two styles of liftmg 

developed similar forces measured at the hands and simUar vertical load velocities, 

but differences were found m the ten^oral patterns of forces measured at the feet and 

m the relative vertical velocities of the center of gravity of the body and the load. In 

the leg lifts, forces developed at the feet before or near liftoff̂  with the result that the 

body had an upward velocity at liftoff. The body initiaUy traveled upward faster than 

the load untU the forces at the hand peaked, then the load traveled faster. In the back 

lift, both the load and body started from rest at liftoff and the load traveled upward 

faster than the body's center of gravity. In the latter stages of both the leg and back 

lifts, the center of gravity of the body traveled sUghtly faster upward than the load. 

Buseck et aL (1988) reported that freestyle lifts created higher moments than 

leg lifts, and the eflfects of magnitude of load and speed of lift were similar m both 

techniques. Eckholm et aL (1982) compared back lifts, leg hfts with load m front, leg 

Ufts with load between the knees and leg lifts with forward step. The back hfts and 

leg hfts with load m front had sknUar L5/S1 moments and compressive forces, whUe 

the stresses were reduced when the load was between the knees m a leg hft. The 
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L5/S1 moment peaked early m aU hfts and decreased then rose agam at the end m aU 

hfts except where the step was permitted. 

Leskmen (1985) and Leskmen et aL (1983) mvestigated the effects of four 

hftmg techniques, back Uft, leg Uft, load kmetic Uft and trunk kmetic Uft. Both of the 

kmetic Ufts started from an mitial leg Uft posture, but the load was first puUed 

horizontaUy toward the subject before k was hfted verticaUy m the load kkietic Uft; 

whUe m the trunk kmetic lift the hips were first moved verticaUy by extendmg the 

knees then the trunk was extended and the load raised. Peak accelerations were 

smaUest in the kinetic lifts, but there were no significant differences in the peak 

velocities of the four techniques. Predictions from a dynamic model mdicated the 

back lift caused larger L5/S1 compressive forces than the leg lift and load kinetic lift; 

whereas a static model predicted the back lift had the smaUest peak compression. 

The dynamic component was largest in the back lift and Leskinen et al. hypothesized 

this was due to the greater angular acceleration of the trunk in the back lift as 

compared to the three other techniques. The L5/S1 compression x tune mtegral over 

the accelerative phase of the Uft, describing the total stress of the lift, was smaUest m 

the back lift and largest in the trunk kinetic Uft. 

Troup et aL (1983) mvestigated the effects of six Uftmg techniques: back hft, 

leg lift, load kmetic lift, trunk kmetic lift, forward kmetic lift and a two-stage leg Uft. 

The first four were simUar to Leskinen (1985), whUe in the forward kinetic lift, the lift 

was started from a leg Uft position and the body moved horizontaUy prior to hft-off so 

that the trajectory of the box moved away from the body without ever having been 

brought close to the body. In the two-stage leg Uft, the box was hfted by the 

forearms onto the thighs and held close to the body, then raised verticaUy. The 

largest hip moments occurred in the trunk kmetic and back Ufts, and smaUest m the 
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two-stage leg hft. The back hft had larger hip moments than the leg hft. The trunk 

kmetic hft had the highest compression, whUe the leg hft con:q)ression was larger than 

the back lift. It was noted that peak compression and hip torque did not always 

comcide m aU techniques. 

2.3.3.5. Speed of Lift 

Average peak load velocities occur m the range 1.00-1.48 m/s (Butler et aL, 

1993; Schipplem et aL, 1990; Leskmen, 1985; Troup et aL, 1983), whUe high speed 

lifts occur beyond a 2-4 s time frame (Waters et al., 1993). Compression on the spine 

was shown to mcrease dkectly with trunk velocity (Marras et al., 1991) and fast lifts 

may dramaticaUy increase the load on the spine (HaU, 1985). 

HaU (1985) mvestigated the effects of slow, normal and fast speeds of lift 

when subjects lifted a weight bar from the floor to fiiU overhead reach. Loads were 

40, 60 and 80% of the subject's maximum and target lift times were 1.5, 3.5 and 7 s. 

Maximum load acceleration occurred about one-fifth of the way through the lift (20% 

of the time of the Uft). Maximum L5/S1 moments and con[q)ressive and shear forces 

peaked early in the lift. The maxhnum compressive force often coincided with the 

maximum vertical acceleration of the load. As speed mcreased, the maximum 

compressive force mcreased. The maximum moment and shear force were 

significantly higher at the fast speed, but there was no effect between slow and 

normal speeds. 

Subjects of Buseck et aL (1988) performed fast and normal speed Ufts chosen 

voluntarUy by subjects domg leg Ufts and freestyle Ufts. In the leg hfts, the average 

peak speed of the normal speed lifts was 1.08 m/s compared to 1.66 m/s m the fast 

speed lifts. The L5/S1 moment mcreased significantly with lifting speed: the mean 
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moment was 18.8% bw x ht m normal hfts, and 21.6% bw x ht m fast, hi freestyle 

hfts, the average peak velocity was 1.16 m/s m normal and 1.70 m/s m fast hfts. The 

L5/S1 moment mcreased with speed of Uft from 10.59 to 11.76% bw x ht. 

Bush-Joseph et al. (1988) mvestigated the mfluence of slow, normal and fast 

speeds of hft on L5-S1 moments m leg, back and freestyle Ufts. Peak speeds 

voluntarily chosen by the subjects were: slow (0.8-0.9 m/s), normal (1.1-1.2 m/s) and 

fast (1.7 m/s). Peak moments mcreased Unearly with mcreasmg speed of hft, and the 

back lifts had the largest peak moments. At slow and normal speeds, significant 

differences m the L5/S1 moment occurred depending on technique: back lifts had 

moments 15-20% lower than leg hfts and 20-25% lower than the freestyle Ufts, but 

there were no differences between techniques at fast speeds. 

2.3.3.6. Training 

In studying the effects of different factors on performance, the presence or 

absence of differences between e?q)erimental conditions is of mterest. Since there is 

mherent variabiUty m any motion, identical patterns cannot be expected even when 

the subject is seemingly performing the same movement under the same conditions. 

Repetition in different trials leads to different motion trajectories. Instead it must be 

determined whether the differences between certam parameters of a movement m 

different conditions are significantly larger than differences between repetitions under 

the identical conditions. The goal of traming is usuaUy to reduce the variabiUty from 

trial-to-triaL 

Lee (1988) found that repeated trials under identical conditions mdicate that 

although humans did not Uft m exact repUcas as would a robot, they did perform m a 

fakly repeatable and characteristic pattern. In the kdtial stage of the Uft, the 
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variabUity of the lower extremities was larger than the upper extremities; whUe the 

opposke was true m the latter stages of the Uft. Substantial variations m hftmg 

motions from trial-to-trial were encountered (Ayoub, 1993b). It was suggested that a 

criterion such as the stabilization of an empkical objective fimction such as the net 

muscular effort of the Uft would mdicate that subjects had achieved a sufficient level 

of trammg; Le., stabUization of the objective fimction would be mdicative of reduced 

variation through traming. Fogleman (1993) tested the merit of this criterion m 

subjects who completed 11 hrs of lifting (4 hrs pre-training, 6-1/2 hr training sessions, 

and 4 hrs post-training). The empirical objective fimction at first decreased, then 

stabUized within the 11 hrs of lifting in 4 of 6 subjects. In the remaining two subjects, 

the objective fimction contmued to decrease but did not stabilize by the end of the 11 

hrs of lifting. Fogleman also observed that the time of lift decreased with practice in 

aU subjects, and the maximum moments m each of the five modeled joints mcreased 

with training. Taken together, these two facts suggest that the stresses were 

distributed across aU joints to accommodate a shorter time of hft. 

Patterson et aL (1987) tested the effects of load knowledge on experienced 

and mexperienced lifters. The experienced lifters had lower stress levels than 

mexperienced lifters. Experienced lifters used different strategies for the two 

knowledge conditions and had lower stress levels with knowledge of the load; 

whereas the mexperienced used the same strategy for aU Ufts. The mexperienced 

lifters had lower trunk angles than the experienced hfters. 
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CHAPTER 3 

LIFTING MODEL 

Biomechanical models are used to estimate the stresses on the 

musculoskeletal system of the body as k performs a task. The biomechanical model 

used in this study was a two-dimensional, whole-body representation which described 

the motion of a symmetrical lift performed m the sagittal plane. The body was 

represented by five rigid links (lower leg, upper leg, trunk, upper arm and forearm 

with hand) with pin-centered jomts at the ankle, knee, hip, shoulder and elbow. Each 

of the segment links had a fixed pomt mass located at its center of mass and constant 

length and constant mass moment of inertia during the movement (Winter, 1990). 

The configuration of the body was described in terms of the rotational angles of each 

joint and the segment link lengths. The rotational angle of each joint was the angle 

made at the respective joint with the horizontal (positive x-axis). Anthropometric 

data mcluding segment lengths, weights, centers of mass and inertial properties were 

from Wmter (1990). Figure 3.1 contams the lifting modeL 

3.1. Kinematics and Kinetics 

Kinematic variables (linear and angular displacements, velocities and 

accelerations) describe the motion of the body segments, whUe kmetic variable 

(reactive forces and moments) describe the forces causmg the movement (Wmter, 

1990). Both experimentaUy gathered film data on actual subjects and simulation 

model data underwent processmg of kmematic and kmetic variables. Figure 3.2 

contams the free-body diagram of a smgle segment. 
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Figure 3.1. Five-Unk model of sagittal plane Uftmg. 

R j - i 

m j a j 

Figure 3.2. Free-body diagram of a body link. 
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The kinematics were calculated usmg the finite difference method equations: 

X(i + 1) — X ( i - l ) 
Xi = 

2 At 

x(i + i ) - 2 x i + X(i-i) 
Xi = 

At̂  

where 

xj refers to linear or angular displacement at time i, 

Xi is the linear or angular velocity, and 

Xi is the linear or angular acceleration. 

The kinetics were calculated from the foUowing equations of motion usmg 

Newton-Euler formations: 

Rj = mjaj + R(j-i) + mjg 

IV̂  = Ij ̂ + M(j -1) + r(j - i.cmj) X R(j -1) - r(j,cmj) x Rj 

where 

Rj is the force vector actmg at jomt j , 

M; is the moment vector actmg about jomt j , 

r/. '\ is the Unear position vector from the hnk center of mass to the jomt, 

a; is the Unear acceleration vector of the center of mass of hnk j , 

$i is the angular acceleration vector, 

g is the gravity vector, 
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m; is the mass of Unk j , and 

Ij is the moment of mertia of Unk j. 

In order to calculate the compressive force at the L5/S1 jomt, the trunk was 

partitioned mto two sections: from the hip to the center of the L5/S1 disc and from 

the L5/S1 disc to the shoulder. The location of the L5/S1 disc was determined usmg 

the assumptions set forth by Freivalds et aL (1984): that the pehds does not rotate 

significantly during the first 27° of trunk rotation, and afterwards, the pelvis accounts 

for two thkds of the motion and the spine for the rest. This relationship was used to 

find the pelvic rotation angle from which the pelvic angle is determined. The mass of 

the trunk above the L5/S1 jomt was assumed to be 34.3 % of the total body weight. 

The distance from the hip to the L5/S1 disc was 19.5 % of the distance between the 

shoulder and hip and its center of gravity was located 40 % of its length from the hip. 

The erector spinae muscles exert a force acting 5 cm behind the disc to counteract the 

moment about the disc. Freivalds et al. suggested that the abdominal muscles exert 

pressure which help the spine carry the load and provide estimates for calculatmg the 

abdominal muscle force and the distance from the disc at which it acts. Usmg these 

assumptions, conpressive force is determmed by sohdng the moment and force 

equiUbrium equations. 

3.2. Simulation Model 

The framework for the foUowing simulation model was provided by Lee 

(1988), Ayoub (1989), Hsiang (1992) and Lm( 1995). A cost fimction and 

constramts set were formulated. The angular displacements predicted by the 

simulation model were compared to experimental trajectories to vahdate the model. 
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The objective fimction was selected based on the hypothesis that the body wUl 

mmunize the effort k needs to exert, subject to various constramts related to the 

capabUity of the body, the physical layout of the task, and the kmematics and kmetics 

of the motion. It was assumed that the hftmg trajectories, Le., the angular 

displacement-tune profiles, of the five jomts are selected such that they mmknize the 

foUowing objective fimction, representmg the effort of the task: 

J t w ( ^ l <̂̂  
t=0 j=l Sj(t) 

where: 

Mj(t) are the joint moments at time t, 

Sj(t) are the moment strengths of the jomts at time t, 

Wj are the weights on the joints, 

j is the joint identification number, and 

T is the total tune of the Uft. 

The ratio of Mj(t) to Sj(t) enq)hasizes that the optimization process should 

distribute moments to the joints according to the relative capacity of each joint. The 

square of the ratio provides a heavier penalty for any deviants from the optimum 

The squared ratio summed over the five jomts indicates the total muscular effort of 

the hft at each pomt m tune. Use of the minimized tune mtegral ensures that the 

solution depends on the entke time duration of the lift. The moment strengths of the 

jomts, S;(t), are based on the jomt strengths generated under steady state maximum 

exertion. Stobbe (1982) developed regression equations to predict the moment 
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strengths considering the effects of gender, percentUe population and angles at the 

jomt of mterest, as weU as adjacent jomts (Chaflfin and Andersson, 1984). 

3.2.1. Constramts of the Shnulation Model 

The opthnization process was subject to the foUowmg four classes of 

constraints (Lm et al., 1994): 

1. Kinematic constramts: The angular positions of the five jomts are constramed by 

upper and lower bounds according to thek normal ranges of motion. 

2. Kmetic constraints: The resultant moments at the jomts produced by the forces 

on the joints, body segment weights and any extemal forces are bounded by the 

maximum voluntary moments that the jomts are capable of producmg (Stobbe, 

1982). The jomt moments are assumed to represent the total muscular effort 

exerted by muscles crossing the joint. 

3. Constramts related to the physical layout: These constramts specify the 

geometric relationships between the subject, the container and the workstation. 

The path of the container must foUow a trajectory which avoids coUisions v\dth 

the edge of the workstation and the flexed knee of the subject. 

4. Constramts related to the center of gravity: The combmed center of gravity of 

the human body and container system must remam wdthin the lifter's range of 

balance, Le. within the horizontal boundary of the feet, to mamtam stabihty m the 

horizontal plane. 

3.2.2. Conditions of the Shnulation Model 

The model is a two-dimensional, whole-body representation which shnulates 

the motion of a symmetrical hft performed m the sagittal plane. The body is 
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represented by five rigid hnks, and the configuration of the body is described m terms 

of the rotational angles of each jomt and the segment hnk lengths. Conditions related 

to task performance mclude the foUowmg. The hft begms from a stationary posture 

with the subject graspmg the handles of the contamer as k rests on the floor. The 

container is within the subject's reach at aU tunes. A freestyle hfting technique is used 

to perform the action. The subject does not wak with the load. The load is smoothly 

lowered to ks final position on the shelf 

3.2.3. Apphcation of the Simulation Model 

Inputs to the simulation model mclude: mitial and final postural 

configurations of the body as defined by the angular position of the joints, the total 

time to perform the lift, the height and weight of the subject, the weight of the load 

and the geometric dimensions of the contamer. The problem for the optimization 

process becomes one of distributing the workload to the various joints according to 

the resources each has avaUable, Le., the model must apportion the load appropriately 

to the various joints. 

The GRG2 algorithm, a finite hnprovement algorithm used to solve nonlinear 

optimization problems with bounded constramts (Lasdon and Waren, 1979), was 

selected by Hsiang (1992) for use m the opthnization process. Based on the 

recognition that each joint has a characteristic angular displacement-time profile 

defined by a given number of high and low pomts (peaks and troughs), the GRG2 

algorithm is used to determme the location of the peaks and troughs of the 

normahzed profile for each joint (Lm, 1994). The profile is normahzed for both the 

displacement and time axes. The displacement is normahzed as a proportion of the 

difference between the initial and final displacements, whUe the time is normalized as 
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a percentage of the total tune of hft. The GRG2 algorithm is used to search for the 

set of peak and trough positions (% tune, % position difference) defining the angular 

displacement-time profiles which serve to minimize the objective fimction and 

simultaneously satisfy the constraints. The normalization of the displacement-time 

data is then reversed and subjected to the kinematic and kinetic analyses described 

above. 
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CHAPTER 4 

METHODS 

The five-hnk biomechanical model presented m the previous chapter was used 

to process the data. Two types of Uftmg data were used as mputs and thek results 

compared: experimental fihn data on actual subjects and data predicted by the 

shnulation model. This chapter describes how both types of data were obtamed, 

processed and evaluated. 

4.1. Experimental (Actual) Data 

4.11. Subjects 

Ten subjects, five male and five female, were recruited from the university 

population of Texas Tech University. Requests for volunteer subjects were made 

through posters placed around campus and advertisements in the university 

newspaper. Participation was voluntary and subjects were paid $6 per hour. 

The subjects were informed of the purpose and procedures used throughout 

the experiment and signed a written consent fonn They also coirq)leted a brief 

medical history on thek health and medical conditions. The medical history was used 

to screen out subjects who might have been expected to experience problems during 

the experiment. The subjects were requked to pass a physical examination 

administered at the Texas Tech University Health Science Center. 

In order to test the predictions of the biomechanical simulation across a varied 

population, attempts were made to recruit subjects who reflected a variety of height 

and weight characteristics. Table 4.1 contams subject characteristic data. 
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Table 4.1. Subject Characteristics 

Subject 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Sex 

F 
F 
F 
M 
F 
M 
M 
F 
M 
M 

Age 

22 
28 
25 
27 
21 
19 
23 
29 
27 
19 

Height 
(m) 

1.71 
1.70 
1.62 
1.75 
1.73 
1.83 
1.68 
1.57 
1.76 
1.93 

Weight 
(kg) 

59.5 
69.1 
50.9 
69.5 
70.4 
80.9 
79.1 
80.9 
65.0 
90.9 

Shoulder 
Height 

(m) 
1.25 
1.28 
1.18 
1.29 
1.27 
1.35 
1.26 
1.11 
1.29 
1.46 

BCnuckle 
Height 

(m) 
0.62 
0.63 
0.53 
0.63 
0.61 
0.64 
0.63 
0.51 
0.62 
0.69 

MAWL 
(kg) 

11.1 
11.6 
9.3 

21.1 
11.1 
27.0 
22.0 
9.5 

20.5 
21.5 

4.1.2. Procedures 

Each subject who passed the medical screening and physical examination 

participated m the foUowmg experimental activities: 

1. Psychophysical determination of MAWL: This session was used to find the 

maximum amount of weight each subject was capable of lifting in the most 

physicaUy demanding task condition. The minimum of the MAWLs selected by 

the males and the mhiimiim of the MAWLs selected by the females were used to 

set the maximum weights requked for Uftmg such that aU male subjects were 

capable of performing the maxhnum male weight condition, and simUarly for 

females. 

2. Practice/Training sessions: The practice sessions were used to famiharize the 

subjects with the liftmg tasks and the procedures to be used during the data 

coUection session. No data were coUected during the trammg sessions. 
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3. Experhnental data coUection session: This session was used to coUect the actual 

data for comparison with the shnulation model. For each subject, twelve task 

conditions were performed: 2 ranges of lift x 2 box sizes x 3 weights. 

The foUowmg sections describes each session m fiirther detaU. 

4.1.2.1. Psychophysical Determmation of MAWL 

The most physicaUy demanding condition of the twelve tasks was used to 

determine each subject's MAWL. The most demanding condition was lifting the large 

box (45.7 cm x 30.5 cm x 30.5 cm) from floor-to-shoulder height. The shoulder 

height of each subject was measured and the height of the shelf adjusted such that 

when the box was placed on the sheh) the height of the handles on the box comcided 

with the shoulder height of the subject. The subjects were mstmcted to lift the box 

once every five minutes for a duration of one hour in order to determine thek one

time MAWL. The subjects had the opportunity to add or remove lead weights from 

the box to adjust the load untU they perceived it was the maximum amount of weight 

they were capable of lifting m the given task condkion. The subjects were requked to 

lift the load smoothly without jerking and maintain control of the load so that it was 

not thrown or dropped onto the shelf at the end of the Uft. 

The most physically demanding of the twelve task conditions was used for the 

MAWL determmation m order to set standard weights for aU subjects and range of 

lift X contamer size combmation. The amount of weight a subject was capable of 

liftmg in less demanding conditions (smaUer box and/or smaUer range of Uft) was 

expected to meet or exceed that of the most rigorous condition. The hght, medium 

and heavy standard weights for the remaming experimentation were set such that the 

heaviest weight requked for the males to lift was less than or equal to the minimum 
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MAWL selected by the males, and Ukewise for females. The medium and hght 

weights were set for convenience at 5 and 10 lbs. less than the heavy weight, 

respectively. 

4.1.2.2. Practice/Traming 

Each subject performed twelve hours of practice. The duration of twelve 

hours was selected so that each subject received a total of one hour of practice m 

each of the twelve task conditions (2 ranges of lift x 2 box sizes x 3 weights). 

Subjects were scheduled to participate m six two-hour sessions. Within each practice 

session, five repUcations of the twelve task conditions were performed and the order 

was completely randomized. Lifts were performed at a rate of one lift every two 

minutes and subjects were alerted at the proper time to Uft by a timer which emitted a 

beep. The two minute period between the lifts aUowed an adequate time for rest and 

muscle recovery and provided time to set up the next task condition. Since there was 

twelve hours of practice lifting at a rate of one lift every two minutes, each subject 

performed 360 practice lifts (30 trials per task condition). 

4.1.2.3. Experimental Data CoUection Session 

Three repUcations of each of the twelve task conditions, a total of 36 trials, 

were performed by each subject. The trials were conq)letely randomized within each 

subject. The order of the conditions was determmed by the PROC PLAN routme hi 

SAS (SAS/STAT, 1990). Data for each subject were coUected during this session 

only. 
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Each trial was set up m the foUowmg manner: the shelf height was adjusted 

to the appropriate height (knuckle or shoulder height) based on the anthropometry of 

each subject such that the fimal resting height of the handles of the box comcided with 

the mdividual's knuckle or shoulder height. The mitial position of the box was 

controUed such that the edge of the box farthest from the subject m the sagittal plane 

was verticaUy aUgned with the nearest edge of the shelf Given this constant box 

location, each subject selected a foot position which aUowed the hft to be performed 

without requiring a step to be taken to put the box on the shelf Positions were 

selected and marked for both the smaU and large boxes. The box was loaded with the 

appropriate Ught, medium or heavy weight. 

Reflective joint center markers were placed on each subject at the foUowing 

locations: knuckle, wrist, elbow, shoulder, hip, knee and ankle. Anthropometric 

measurements were taken to record the distance between these markers as measures 

of the foUowing segment lengths: lower arm, upper arm, trunk, upper leg and lower 

leg. Reflective markers were also be placed on the near edge of the shelf and the 

bottom edge of the box farthest from the subject m the sagittal plane. 

Each trial was performed m the foUowing manner. The appropriate task 

condition was set up. The subject was mstmcted to position his feet as marked, then 

reached down and grasped the handles of the box and temporarily held the mitial 

posture. The mitial posture was self selected by each subject to be the start of a 

freestyle Uft. The data coUection process was triggered to begm data coUection, then 

the subject was verbaUy mstmcted to Uft the box off the floor and put k onto the 

shelf Once the end of the hft was signaled, the subject lowered the box from the 

shelf and placed it on the floor. Each of the 36 trials were completed m a skmlar 

manner. 
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4.1.2.4. Experimental Equipment and Actual Data Processmg 

Two plywood boxes, each weighmg 4.5 kg (10 lbs.), were used in the 

experiment. The boxes measured 30.5 cm x 30.5 cm x 30.5 cm (12"xl2"xl2") and 

45.7 cm X 30.5 cm x 30.5 cm (18"xl2"xl2"), where the 45.7 cm side was the length 

of the box m the sagittal plane. The handles were placed at the center of the box in 

both the vertical and horizontal planes. Lead weights were used to adjust the weight 

of the box to the appropriate weight condition. 

The height of the shelf̂  which was set according to the knuckle or shoulder 

height of each subject, was set on a Uftmg/lowering machine which had an adjustable 

shelf. In order to identify the beginning and end of the Uft, the box was wked with a 

ckcuit such that when the box was hfted off the floor, the ckcuit was broken and the 

liftoff marked on the data. When the box was placed on the shel^ the ckcuit was 

completed and the end of the lift marked on the data. 

A Motion Analysis System was used to record each of the experimental hfting 

trials. The system's hardware included a Motion Analysis VP-320 video processor, 

three 180 Hz video cameras and a Sun Sparc Station. The soflrware included the 

Motion Analysis Video-Analog Data CoUection Program and the Expert Vision Data 

Analysis Program The data were coUected at a rate of 100 Hz and the system was 

cahbrated prior to each experimental session. 

The 360 lifts captured with the motion analysis system were tracked and 

digitized to obtam the x- and y- spatial coordmates of each reflective marker. The 

kmematics and kinetics of the lift were estimated usmg the biomechanical model 

presented m the previous chapter. The method which estimates kmetic data from 
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motion data is referred to as the mverse dynamics approach. Data coUected during 

this experiment are referred to as the "actual" data below. 

4.2. Simulation Model Data 

4.2.1. Determination of Weights 

The objective fimction defined m Chapter 3, J ^Wj 
T 5 

il 
t=0 j=l 

Mj( t )^ ' 

Si(t) 
dt, has an 

unknown weight wj associated with each jomt. The purpose of this section is to 

describe the method which was used to determine the set of weights. The weights 

identify the contribution each of the five joints makes to the value of the objective 

fimction. In previous work with the simulation model, each of the weights has been 

assumed to have a value of one indicating that each jomt has the potential to make an 

equal contribution (Lee, 1988; Hsiang, 1992; Lm, 1995). Or, m other words, the 

opthnization process distributes the load across the five joints such that each joint 

makes an equal contribution (20%) based on ks relative strength capacity. 

Through appropriate assignment of the weights, the predictions of the 

simidation model were expected to improve. The sets of weights which were mserted 

into the objective fimction of the model were calculated m the foUowmg manner. The 

value of the objective fimction was calculated for each actual hft and the proportional 

contribution that each jomt made to this value was determmed for j=l, 2,..., 5 (elbow, 

shoulder, hip, knee and ankle, respectively) as: 

Wj = 

1 

I 
A Mj(t) 

tio^Sj(t)J 
dt 

t=o i=i 

A Mj(t) 

Sj(t) ) 
dt 
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4.2.2. Evaluation of Predictions from the Weighted Obiective Function 

To test the performance of the weighted objective fimction, the weights were 

mserted and the shnulation model defined m Chapter 3 was used to predict the hftmg 

trajectories. A set of randomly selected Ufts were run with the weighted objective 

fimction. Comparisons between the actual and jomt-weighted simulated hfts were 

performed for each of the mdividual hfts to examme the effectiveness of the weights. 

Comparisons of the angular position trajectories were made though use of the mean 

square error (MSE) criterion, defined as: 

MSEj=5:^'^"*'^'^^ 
i=i n 

where: 

6i(i)A is the actual poskion at time frame i of joint j , 

^(i)p is the predicted position at time frame i of jomt j , and 

n is the total number of time frames. 

The MSE values from the trajectories of the jomt-weighted objective fimction 

were tabulated and con^ared to those of the unweighted objective fimction to 

determine the hrprovement obtained through use of the weights. The MSE is an 

estabhshed criterion used by Hsiang (1992) and Lm (1995) to con^are actual and 

predicted liftmg trajectories. 

4.3. Analysis of Select Parameters 

In order for the computerized dynamic biomechanical simulation model to be 

a usefiil tool for the design of Uftkig tasks, k must be shown to accurately predict the 

variables commonly used m ergonomic evaluations. The biomechanical model 
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presented in Chapter 3 was used to estimate select kinematic and kinetic variables of 

interest for both the simulated lifts and actual lifts. This section describes the 

variables selected for evaluation and the methods which were used m an attempt to 

demonstrate that the simulation model produced rehable estimates. The major 

objective of these analyses was to determine whether the kinematics and kmetics 

predicted by the simulation model usmg the unweighted objective fimction differed in 

any way from the actuaL Given that differences existed, the secondary objective was 

to determine thek magnitude and the effects due to the independent variables. 

4.3.1. Dependent Variables 

Three sets of dependent response variables, those related to the goal of the 

task, the compressive forces on the spme and the moments at the jomts, were 

analyzed. The variables were selected for: (1) thek m^ortance to ergonomists who 

must design and evaluate Uftmg tasks; (2) thek potential to identify problem areas m 

the shnulation model; and (3) the avaUabUity for comparison of values reported m the 

hterature. The dependent variables Usted m the foUowmg sections were selected for 

analyses. 

4.3.1.1. Variables Related to the Goal of the Task 

The foUowing response variables related to the load or the goal of the task 

were analyzed: 

a. Peak vertical velocity of the load (m/s) = Max Vy(t) 

b. Peak vertical acceleration of the load (m/s^) = Max Ay(t) 
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c. Distance traveled by the load (m) = | U(xt - xt -1)̂  + (y - yt -1)̂  )dt 
t=0 

The peak vertical velocity, peak vertical acceleration and the distance traveled 

by the load was used to mvestigate the motion of the load. Peak vertical velocities 

typicaUy occur m die range 1.00-1.48 m/s (Butler et aL, 1993; Schipplem et aL, 1990; 

Leskmen, 1985; Troup et aL, 1983),-whUe peak accelerations are 4.9-6.3 m/s^ 

(Leskmen, 1985). Fogleman (1993) showed that through training, the variation m the 

distance traveled by the load m repeated lifts becomes insignificant. By examining 

these variables, different strategies used to complete a lift may become apparent. For 

example, the distance traveled by the load may be minimized m an efficient lift. Smce 

the simulation is modeled based on the assumption of minimum effort or increased 

efficiency, it was expected to predict shorter distances of load travel than those 

produced by actual subjects. 

4.3.1.2. Variables Related to the Conq)ressive Force on the Spme 

The foUowing variables related to the conq)ressive force on the spine were 

mvestigated: 

a. Peak static L5/S1 con:q)ressive force (N) = Max Fs(t) 

b. Peak dynamic L5/S1 conq)ressive force (N) = Max FD(t) 

, J • T c / c i • r /o/x t [MaxF(D)( t ) ] 
c. Tune of peak dynarmc L5/S1 compressive force (%) = — ^-^ 

Conq)ression on the L5/S1 segment was evaluated because it is the site which 

has the potential to experience the largest moment m Uftmg and is one of the most 
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vuhierable areas to force-mduced mjury (Chaflfin and Park, 1973; Waters et aL, 

1993). The peak static compressive force was evaluated because ergonomists 

commonly judge the risk associated wdth a Uft by con:q)aring k with the 3.4 kN 

criterion recommended by NIOSH (Waters et aL, 1993). WhUe static estknates are 

the current criterion of choice, dynamic values more accurately estimate the stresses 

occurring m a dynamic lift, thus the peak dynamic conq)ressive force was evaluated. 

Peak dynamic conq)ressive forces may be 33-60% (Leskinen, 1985), up to as much as 

300% (Garg et aL, 1982), larger than static forces; however, a standard criterion 

value indicative of an acceptable level of risk has yet to be adopted. The time of the 

peak compressive force typicaUy occurs very early m the lift when the load is near the 

floor (HaU, 1985). 

4.3.1.3. Variables Related to the Moments at the Jomts 

The foUowing variables related to the moments at the joints were investigated: 

a. Objective fimction values = J 2 ] —'— ^^ 
,=0 j=i ^ Sj(t) J 

1 5 

b. Total net muscular work (J) = J X 
T 5 

il 
t=0 j=l 

Mj(t)^(t) dt 

| |Wj(t)|dt 

c. Percent relative work of each jomt (%) = — 
W 

d. Peak moment at each jomt (Nm) = Max Mj(t) 
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e. Relative tune of peak moment at each jomt (%) = ^^^^^ ̂ ^t)] 

The first two variables, the objective fimction value and the total net muscular 

work, may be considered measures of the effort of the whole body over the entke 

duration of the lift. Although the objective fimction has been used to produce liftmg 

simulation results, the values have not been documented m prior studies (Lee, 1988; 

Hsiang, 1992; Lm, 1995). The total net muscular work was used to assess the 

loadmg of aU the body jomts by Gagnon and Smyth (1991) who were concemed that 

evaluation of a smgle jomt, namely the L5/S1 jomt, may faU to identify dangerous 

loads at sites m the body other than the one under evaluation. 

Where differences between the simulation and actual data exist m the variables 

describing whole body effort, it was necessary to examine each joint hi turn to 

identify the discrepancies. The latter three measures, the percent relative work, peak 

moment and the relative time of peak moment of each joint, were used to investigate 

the contribution of each joint to the lift. The percent relative work of each joint may 

be considered to represent the total effort of each joint and may be used to identify 

different lifting strategies. For exsanple, Gagnon and Smyth (1991) reported that 

when lifting heavier loads, the relative effort of the shoulder decreased whUe the 

effort of the hips and low back mcreased. SimUarly when the range of hft was 

mcreased, the effort exerted by the shoulder mcreased dramaticaUy whereas the peak 

moment of the shoulder did not change. A change m Uftmg strategy would not have 

been noticed if only the peak moments had been examined. The peak moment and 

thne of peak moment at each jomt was reported for purposes of documentation. The 

objective fimction of the simulation model utUized the ratio of dynamic moments to 

the static strength. There is concem that the static strength overesthnates the 
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Strength avaUable during a dynamic activity and may affect the results of the 

shnulation, thus an analysis of the peak moments was performed. 

4.3.2. Independent Variables 

The foUowing factors were considered m the analyses described below: 

1. Range of Uft - 2 levels (floor-to-shoulder, floor-to-knuckle), 

2. Size of box - 2 levels (30.5 cm, 45.7 cm m the sagittal plane), 

3. Load - 3 levels (male 11.5, 16.0, 20.5 kg; female 4.5, 6.8, 9.1 kg), 

4. Subjects - 5 males, 5 females, 

5. RepUcation - 3 repUcations per treatment condition, 

6. Gender - 2 levels (male, female), 

7. Type of data - 2 types (simulation, actual). 

4.3.3. Analyses Performed on the Dependent Variables 

For each dependent response variable, scatter plots of the predicted values 

versus actual values were produced to show the relationship existing between the two 

variables across aU of the hfts. Sunple Unear regression models of the form 

Actual=Intercept+Slope*Prediction were calculated for the major dependent 

variables. A slope with a value of unity is mdicative of a one-to-one correspondence 

between the predicted and actual values; whereas a deviation from unity is mdicative 

of prediction errors. The coefficient of determmation (R-square) values were used as 

an indication of the flt of the sunple Unear regression, Le., the correlation between the 

predicted and actual values. 

Although the predicted and actual variables may be highly correlated, the 

magnitudes of the variables may differ. To test for differences between the predicted 
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and actual values of the response variable, paked t-tests were performed on the 

prediction errors (Predicted Value - Actual Value) of each response variables. A 

mean error significantly different from zero is mdicative that the shnulation model 

either overpredicted (poskive mean error) or underpredicted (negative mean error) 

the actual value. 

To mvestigate the differences between the shnulation predictions and actual 

data, and the effects of changes m task condkion, the prediction errors of the 

response variables were subjected to ANOVA/MANOVA tests. Fkst, the errors m 

each set of response variables were subjected to multivariate analysis of variance 

(MANOVA) tests. When the MANOVA tests (WiUts's Lambda statistical test) 

indicated there were differences among any of the means on any of the response 

variables, subsequent analysis of variance (ANOVA) tests were used on the errors m 

each response variable. The statistical analyses considered the mam effects and 

appropriate two-, three- and four-way interactions of the independent variables: 

gender, range of lift, size of box, weight of load nested under gender; and subject 

nested under gender which served as a blockmg variable. The gender, range of hft, 

size of box and weight of load were considered fixed effects, whUe the subjects were 

random The hnear statistical model used to perform this analysis was: 

yijUann = / / + G + Sj(G) + Rk + Bl + Wm(G) 

+(GR)ik + (GB)ii + (RB)ki 

+(RW(G))km + (BW(G))lm 

+(GRB)ikl + (RBW(G))klm + £n(ijklm) 

where: 

yhkhnn ^̂  ^® dhfference (error) between actual and predicted observations, 

ju is the common mean effect, 
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Gi is the effect due to gender, 

Sj(G) is the effect due to subject, 

Rk is the effect due to the range of hft, 

Bi is the effect due to the box size, 

Win(G), is the effect due to the weight of the load, 

(GR)Ui: is the mteraction between gender and range of hft, 

(GB)ji is the mteraction between gender and box size, 

(^^)kl is the mteraction between range of hft and box size, 

(RW(G))î u^ is the mteraction between range of hft and weight of the load, 

(BW(G))IJJI is the mteraction between box size and weight of the load, 

(GRB)j]j is the mteraction between gender, range of Uft and box size, 

(RBW(G))kijn is the mteraction between range, box size and weight of load, 

£n(ijum) is the error term 

As discussed in Chapter 2, the strategies adopted by hfters may vary with 

changes m the task variables such as the weight of the load, the size of the box or the 

range of lift. The effects of these variables were mvestigated through the above 

anafyses to determme how they affected model predictions, e.g., whether the model 

was capable of adapting to different conditions m a manner simUar to human 

responses. For example, consider the effect of changmg the weight of the load. The 

simulation model was hypothesized to assume that the load is distributed to aU the 

joints based on thek relative capacity. WhUe an actual subject may distribute a heavy 

load m this manner to reduce the risk of overstressmg the mdividual jomts, the subject 

may not necessarily need to distribute a Ught load. In such a case, the simulated lifts 

wiU agree with the actual lifts when the load is heavy, but disagree when the load is 

Ught. By examining and comparing differences m simulation predictions and actual 
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data, specific areas for hnprovement were expected to be identified for the purposes 

of refinmg or recognizmg the hmitations of the modeL 

4.3.4. Comparison of the Shnulation to the Lkerature 

The response variables calculated in this research were compared to values 

reported m the hterature. The purpose of this comparison was to ensure that 

although the simulation model estimates differed somewhat from the actual 

experimental data, the simulation estimates were within reasonable bounds as 

reported by other researchers. Only a gross con[q)arison was performed because the 

diversity of task and response variables reported in the hterature made comparisons 

difficult. Task and response variables were typicaUy selected based on the objectives 

of each researcher's study. Even when the apparent tasks and recorded variables 

were nearly identical, the values of the response variables may not have matched 

because some factors were not reported or controUed if they were considered to be 

relatively unimportant; Le., factors such as the amount of relevant practice, level of 

fitness, etc. Also, the equipment and methods of processmg data also affected 

results. 

Table 4.2 contains values of peak hip and knee moments and peak L5/S1 

compressive force from various studies pubhshed m the hterature. The task 

conditions contained m the table were selected for thek simUarity to the experimental 

setup used in this study (load magnitude, dynamic model, normal speed) m order to 

estabhsh a basis for corrparison. The estimates from the studies cited in Table 4.2 

were produced through the use of dynamic models. The lifts performed hi the cited 

studies were of known loads with subjects Uftmg at normal speeds. For example, 

Garg et aL (1982) the first study cited used a dynamic biomechanical model to 
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esthnate peak hip moments of 452 Nm for a box measuring 51 cm m die sagittal plane 

and weighmg 29.4 kg, and 475 Nm for a box measuring 39 cm and weighmg 33.1 kg. 

The remammg entries m Table 4.2 are shnUarly explamed with die last column 

contammg special notes regardmg die values provided. For example, the sttidies by 

Troup et aL (1983), Leskmen (1985) and Frigo and Pedotti (1993) conq)ared 

esthnates of back Ufts and leg hfts, thus both sets of values appear m the table with 

corresponding notes. 

Table 4.2. Literature Values of Peak Moments and Forces 

Authors 

Garg et aL 
(1982) 
Troup et aL 
(1983) 
Leskinen 
(1985) 
HaU(1985) 

Schipplem et 
aL (1990) 
Frigo and 
Pedotti 
(1993) 

Load 
(kg) 

29.4 
33.1 
15 
15 
15 
15 
10-
20 
5.1 

25.5 
25 
25 
7 
7 

Peak 
MHip 
(Nm) 

452 
475 
346 
263 

119 
185 

Peak 
M 

Knee 
(Nm) 
260 
287 

53 
13 

PeakF 
L5/S1 

(N) 

7570 
7840 
5765 
6039 
6365 
5866 
695 

4430 
4090 
3010 
2985 

(L3/L4) 

Notes 

51 cm box 
38 cm box 
back Uft 
leg Uft 
back hft 
leg hft 
40% MAWL 

one knee 
Male Back Lift 
Male Leg Lift 
Female Back 
Female Leg 

4.4. Sensitivitv Analysis to Model Inputs 

In order to run the simulation model, several mputs are requked: the initial 

and final postural configurations, the weight of the load, the time requked to perform 
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die hft and the height, weight and gender of the hfter. Previously, mputs for the 

shnulation model have been obtamed from an actual Uft coUected during an 

experimental session, then an attenq)t was made to produce trajectories simUar to 

those produced m that particular acttial hft (Lee, 1988; Hsiang, 1992; Lm, 1995). 

Instead, this section considers the case of an evaluator who wishes to mvestigate a 

hypothetical liftmg task m which mput data from a specific actual hft are not 

avaUable. It was deskable to show that when used m an exploratory manner, the 

model produces results consistent with biomechanical expectations. 

4.4.1. Sensitivity to Subject Inputs 

A problem may be defined by the foUowing subject and task characteristics. 

A 30.5 cm container is to be lifted at a normal speed over two ranges of lift, a floor-

to-shoulder and a floor-to-knuckle hft. Effects on the 10th, 50th and 90th body size 

percentUe male and female lifters are to be evaluated when the load is at thek 

respective maximum capacity. The effects of the lifter having 10th, 50th and 90th 

percentUe joint moment strength were also examined. 

A set of 36 lifts were simulated (2 genders x 3 body size percentUes x 3 

strength percentUes x 2 ranges of Uft). The body size percentUe (10th, 50th or 90th) 

was defined as foUows: the 10th body percentUe was the simultaneous 10th 

percentUe weight, body height and one-thne maximum acceptable weight of hft. 

Table 4.3 contains this data which were entered as subject mputs mto the simulation 

model. For exanq)le, the 10th body size percentUe was defined as the 10th percentUe 

height and 10th percentUe body weight (Kroemer, Kroemer and Kroemer-Elbert, 

1994) and 90th percentUe recommended weight of hft (Mital, Nicholson and Ayoub, 

1993) for the designated gender. The one-tune MAWL corresponds to the 
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recommended weight of hft for one hft m an 8-hour period over the floor-to-shoulder 

range when hftmg a contamer measuring 34 cm m the sagittal plane. The Xth 

strengtii percentUe (lOtii, 50tii or 90th) was defined as die shnultaneous Xtii 

percentUe elbow, shoulder, hip, knee and ankle jomt moment strength (Stobbe, 1982). 

Inputs defining the tune to perform the hft and mitial and final postural configurations 

were the average tune and average angles of the jomts from the experimental data. 

The experimental data was used only to produce values for use as constant mputs for 

each of the 35 Ufts, not to match model predictions to a particular actual hft. An 

analysis on the peak jomt moments produced by the simulation was performed. 

Table 4.3. Body PercentUe Measures 

PercentUe 

10 Female 

50 Female 

90 Female 

10 Male 

50 Male 

90 Male 

Height (m) 

1.5480 

1.6294 

1.7108 

1.6703 

1.7558 

1.8413 

Body Weight (kg) 

44.35 

62.01 

79.67 

62.36 

78.49 

94.62 

Recommended 

Weight of Lift 

(kg) 

12.5 

19 

20 

22 

27 

27 

4.4.2. Sensitivitv to Thne and Postural Configuration Inputs 

This section mvestigated the senskivity of the shnulation model to variations 

m the mput parameters deflming the tune to perform the hft and mitial and final 
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postural configurations. Under a specified task condition defined by the weight of the 

load and contamer size, the mitial jomt configuration, final jomt configuration and the 

time taken to perform the lift may vary due to subject variation and observer error. 

The effects of variations in these mput parameters was examined for a 50th percentUe 

(body size and strength) female as defined m Table 4.3 liftmg a 30.5 cm contamer 

from the floor onto a shelf set at knuckle height. 

The mean values of the mitial and final postural configurations and time to 

perform the lift were obtained from the experimental data. The mean mitial jomt 

postural angles were shnultaneously varied by ±1 degree and ±5 degrees across aU 

jomts, and shnUarly for the final jomt postural angles, and the mean tune requked to 

perform the hft was systematicaUy varied by ±0.25 and ±0.5 seconds. An analysis of 

the predicted peak moments at each jomt was performed. A total of 125 hfts (5 mitial 

angles x 5 final angles x 5 hfting tunes) were simulated to examme the sensitivity of 

the peak moments predicted by the model to variations m these mputs. 
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CHAPTERS 

RESULTS 

The foUowmg sections outhne the results of the mvestigation performed on 

the weightmg factors of the jomts used m the objective fimction, the analysis 

performed on the selected kmematic and kinetic variables and the analysis on the 

sensitivity of the model to subject and task mput variables. 

5.1. Objective Function Joint Weights 

5.1.1. Determination of Weights 

^' ' ^Mj(t)^ 
2 

The objective fimction, J ^ w i —-— dt, had an unknown weight, wj 
t=o j=i ^ Sj(0 y 

associated with each body joint. The weights were considered to identify the 

contribution that each of the five joints made to the value of the objective fimction. 

In order for the objective fimction value to be minimized, it was assumed that each 

jomt made an equal contribution; hence, each of the weights had been assigned a 

value of one. However, by an appropriate assignment of the weights to comcide wdth 

the weighting which occurs in actual Ufts, the predictions of the shnulation model 

were expected to be more accurate; Le., to more closely approach the actual. The set 

of weights which were inserted into the objective fimction of the model were 

calculated m the foUowmg manner. 

The value of the objective fimction was calculated for each actual lift and the 

proportional contribution that each jomt made to this value was determined for j = 1, 

2 , . . . , 5 (elbow, shoulder, hip, knee and ankle, respectively) as: 
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The weights m the actual lifts of eight subjects who performed freestyle hfts 

were calculated and subjected to statistical analyses to determme whether common 

weights occurred across aU experimental Uftmg conditions or whether they differed by 

conditions. The analyses showed the weights differed by condition with the 

significant main eflfects shown in Table 5.1. 

Table 5.1. Significant Main Effects for Each Joint Weight. 

Weight(jo^ t̂) Significant Mam Effects 

^(e lhow) Weight of Load (p<0.0001). Range of Lift (p<0.0001) 

^(shoulder) Weight of Load (p<0.0001). Range of Lift (p<0.0001) 

Size of Box (p<0.05) 

w, Qnpl Weight of Load (p<0.0001). Range of Lift (p<0.0001) 

W i (knee) 

W^atikle^ 

Weight of Load (p<0.0001), Range of Lift (p<0.05) 

Weight of Load (p<0.0001). Range of Lift (p<0.0001) 

The weight of the load (hght weight (LW), medium weight (MW) and heavy 

weight (HW)) and the range of Uft (floor-to-knuckle (FK) and floor-to-shoulder (FS)) 

significantly affected the contribution of each jomt; the mean weights are shown m 

Table 5.2 for each (Weight x Range) experimental task condition. Since the effect 

due to the size of the box was msignificant m aU jomts, with the exception of the 
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shoulder joint, ks effect was not taken mto consideration when assigning the weights 

m the objective fimction. 

Table 5.2. Proportion (Weight) Each Jomt Contributes to the 
Value of the Objective Function. 

Task 

Condition 

FK,LW 

FK,MW 

FK,HW 

FS,LW 

FS,MW 

FS,HW 

welbow 

0.0763 

0.1083 

0.1345 

0.1536 

0.1917 

0.2166 

^should. 

0.0588 

0.0813 

0.1021 

0.2488 

0.2969 

0.3290 

Whip 

0.3000 

0.2951 

0.2837 

0.1699 

0.1603 

0.1493 

wknee 

0.1212 

0.0982 

0.0890 

0.1192 

0.0846 

0.0681 

wankle 

0.4432 

0.4172 

0.3907 

0.3085 

0.2665 

0.2370 

5.1.2. Evaluation of Objective Function Weights 

To test thek effects on the shnulation displacement-time output, the weights 

m Table 5.2 were mserted mto the objective fimction and the simulation model run 

for the 36 trials of one randomly selected subject. The output produced through use 

of the weights is referred to below as the weighted objective fimction whUe that 

produced w^en the weights were assigned a value of one is referred to as the 

unweighted objective fimction. It was hypothesized that by assignmg the weights to 

correspond closely with the actual values, the predicted jomt trajectories would more 

closely comcide with the actual trajectories. To test this hypothesis, comparisons of 

the angular displacement trajectories were made usmg the mean square error (MSE) 

criterion, defined as: 
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MSEj = ±i^y-^» 
i=l n 

where: 

^(i)A is the actual position at tune frame i of jomt j , 

^(i)p is the predicted position at tune frame i of jomt j , and 

n is the total number of time frames. 

The MSE values from the trajectories of the weighted objective fimction were 

tabulated and compared to those of the unweighted objective fimction to determme 

the mq)rovement obtamed through use of the weights. A one-taUed paked t-test was 

used to test the hypothesis that the weighted objective fimction significantly impiowQd 

the model predictions, Le. significantly reduced the MSE values. Table 5.3 contams 

die mean difference of die MSE vahies (MSEun^eighted" MSE^veighted) for each 

jomt over the 36 trials and the results of the t-tests. As shown, the use of the 

weighted objective fimction did not hiq)rove the model predictions. 

Table 5.3. MSE of Unweighted Versus Weighted Objective Function. 

Jomt 

Elbow 

Shoulder 

Hip 

Knee 

Ankle 

Mean Difference 

of MSE (rad2) 

-0.0128 

0.0135 

-0.0011 

-0.0009 

-0.0009 

Standard Deviation 

of the Difference 

0.0518 

0.0509 

0.0059 

0.0016 

0.0055 

t (v=35) 

(P-value) 

-1.48(0.9265) 

1.58 (0.0608) 

-1.11(0.8630) 

-3.24 (0.9986) 

-0.97(0.8322) 
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The results shown m Table 5.3 mdicate diat die use of the weights from Table 

5.2 did not hnprove the predictions of the shnulation model. When implementing the 

weighted objective fimction, there was another factor which had to be taken mto 

consideration; namely that the weights affected the opthnization only after first 

passmg aU of the constramts. AU of the constramts had to be satisfied; otherwise, the 

weights had no effect on the shnulation run and both the weighted and unweighted 

objective fimctions produced identical jomt trajectories. For the set of trials tested 

for the randomly selected subject, none succeeded m satisfying aU constramts. 

In order to ckcumvent this problem and test only the vaUdity of using a 

weighted objective fimction, the constramts were relaxed by an amount which 

permitted the simulation to satisfy aU constraints. After relaxmg the binding 

constraints, the simulation model was run with both the weighted and unweighted 

objective fimctions m order to compare the results based solely on the effects due to 

the insertion of the weights. The outcome of this manipulation is the results reported 

above in Table 5.3. 

Since it appeared that the optimization was strongly driven by the constraints 

set, the proportional contribution each jomt made to the objective fimction was 

examined to determine whether the origmal assumption, that each joint did indeed 

contribute equaUy (20%) to its value, was vahd. Table 5.4 shows that the hypothesis 

of equal joint contributions was mvaUd when the origmal constramts were m place 

and the xmweighted objective fimction was m use. In the shnulation, each jomt did 

not contribute an approxhnately equal 20% share. 

Smce the assumption of equal jomt contribution was mvahd m the simulation, 

it was of mterest to determme whether the jomt contribution of model matched the 

actual lifts. Paked t-tests were performed on the difference m jomt proportions 
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between the actual hfts and unweighted objective fimction with the origmal 

constramts to determme whether the predicted jomt proportions differed from the 

actual proportions. The predicted proportions were found to differ significantly from 

the actual m the elbow (p<0.0001), shoulder (p<0.0001), hip (p<0.001) and ankle 

(p<0.01), while the proportions did not significantly differ at the knee jomt. Table 5.4 

contains the jomt proportions for the 36 actual Ufts of one subject, the unweighted 

objective fimction with origmal constramts (Unweighted, Normal Constraints), as 

weU as the jomt proportions for the unweighted objective fimction with relaxed 

constramts (Unweighted, Relaxed Constramts) and for the weighted objective 

fimction (Weighted, Relaxed Constramts) and Figure 5.1 graphicaUy shows this data. 

Relaxation of the constraints caused the proportions to deviate fiirther from the actual 

lifts; and use of the weighted objective fimction did not reduce these deviations. 

Table 5.4. P*roportion Each Jomt Contributed to the Objective Function Value. 

Joint 

Elbow 

Shoulder 

Hip 

Knee 

Ankle 

Actual 

Lift 

0.1263 

0.1251 

0.2525 

0.0223 

0.4737 

Unweighted, 

Normal 

Constraints 

0.0969 

0.1345 

0.2343 

0.0206 

0.5137 

Unweighted, 

Relaxed 

Constramts 

0.0941 

0.1282 

0.2350 

0.0255 

0.5171 

Weighted, 

Relaxed 

Constraints 

0.0910 

0.1277 

0.2341 

0.0200 

0.5271 
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Figure 5.1. Proportion Each Jomt Contributes to the Vahie of the Objective Function. 

5.2. Analysis of Select Parameters 

In order for the computerized dynamic biomechanical simulation model to be a 

usefid tool for the design of lifting tasks, it must be shown to accurately predict the 

variables commonly used m ergonomic evaluations. Three sets of kinematic and 

kinetic variables, those related to the goal of the task, the compressive forces on the 

spme and the moments at the jomts, were subjected to anafyses. 

The major objective of the anafyses was to determme whether the kmematics 

and kmetics predicted by the shnulation model usmg the unweighted objective fimction 

differed m any way from the actuaL To meet this objective, scatter plots showmg the 

relationship between the predicted and actual values were produced for each response 

variable. Sinq)le Unear regression equations of the form 
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Actual=Intercept+Slope*Prediction were produced to determme the value of the 

slope. A slope of one mdicates a one-to-one correspondence between the predicted 

and actual values; whereas, deviations of the slope from unity are mdicative of 

prediction errors. The coefficient of determmation (R2) values were also used to 

show the appropriateness of the simple Unear regression. Paked t-test were performed 

on the prediction errors (Predicted Value - Actual Value) of each response variable to 

test whether the predictions differed from the actual. A mean error significantly 

different from zero mdicated that the shnulation model either overpredicted (positive 

mean error) or underpredicted (negative mean error) the actual vahie. 

Where errors existed, the secondary objective was to determine the magnitude 

and causes of the errors. To mvestigate the differences between the simulation 

predictions and actual data with changes in task condkion, the prediction errors of 

each set of response variables were subjected to the ANOVA/MANOVA tests 

described m the previous chapter. The prediction errors and the average predicted and 

actual values of the response variables were also graphed for each task condition. The 

foUowing sections describe the results of these analyses. 

5.2.1. Variables Related to the Goal of the Task 

The foUowing response variables related to the load were analyzed: PV = peak 

vertical velocity of the load (m/s); PA = peak vertical acceleration of the load (m/s^); 

and T = distance traveled by the load (m) in movmg from the origm to the destmation. 

Figures 5.2 and 5.3 contam three repUcations of the actual and predicted trajectories of 

the velocity and acceleration, respectively, for one task condition (female subject 

lifting the medium weight m the smaU box over the floor-to-shoulder range). 
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Figure 5.2. Velocity of Load Trajectory 
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5.3. Acceleration of Load Trajectory 
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The peak velocity of the load was rather poorly predicted by the shnulation 

model as mdicated by the scatter plot depictmg the predicted peak velocity versus the 

actual values m Figure 5.4 and the sinq)le Unear regression equation m Table 5.5. The 

regression equation had a smaU slope (0.556) and coefficient of determmation 

(R2 = 0.391). The difference from unity m the slope and the smaU amount of variation 

explamed by the regression as mdicated by the smaU R^ vahie mdicated a weak 

correlation exists between the predicted and actual values. A paked t-test performed 

on the peak velocity differences (PVpj-g^cted" ^^actual) across aU Ufts indicated that 

on average the model overpredicted peak velocity by 0.075 m/s (p<0.0001). Although 

the simple correlation was poor, the 0.075 m/s mean error represented a relatively 

smaU average 6.6% error mdicatmg the model both over and underpredicted. An 

anafysis of variance performed on the peak velocity prediction errors was used to 

examine whether the errors were affected by the task or subject variables. The 

anafysis of variance on the peak velocity errors mdicated that none of the factors 

accoimted for a significant amount of the variance. Figure 5.5 shows the prediction 

errors by task condkion for males and females. The average predicted peak velocity 

and actual peak velocity are graphed by task condition for males and females in 

Figures 5.6 and 5.7, respectively. Table 5.6 contains sunple statistics on the predicted 

and actual peak velocities. Accordmg to the hterature, peak vertical velocities 

typicaUy occur m the range 1.00-1.48 m/s (Butler et aL, 1993; Schipplem et aL, 1990; 

Leskmen, 1985; Troup et aL, 1983). As shown m Table 5.6, both the average 

predicted and actual peak velocities, 1.22 m/s and 1.14 m/s, respectivefy, feU withm 

this range; however, the extreme miniTmim and maxhnum values of both were beyond 

the reported range. 
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The predicted peak acceleration of the load (PA), hke the peak velocity, had 

only a poor correlation as shown m the scatter plot m Figure 5.8 and the smaU slope 

and R2 values of the simplQ hnear regression shown m Table 5.5. A paked t-test 

performed on tiie peak acceleration differences (PApr^dicted" P^actual) across aU 

lifts mdicated that on average the model over predicted the peak acceleration by 0.698 

m/s^ (p<0.0001). The prediction errors varied with subject and task conditions as 

shown m Figure 5.9. An analysis of variance on the peak acceleration errors mdicated 

that die Range of Lift (p<0.0001). Size of Box (0.0001) and Box*Weight (p<0.05) 

effects were significant. The prediction errors were larger hi floor-to-knuckle Ufts than 

m floor-to-shoidder, and larger when the smaU box was Ufted. With regard to the 

significant interaction, errors mcreased with mcreased load weight when the large box 

was lifted, but varied vsdien the smaU box was Ufted. The average predicted and actual 

peak acceleration of the load are graphed by task condition for males and females m 

Figures 5.10 and 5.11, respectively. According to the hterature, peak vertical 

accelerations typicaUy occur m the range 4.9-6.3 m/s^ (Leskinen, 1985). As shown 

above in Table 5.6, both the average predicted and actual peak accelerations, 2.89 and 

3.59 m/s^,-respectively, as weU as the extreme minimum and maximum predicted and 

mmimum actual, were outside this range. 

The thkd goal related variable, the distance traveled by the load, was better 

predicted by the simulation model than either the peak velocity or acceleration as 

mdicated by the increase m the slope (0.755) and R^ (0.760) m Table 5.5 and the 

correlation shown by the scatter plot m Figure 5.12 which shows two distmctive 

groupmgs, one for floor-to-shoulder Ufts and one for floor-to-knuckle hfts. A t-test on 

the errors m travel distance (Tpj-gdicted • ^actual) across aU hfts mdicated that on 

average the distance traveled by the load in the simulation model was mcreased by 
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Table 5.5. Sunple Lmear Regression Equations for Load Variables. 
Actual=Intercept+Slope*Prediction 

Variable 

Peak Velocity (m/s) 

Peak Acceleration (m/s^) 

Distance Traveled (m) 

Intercept 

0.466 

1.855 

0.228 

Slope 

0.556 

0.289 

0.755 

R2 

0.391 

0.215 

0.760 

Table 5.6. Load Variable Statistics. 
PV = Peak Velocity, PA = Peak Acceleration, T = Travel of Load 

Load Variable 

PV Predicted 

(m/s) 

PV Actual 

(m/s) 

PA Predicted 

(m/s2) 

PA Actual 

(m/s2) 

Predicted T 

(m) 

Actual T 

(m) 

Mean 

1.22 

(Mean Pred. 
Error=6.6%) 

1.14 

3.59 

(Mean Pred. 
Error=24.2%) 

2.89 

1.49 
(Mean Pred. 

Error=10.4%) 

1.35 

Standard 

Deviation 

0.313 

0.278 

1.569 

0.979 

0.345 

0.299 

Minimum 

0.422 

0.321 

0.843 

0.630 

0.873 

0.858 

Maximum 

2.04 

1.93 

13.14 

5.75 

2.40 

1.88 

1 
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Figure 5.4. Peak Velocity of Load Scatter Plot: Predicted Versus Actual. 

Load Velocity Errors 
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Figure 5.5. Average Peak Velocity Prediction Error by Task Condition. 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 
Female (F) Load: Light = 4.5 kg, Medium =6.8 kg, and Heavy = 9.1 kg 
Male (M) Load: Light = 11.4 kg, Medhun = 15.9 kg, and Heavy = 20.4 kg 

72 



Peak Load Velocity (Male) 

en 

"E 

u 

> 

d 
0) 
H 

Light Medium 

Weightof Load 

Heavy 

H3-

FK-SB-A 

FK-SB-P 

FK-LB-A 

FK-LB-P 

FS-SB-A 

-^ FS-SB-P 

^— FS-LB-A 

-^ FS-LB-P 

Figure 5.6. Average Peak Velocity of Load by Task Condkion (Male). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Figure 5.7. Average Peak Velocity of Load by Task Condition (Female). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Figure 5.8. Peak Acceleration of Load Scatter Plot: Predicted Versus Actual. 
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Figure 5.9. Average Peak Acceleration Prediction Error by Task Condition. 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 
Female (F) Load: Light = 4.5 kg. Medium =6.8 kg, and Heavy = 9.1 kg 
Male (M) Load: Light =11.4 kg. Medium = 15.9 kg, and Heavy = 20.4 kg 
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Figure 5.10. Average Peak Acceleration of Load by Task Condition (Male). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Figure 5.11. Average Peak Acceleration of Load by Task Condition (Female). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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0.137 m (p<0.0001). An analysis of variance performed on these differences mdicated 

that Weight of Load (p<0.01) and Range of Lift (p<0.001) were significant. 

Figure 5.13 shows the errors for each subject and task condition. The errors m the 

predicted travel distance were larger m floor-to-shoulder hfts, and the errors mcreased 

with mcreased weights of Uft. The larger errors m floor-to-shoulder range hfts may be 

expected smce the deviation m the path accumulates over a longer distance. However, 

the mcrease m errors with mcreased weight of load was neither expected nor deskable 

smce this mcrease may requke more effort by the hfter to move the load over a longer 

distance and the effect is intensified as the weight mcreases. The average predicted 

and average distance traveled by the load are graphed by task condition for males and 

females in Figures 5.14 and 5.15, respectively. Table 5.6 contains simple statistics on 

the average predicted and actual distances traveled by the load. As stated above, 

contrary to expectations, the simulation model increased the distance traveled by the 

load by an average of 0.137 m The shnulation model was based on the assumption of 

minimum effort or mcreased efficiency, thus k was expected to decrease the distance. 

Instead the paths of the load predicted by the model were about 10.4 % longer on 

average than the paths produced by actual subjects. This result may have been due to 

the optimization routme which reached and stopped at a local optimum value rather 

than the desked global minimum value. 

5.2.2. Variables Related to the Compressional Force on the Spme 

The peak static L5/S1 compressional force, peak dynamic L5/S1 

compressional force and the relative tune of the peak dynamic compressional force 

were estimated for both the actual and predicted Ufts. Figures 5.16 and 5.17 contam 
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Figure 5.12. Distance Traveled by Load Scatter Plot: Predicted Versus ActuaL 
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Figure 5.13. Average Distance Prediction Error by Task Condition. 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 
Female (F) Load: Light = 4.5 kg, Medium = 6.8 kg, and Heavy = 9.1 kg 
Male (M) Load: Light = 11.4 kg. Medium =15.9 kg, and Heavy = 20.4 kg 
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Figure 5.14. Average Load Distance Traveled by Task Condition (Male). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Figure 5.15. Average Load Distance Traveled by Task Condkion (Female). 
FK = floor-to-knuckle; FS = floor-to-shoidder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Figures 5.16. Trajectory of Static Compressive Forces 
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Figure 5.17. Trajectory of Dynamic Conpressive Forces 
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three rephcations of the actual and predicted static and dynamic compressive force 

trajectories, respectively, for a female subject Uftmg the smaU box contammg the 

medium weight over the floor-to-shoulder range. 

The simple regression for the peak static compressional force provided m 

Table 5.7, with a slope approaching unity and large coefficient of determmation, and 

the scatter plot of actual versus predicted peak static compressional force m Figure 

5.18 mdicated that the model predictions corresponded very weU with the actual peak 

static con:q)ressional force values. A paked t-test performed on the static 

conq)ressional force prediction errors (FScomppfg ĵjo^g -̂FScompactuaO showed the 

mean error (11.3 N) was not significantly different from zero. Although overall, the 

mean error was not significant, an analysis of variance performed on the prediction 

errors was used to examine whether the errors varied with task and subject variables. 

The prediction errors were found to vary with subject and task condition; Table 5.8 

summarizes the significant fectors and Figure 5.19 shows the magnitude of the 

prediction errors for each task condition. The prediction errors were larger m floor-

to-knuckle range Ufts than hi floor-to-shoulder Ufts. Two range of hft mteractions 

were also present: The relatively larger errors appearing m the male floor-to-knuckle 

hfts was responsible for the Gender*Range mteraction; the sign of the errors when 

hfting over the floor-to-knuckle range as compaiQd to the floor-to-shoulder range was 

responsible for the Range*Weight mteraction. Figures 5.20 and 5.21 contammg the 

average peak predicted and actual static compressional forces under each task 

condkion for males and females, respectively, show the close correspondence between 

the actual and predicted peak static forces with changes m task condition. Table 5.9 

contams sknple statistics on the average predicted and actual peak static compression 

forces. 
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The simple regression for the peak dynamic L5/S1 congressional force 

provided m Table 5.7, with a slope approachmg unity and large coefficient of 

determmation, and the scatter plot of actual versus predicted peak dynamic 

compressional force m Figure 5.22 mdicated diat die model predictions corresponded 

quite weU with the actual peak dynamic compressional force values. A paked t-test 

performed on the dynamic compressional force prediction errors (FDcorq)predicted-

FDconqiactuaO showed the mean error (296.9 N) was significantly different from zero 

(p<0.0001); the shnulation model overpredicted the actual dynamic force by 5.2% on 

average. An analysis of variance performed on the prediction errors showed the 

errors varied by subject and task condkion; Table 5.8 summarizes the significant 

factors and Figure 5.23 shows the magnitude of the prediction errors for 

Table 5.7. Peak Compressional Force Linear Regression Coefficients 
Linear Model: F(actual) = Intercept + Slope*F(predicted) 

Peak Force 

Static L5/S1 

Conq)ressional 

Force 

Dynamic L5/S1 

Compressional 

Force 

Intercept 

180.0 

1016.2 

Slope 

0.960 

0.781 

R2 

0.984 

0.798 
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Figure 5.18. L5/S1 Static Conq)ressional Force Scatter Plot: 
Predicted Versus Actual. 
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Figure 5.19. Average Static Compressional Force 
Prediction Error by Task Condition. 

FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 
Female (F) Load: Light = 4.5 kg. Medium =6.8 kg, and Heavy = 9.1 kg 
Male (M) Load: Light = 11.4 kg, Mediiun = 15.9 kg, and Heavy = 20.4 kg 

82 



wmmmmm^m^ 

Static Compressional Force (Male) 

^ 6600-

w 6100 

5600 

Light Medium 

Weightof Load 

Heavy 

-A FK-SB-A 

^ FK-SB-P 

-• FK-LB-A 

3̂ FK-LB-P 

-a FS-SB-A 

-^ FS-SB-P 

i i — FS-LB-A 

-^ FS-LB-P 

Figure 5.20. Average Static Con:q)ressional Force by Task Condition (Male). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Figure 5.21. Average Static Compressional Force by Task Condition (Female). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Table 5.8. ANOVA Summary on Compressional Force Errors 

(Fcompprediction-FcompActtiaO 

Compressional 

Force Errors 

Static Error 

Dynamic Error 

Significant Effects 

Range (p<0.0001), Gender*Range (p<0.0001). 

Weight*Range (p<0.001) 

Weight (p<0.0001). Range (p<0.0001). Box (p<0.0001). 

Gender*Range*Box (p<0.05) 

Table 5.9. Con:q)ressional Force Summary Statistics. 

Variable 

Static L5/S1 

Force 

Predicted 

Static L5/S1 

Force Actual 

Dynamic 

L5/S1 Force 

Predicted 

Dynamic 

L5/S1 Force 

Actual 

Mean (N) 

4772.1 

(Mean Pred. 
Error=0.24%) 

4760.8 

5987.9 

(Mean Pred. 
Error=5.2%) 

5691.1 

Standard 

Deviation 

1020.4 

987.6 

1238.4 

1082.1 

Minimum 

(N) 

2956.6 

2932.7 

3565.4 

3373.3 

Maximum 

(N) 

7692.0 

7037.4 

9977.1 

8824.4 
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each task condition. The prediction errors were larger m floor-to-knuckle range lifts 

than m floor-to-shoulder lifts. The errors mcreased with mcreased weight of Uft and 

the errors were larger when the smaU box was Ufted. One mteraction, 

Gender*Range*Box was significant due to the relatively larger errors m the male 

floor-to-knuckle large box condition. Figures 5.24 and 5.25 contakiing the average 

peak predicted and actual dynamic compressional forces under each task condition for 

males and females, respectively, show the close correspondence between the actual 

and predicted peak dynamic forces with changes m task condition. Table 5.9 contams 

sinq)le statistics on the average predicted and actual peak dynamic conq)ressional 

forces. With respect to the time of peak occurrence, the actual peaked on average at 

17 % of the total lifting time and the predicted peaked an msignificant 3% later, at 

20% of the total tune. 

To summarize some values of peak dynamic compressional forces reported m 

the hterature: Garg et al. (1982) reported average peak dynamic L5/S1 compressional 

force values of 7570 N and 7840 N when subjects Ufted 29.4 kg m a box measuring 51 

cm m the sagittal plane, and 33.1 kg m a 38 cm box, respectively. Troup et al. (1983) 

reported values of 5765 N and 6039 N when subjects used a back Uft and leg Uft, 

respectively, to Uft a 15 kg load; and under Uke conditions, Leskmen (1985) reported 

6365 N and 5866 N, respectively. The summary statistics shown m Table 5.9 mdicate 

that the average actual (5691.1 N) and predicted (5987.9 N) peak dynamic L5/S1 

compressional forces estunated m this sttidy are withm the ranges reported by other 

researchers m studies performed under similar Uftmg conditions. 
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Figure 5.22. L5/S1 Dynamic Compressional Force Scatter Plot: 
Predicted Versus Actual. 
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Figure 5.23. Average Dynamic Compressional Force 
Prediction Error by Task Condition. 

FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 
Female (F) Load: Light = 4.5 kg. Medium =6.8 kg, and Heavy = 9.1 kg 
Male (M) Load: Light = 11.4 kg, Medmm =15.9 kg, and Heavy = 20.4 kg 
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Dynamic Compressional Force (Male) 
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Figure 5.24. Average Dynamic Corq)ressional Force by Task Condition (Male). 
FK = floor-to-knuckle; FS = floor-to-shoidder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Figure 5.25. Average Dynamic Conq)ressional Force by Task Condition (Female). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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5.2.3. Variables Related to the Moments at the Jomts 

The foUowmg variables related to the moments at the jomts were mvestigated: 

the value of the objective fimction, the total net muscular work across aU jomts (J), the 

percent relative work produced by each jomt (%), and the peak moment (Nm) and 

percent relative thne (%) of the peak moment at each jomt. 

5.2.3.1. Value of the Objective Function 

The value of the objective fimction was calculated as: 
2 

dt. 
. = o j = i - S j ( t ) ; 

OFV=}t^^*>' 

The sm:q)le Unear regression model (OFV^ctual = 0031 + 0.738*OFVpi-edicted-

R 2 = 0 . 8 5 9 ) which has a slope approaching unity and a large R^ , as weU as the scatter 

plot of Figure 5.26, mdicate that the predicted objective fimction values are highly 

correlated with the actual values. A paked conq)arison t-test performed on the 

differences between the actual and predicted values (OFVa^tual" ^^^modeO across 

aU Ufts mdicated that on average the model's OFV was larger by 0.317 (p<0.0001). 

An analysis of variance performed on the prediction errors mdicated the errors varied 

with subject and task condkion. The analysis of variance on these errors mdicated that 

die mam effects Range of Lift (p<0.05). Weight of die Load (p<0.001) and Size of die 

Box (p<0.0001) and mteractions Gender*Range (p<0.0001) and Gender*Range*Box 

(p<0.01) were significant. Figure 5.27 shows the magnitude of the prediction errors 

by task condition. The prediction errors were larger m floor-to-knuckle range lifts 

than in floor-to-shoulder. The prediction errors mcreased with mcreased weight of the 

load and were larger when the large box was lifted. The fact that the errors for the 
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female floor-to-knuckle lifts were smaUer than the floor-to-shoulder, whereas the 

opposite was true for the male lifting ranges, was responsible for the Gender*Range 

mteraction. The significant three-way interaction, Gender*Range*Box was the result 

of the errors hi the male floor-to-knuckle lifts which were at times larger for the smaU 

box than the large box; whereas they were smaUer with the smaU box m the remaining 

conditions. The average predicted and average OFVs are graphed by task condition 

for males and females m Figures 5.28 and 5.29, respectively. Table 5.10 contams 

simple statistics on the average predicted and actual OFVs. 

Although the objective fimction has been used to produce lifting simulation 

results, the values have not been documented m prior studies (Lee, 1988; Hsiang, 

1992; Lm, 1995), thus values for conq)arison were not avaUable. From Figures 5.28 

and 5.29, the OFVs are shown to mcrease with mcreases in range of Uft, size of box 

and weight of load lifted. 

5.2.3.2. Total Net Muscular Work and the Relative Work of Each Jomt 
T 5 

The total net muscular work (J) was calcidated as W = j ^ Mj(t)(^(t)dt. 
t=o j=i 

The model predictions of total net muscular work were highly correlated widi thek 

correspondmg actual values as mdicated by the slope which approached unity and the 

large R^ vahie m the Simple Lmear Regression con:q)uted for tiiis data 

(Wacttial =1101 + 0.890*Wpredicted; R^ = 0.818) and die scatter plot shown m 

Figure 5.30. A paked con[q)arison t-test performed on the differences between the 

acttial and predicted total work (Wmodel" ^acttial) across aU Ufts mdicated diat on 

average the model's W was significantly larger by 18.5 J (p<0.0001). An analysis of 
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Figure 5.26. Value of the Objective Function Scatter Plot: Predicted Versus Actual. 
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Figure 5.27. Average Objective Function Prediction Error by Task Condition. 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 
Female (F) Load: Light = 4.5 kg. Medium =6.8 kg, and Heavy = 9.1 kg 
Male (M) Load: Light = 11.4 kg, Medkun =15.9 kg, and Heavy = 20.4 kg 
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Figure 5.28. Average Objective Function Vahie by Task Condition (Male). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Figure 5.29. Average Objective Function Vahie by Task Condition (Female). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Table 5.10. Moment Variable Summary Statistics. 

Moment 
Variables 

OFV Predicted 

OFV Acttial 

Work Predicted 
(J) 

Work Acttial (J) 

Predicted Peak 
Melbow (Nm) 

Actual Peak 
Melhow (Nm) 
Predicted Peak 
Mshould (Nm) 

Actual Peak 
M^hniilH (Nm) 

Predicted Peak 
Mhip (Nm) 

Actual Peak 
Mî ip (Nm) 

Predicted Peak 
Mknee (Nm) 

Actual Peak 
Mvn^« (Nm) 

Predicted Peak 
Mankle (Nm) 

Actual Peak 
Mantle (Nm) 

Mean 

1.332 
(Mean Pred. 

Error=31.2%) 
1.015 

268.5 
(Mean Pred. 
Error=7.4%) 

250.0 

33.37 
(Mean Pred. 

Error=20.5%) 
27.69 

53.33 
(Mean Pred. 

Error=18.8%) 
44.90 

144.5 
(Mean Pred. 
Error=6.3%) 

136.0 

119.9 
(Mean Pred. 

Error=18.1%) 
101.6 

146.1 
(Mean Pred. 

Error=30.2%) 
112.2 

Standard 
Deviation 

0.744 

0.593 

93.52 

92.02 

15.46 

12.88 

24.56 

21.74 

34.44 

28.75 

46.42 

33.19 

58.40 

32.74 

Minimum 

0.338 

0.216 

121.4 

100.9 

11.37 

10.52 

16.45 

13.92 

81.89 

77.43 

46.68 

32.28 

60.66 

52.99 

Maximum 

3.696 

5.152 

578.9 

538.9 

81.09 

63.89 

123.7 

112.1 

257.7 

220.0 

346.7 

205.9 

455.1 

208.5 
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variance performed on the prediction errors of the work was used to examme whether 

the prediction errors were related to the task and subject variables. The prediction 

errors were found to vary with subject and task condition. The analysis of variance on 

diese differences mdicated that Gender (p<0.05). Range of Lkl (p<0.0001) and 

Gender*Range (p<0.0001) were significant. Figure 5.31 shows the magnitude of the 

prediction errors by task condition. The prediction errors were larger for males than 

for females. The prediction errors were larger in floor-to-knuckle range lifts than m 

floor-to-shoulder. The relatively large overpredictions appearing in the male floor-to-

knuckle lifts, as compared to underpredictions for females in some conditions, were 

responsible for the Gender*Range mteraction. The average predicted and average 

total net muscular work are graphed by task condition for males and females in Figures 

5.32 and 5.33, respectively, and Table 5.10 contains sin:q)le statistics on the average 

predicted and actual work. These figures show that the model predicts the total net 

muscular work performed by the lifter quite weU, with an average 7.4% overprediction 

error. 

The percent relative work performed by each jomt (%) were highly correlated 

with thek correspondmg actual values as indicated m Table 5.11 by the slopes which 

approach unity and the high R^ values. Figures 5.34 to 5.38 contam scatter plots of 

predicted versus actual RWj. The simulation model predicted the relative proportion 

of work performed by each jomt quke weU although a few outlymg predictions were 

produced. The percent relative work of each jomt may be considered to represent the 

total effort of each jomt and may be used to identify different hftmg strategies. For 

exanq)le, Gagnon and Smyth (1991) reported that when Uftmg heavier loads, the 

relative effort of the shoulder decreased whUe the effort of the hips and low back 

increased; when the range of lift mcreased, the shoulder effort mcreased. The high 
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Figure 5.30. Total Net Muscular Work Scatter Plot: Predicted Versus ActuaL 
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Figure 5.31. Average Net Muscular Work Prediction Error by Task Condition. 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 
Female (F) Load: Light = 4.5 kg, Medhun =6.8 kg, and Heavy = 9.1 kg 
Male (M) Load: Light = 11.4 kg, Medhun = 15.9 kg, and Heavy = 20.4 kg 
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Figure 5.32. Average Net Muscular Work by Task Condition (Male). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Figure 5.33. Average Net Muscular Work by Task Condition (Female). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Table 5.11. Percent Relative Jomt Work Sunple Lmear Regression Coefficients. 
Lmear Regression Model: RWj(actual) = hitercept + Slope*RWj(predicted) 

RWj (% Total) 

%Welhnw 

^Wshoidder 

%Whip ' 

%Wh,^, 

%W„„k,« 

Intercept 

0.007 

0.033 

0.106 

0.009 

0.058 

Slope 

0.956 

0.718 

0.828 

0.794 

0.588 

R2 

0.781 

0.607 

0.835 

0.789 

0.615 
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Figure 5.34. Proportion of Work by Elbow Scatter Plot: Predicted Versus Actual. 
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Figure 5.35. Proportion of Work by Shoulder Scatter Plot: Predicted Versus ActuaL 
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Figure 5.36. Proportion of Work by Hip Scatter Plot: Predicted Versus ActuaL 
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Figure 5.37. Proportion of Work by Knee Scatter Plot: Predicted Versus Actual 
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Figure 5.38. Proportion of Work by Ankle Scatter Plot: Predicted Versus ActuaL 
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correlation that existed between the predicted and actual work of the jomts mdicates 

that the shnulation model employed strategies shnUar to those adopted by the subjects. 

For example, as shown m Figures 5.36 and 5.37, there were two distmct strategies: a 

squat Uft m which the hip performed less and the knee more m both actual and 

simulated lifts; and a stoop Uft m which the hips performed a larger amount of the total 

work. 

5.2.3.3. Peak and Time of Peak Jomt Moments 

The peak moment at each jomt, as weU as the relative occurrence time of the 

peak moment, was determmed for both the predicted and actual Ufts. Figures 5.39 to 

5.43 contain three repUcations each of actual and predicted moment trajectories of the 

elbow, shoulder, hip, knee and ankle for a female liftmg the medium weight, smaU box 

over the floor-to-shoulder range. The sinq)le linear regression for the peak elbow 

moments provided in Table 5.12, with a slope approaching unity and large R^ value, 

and the scatter plot of actual versus predicted peak elbow moments of Figure 5.44 

indicate that the model predictions corresponded weU with the actual peak elbow 

moments. A paired t-test performed on the elbow moment prediction errors 

(MEpredicted'̂ ^^actuaO showed the mean error (5.67 Nm) was significant 

(p<0.0001); ie., the simulation overpredicted the peak elbow moments of the actual 

lifters. An analysis of variance performed on the prediction errors found they varied 

with subject and task condition; Table 5.13 summarizes the significant effects and 

Figure 5.45 shows the magnitude of the prediction errors for each task condition. The 

prediction errors were larger for males than for females. The prediction errors were 

also larger m floor-to-knuckle range lifts than m floor-to-shoulder, and mcreased with 

mcreased load weight. Two range of Uft mteractions were also present: the relatively 
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Figure 5.39. Trajectory of Elbow Moments. 
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Figure 5.40. Trajectory of Shoidder Moments. 
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Hip Moment Trajectory 
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Figure 5.41. Traj ectory of Hip Moments. 
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Figure 5.42. Trajectory of Knee Moments. 
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Figure 5.43. Trajectory of Ankle Moments. 

larger errors iu the male floor-to-knuckle Ufts, especiaUy when Uftmg a heavy weight, 

were responsible for the Gender*Range and Range*Weight mteractions. Figures 5.46 

and 5.47 contahiing the average peak predicted and actual elbow moments under each 

task condition for males and females, respectively, show the close correspondence 

between the actual and predicted peak moments with changes m task condition. Table 

5.10 contahis simiple statistics on the average predicted and actual peak elbow 

moments. With respect to the thne of occurrence of the peak elbow moment, the 

actual peaked near the end of the Uft at 94% of the total hftmg thne on average and the 

predicted peaked 9% earUer, at 85% of the total thne. 
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Table 5.12. Peak Moment Lmear Regression Coef&cients. 
Lmear Model: Mj(actual) = Intercept + Slope*Mj(predicted) 

Peak Moment, 

Melbow 

Mshmilder 

Mhip 

Mloiee 

M^iikle 

Intercept 

1.26 

-0.56 

24.77 

24.58 

56.16 

Slope 

0.792 

0.852 

0.769 

0.642 

0.384 

R2 

0.905 

0.928 

0.849 

0.806 

0.469 

Table 5.13. ANOVA Summary on Moment Errors (MpredJction-MActuaO-

Moment Errors joitit) 

Error(Elbow) 

Error(shoulder) 

Error(jBp) 

Error(Knee) 

Error(Ankle) 

Significant Effects 

Gender (p<0.0001), Range (p<0.0001). Weight (p<0.0001), 

Gender*Range (p<0.0001), Weight*Range (p<0.001) 

Gender (p<0.01). Weight (p<0.0001), 

Weight*Range (p<0.01) 

Range (p<0.0001), Weight (p<0.0001), 

Gender*Box (p<0.01), Gender*Range*Box (p<0.01) 

Gender (p<0.05). Range (p<0.0001), 

Gender*Range (p<0.0001) 

Gender (p<0.05). Range (p<0.0001), 

Gender*Range (p<0.0001) 
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Figure 5.44. Peak Moments at Elbow Scatter Plot: Predicted Versus Actual. 
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Figure 5.45. Average Peak Elbow Moment Prediction Error by Task Condition. 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 
Female (F) Load: Light = 4.5 kg. Medium =6.8 kg, and Heavy = 9.1 kg 
Male (M) Load: Light = 11.4 kg, Medhim = 15.9 kg, and Heavy = 20.4 kg 
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Figure 5.46. Average Peak Elbow Moment by Task Condition (Male). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Figure 5.47. Average Peak Elbow Moment by Task Condition (Female). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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The sm^le regression for the peak shoulder moments provided above m Table 

5.12, with hs slope approachmg unity and large coefficient of determmation, and the 

scatter plot of actual versus predicted peak shoulder moments m Figure 5.48 mdicate 

that the shnulated predictions correspond weU with the actual peak shoulder moments. 

A paked t-test performed on the prediction errors of the shoulder moments 

(MSprejjicted"MSactual) showed the mean error (8.43 Nm) was significant 

(p<0.0001); the simulation model overpredicted the peak shoulder moment by 8.43 

Nm on average. An analysis of variance performed on the prediction errors found the 

errors varied with subject and task condhions; Table 5.13 above summarized the 

significant factors and Figure 5.49 shows the magnitude of the prediction errors by 

task conditions. The prediction errors were larger for males than for females and the 

errors increased with increased weight of load lifted; i.e., larger errors occurred at 

heavier weights of lift. One interaction. Range* Weight, was significant due to the 

relatively larger errors appearing in heavy floor-to-knuckle lifts as compared to the 

remaining combinations of range and weight. Figures 5.50 and 5.51 containing the 

average peak predicted and actual shoulder moments under each task condition for 

males and females, respectively, show the close correspondence between the actual 

and predicted peak moments under each task condition. Table 5.10 contams simple 

statistics on the average predicted and actual peak shoulder moments. With respect to 

the time of peak occurrence, the actual peaked near the end of the Uft on average at 

96% of the total Uftmg thne and the predicted peaked 5% earUer, at 91% of the total 

time. 

The peak hip moments are predicted quite weU by the shnulation model as 

shown m Table 5.12 by the slope of the sunple Unear regression which approaches 

unity, the large R ,̂ and the scatter plot of actual versus predicted peak hip moments 
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Figure 5.48. Peak Moments at Shoulder Scatter Plot: Predicted Versus Actual 
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Figure 5.49. Average Peak Shoulder Moment Prediction Error by Task Condition. 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 
Female (F) Load: Light = 4.5 kg, Medium =6.8 kg, and Heavy = 9.1 kg 
Male (M) Load: Light = 11.4 kg, Medhun = 15.9 kg, and Heavy = 20.4 kg 
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Figure 5.50. Average Peak Shoulder Moment by Task Condition (Male). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Figure 5.51. Average Peak Shoulder Moment by Task Condition (Female). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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showmg the correlation between the two m Figure 5.52. A paked t-test performed on 

the hq) moment prediction errors (MHpj-etiicted-MHactuaL) showed the mean error 

(8.58 Nm) was significantly different from zero (p<0.0001). An analysis of variance 

performed on the prediction errors of the hip moments found they varied with subject 

and task conditions; Table 5.13 summarizes the significant factors and Figure 5.53 

shows the magnitude of the prediction errors by task condition. The prediction errors 

were larger m floor-to-knuckle range Ufts than m floor-to-shoulder hfts; they also 

increased with increased weight of load lifted. Two interactions were significant: 

Gender*Box and Gender*Range*Box. The relatively large overprediction errors 

when males lifted the large box as compared to the smaU box, particularly m floor-to-

knuckle lifts, versus the fact that on average the errors for females were smaUer since 

the model tended to imderpredict rather than overpredict hip moments when females 

lifted the large box, were responsible for these interactions. Figures 5.54 and 5.55 

show the average peak predicted and actual hip moments under each task condhion 

for males and females, respectively. These figures depict the close correspondence 

between the predicted and actual moments, but highUght the large prediction errors m 

the male flpor-to-knuckle, large box condition. With respect to the time of peak 

occurrence, the actual peaked on average at 36% of the total liftmg time and the 

predicted peaked 2% later, at 38% of the total tune on average. 

Table 5.10 contams suiq)le summary statistics on both the predicted and actual 

peak hip moments. The predicted peak hip moments, for one hip, ranged from 81.9 

Nm to 257.7 Nm, with an average value of 144.5 Nm; whUe the actual ranged from 

77.4 Nm to 220.0 Nm with an average of 136.0 Nm Garg et al. (1982) reported peak 

hip moments of 452 Nm when subjects Ufted a 29.4 kg load m a box measuring 51 cm 

m the sagittal plane and 475 Nm for a 33.1 kg load m a 38 cm box.Troup et al. 
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Figure 5.52. Peak Moments at Ifip Scatter Plot: Predicted Versus ActuaL 
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Figure 5.53. Average Peak Hip Moment Prediction Error by Task Condhion. 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 
Female (F) Load: Light = 4.5 kg. Medium =6.8 kg, and Heavy = 9.1 kg 
Male (M) Load: Light = 11.4 kg, Medhun = 15.9 kg, and Heavy = 20.4 kg 
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Figure 5.54. Average Peak Hip Moment by Task Condition (Male). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Figure 5.55. Average Peak Hip Moment by Task Condition (Female). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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(1983) reported values of 346 Nm and 263 Nm when subjects used a back hft and leg 

hft, respectively, to Uft a 15 kg load. Schipplem et aL (1990) reported peak hip 

moments for one hip of 119 Nm and 185 Nmfor loads of 5.1 kg and 25.5 kg, 

respectively. In comparison, the peak hip moments found m this study feU withm the 

range estabhshed by these researchers. 

The peak knee moments, though less weU predicted than the elbow, shoidder 

and hip peak moments as shown m Table 5.12 by the smaUer slope of the smq)le Unear 

regression and R^ value, were stiU highly correlated with the actual knee moments (R^ 

= 0.806) as shown by the scatter plot m Figure 5.56. A paked t-test performed on the 

prediction errors of the peak knee moments (MKpj-gjjjcted'^^actual) found the mean 

error (18.37 Nm) was significantly different from zero (p<0.0001). The analysis of 

variance performed on the prediction errors of the knee moments found the prediction 

errors varied with subject and task condition; Table 5.13 above summarizes the 

significant factors and Figure 5.57 shows the magnitude of the prediction errors by 

task condition. The prediction errors were larger for males than for females; the 

prediction errors were larger m floor-to-knuckle range lifts than m floor-to-shoulder 

lifts. A significant Gender*Range mteraction occurred smce females had 

approximately equal errors in both ranges of Uft; whereas males had larger errors m the 

floor-to-knuckle range than m the floor-to-shoulder range. Figures 5.58 and 5.59 

show the average predicted and actual peak knee moments under each task condition 

for males and females, respectively; the mcrease m errors m male lifters is obvious 

when comparing these two flgures. With respect to the time of peak occurrence, the 

actual peaked on average at 94% of the total Uftmg tune and the predicted peaked 4% 

earUer, at 90% of the total thne. 
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Figure 5.56. Peak Moments at Knee Scatter Plot: Predicted Versus ActuaL 
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Figure 5.57 Average Peak Knee Moment Prediction Error by Task Condition. 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 
Female (F) Load: Light = 4.5 kg. Medium = 6.8 kg, and Heavy = 9.1 kg 
Male (M) Load: Light = 11.4 kg, Medhun =15.9 kg, and Heavy = 20.4 kg 

113 



. ^ • - . . . . . 

Knee Moments (Male) 

Light Medium 

Weightof Load 

Heavy 

- E D -

FK-SB-A 

FK-SB-P 

FK-LB-A 

FK-LB-P 

FS-SB-A 

-^ FS-SB-P 

m— FS-LB-A 

-^ FS-LB-P 

Figure 5.58. Average Peak Knee Moment by Task Condition (Male). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Figure 5.59. Average Peak Knee Moment by Task Condition (Female). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Table 5.10 contams sunple statistics on the average predicted and actual peak 

knee moments. The predicted peak knee moments for one knee ranged from 46.7 Nm 

to 346.7 Nm, with an average value of 119.9 Nm; whUe the actual ranged from 32.3 

Nm to 205.9 Nm with an average of 101.6 Nm Garg et aL (1982) reported peak knee 

moments of 260 Nm when subjects Ufted a 29.4 kg load m a box measuring 51 cm m 

die sagittal plane and 287 Nm for a 33.1 kg load m a 38 cm box. Schipplem et aL 

(1990) reported peak knee moments for one knee of 13 Nm and 53 Nm for loads of 

5.1 kg and 25.5 kg respectively. In conq)arison, there was a smaU subset of predicted 

peak knee moments that were larger than the values estabhshed by other researchers; 

however, the actual peak knee moments and the majority of the predicted peak knee 

moments faU within the estabhshed range. 

The single regression (Table 5.12) and the scatter plot of actual versus 

predicted peak ankle moments (Figure 5.60) indicate that the peak moments at the 

ankle joint were more poorly predicted than at the other four joints; e.g. the slope 

(0.384) and R^ = 0.469 indicate that the predicted peak ankle moments were not 

sufficiently correlated with the actual to be defined by the sunple hnear regression. A 

paired t-test performed on the ankle moment prediction errors (MApj-ĝ jjcted" 

MAactual) showed the mean error differed from zero (p<0.0001); the shnulation 

model overpredicted by an average of 33.83 Nm Table 5.13 summarizes the factors 

found to be significant m the analysis of variance performed on the prediction errors of 

the peak ankle moments and Figure 5.61 shows the magmtude of the prediction errors 

for each task condition. The relationship between the task conditions and the 

prediction errors at the ankle were similar to those at the knee; i.e., the prediction 

errors were larger for males than for females and larger m floor-to-knuckle range Ufts 

than m the floor-to-shoulder hfts. A significant Gender*Range mteraction occurred 
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smce both ranges of Uft had approxhnately equal errors m females; whereas, the males 

had larger errors m die floor-to-knuckle range than m die floor-to-shoulder range. 

Figures 5.62 and 5.63 show the average peak predicted and actual ankle moments 

under each task condition for males and females, respectively. Table 5.10 contams 

sunple statistics on the average predicted and actual peak ankle moments. With 

respect to die tune of peak occurrence, the actual peaked on average at 84 % of the 

total hftmg tune and die predicted peaked 8% earUer, at 76 % of die total tune. 

5.3. Sensitivitv to Model Inputs 

In order to run the shnulation model, several mputs are requked mchiding the 

mitial and final postural configurations, the weight of the load, the dunension of the 

contamer m the sagittal plane, the tune requued to perform the Uft and the height, 

weight, strength percentUe and gender of the Ufter. 

This section of the results considered the case of an evaluator who was using 

the simulation model to mvestigate a hfthig situation m which mput data from an 

actual lift may not have been available or avaUable with any degree of accuracy. It was 

of interest to ensure that the simulation produced outputs that were consistent with the 

principles of biomechanics when used m an exploratory manner. An mvestigation of 

the sensitivity of the simulation outputs to variations m the values of the hiputs was 

performed. The investigation was performed in two parts: the first part examined the 

effects due to variations m subject variables (gender, strength percentUe, 

height/weight/MAWL percentUe), assummg mean values based on the data coUected m 

the experimental session for the remaming mput variables (mitial angles, final angles 

and time to perform the lift). The second part examhied the effects due to systematic 

variations in the initial angles of the joints, final angles of the joints and 
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Figure 5.60. Peak Moments at Ankle Scatter Plot: Predicted Versus ActuaL 
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Figure 5.61. Average Peak Ankle Moment Prediction Error by Task Condition. 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 
Female (F) Load: Light = 4.5 kg. Medium =6.8 kg, and Heavy = 9.1 kg 
Male (M) Load: Light =11.4 kg. Medium =15.9 kg, and Heavy = 20.4 kg 
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Figure 5.62. Average Peak Ankle Moment by Task Condition (Male). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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Figure 5.63. Average Peak Ankle Moment by Task Condition (Female). 
FK = floor-to-knuckle; FS = floor-to-shoulder; SB = smaU box; LB = large box; 

A = actual; P = predicted 
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time to perform the lift within a limited range taken to define a normal Uft as identified 

by the data coUected m the experimental session. An evaluation of the senskivity of 

the peak moments at the joint m each case is presented. 

5.3.1. Variations in Subject Inputs 

A liftmg scenario for use m the shnulation was defined by the foUowmg subject 

and task characteristics. A 30.5 cm container was lifted at a normal speed over two 

ranges of lift: floor-to-shoidder and floor-to-knuckle. Effects on the 10th, 50th and 

90th body size percentUe male and female lifters were evaluated when the load was at 

their respective maximum capacity. The moment strengths of the joints were varied 

as: 10th, 50th and 90th percentUes. 

A set of 36 Ufts was shnulated (2 genders x 3 body percentUes x 3 strength 

percentUes x 2 ranges of lift). The body size percentUes (10th, 50th and 90th) were 

given m Table 4.3 and defined as foUows: the lOth body size percentUe was the 

simidtaneous 10th percentUe weight, body height and one-thne maxhnum acceptable 

weight of Uft. For example, the 10th body size percentUe was defined as the 10th 

percentUe height, 10th percentUe body weight (Kroemer, Kroemer and Kroemer-

EVbeit, 1994) and 90th percentUe recommended weight of Uft (Mital, Nicholson and 

Ayoub, 1993) for the designated gender. The Xdi strength percentUe (10th, 50th or 

90th) was defined as the shnultaneous Xth percentUe elbow, shoulder, hip, knee and 

ankle jomt moment strength (Stobbe, 1982). 

WhUe mputs definmg the gender, body size percentUe and strength percentUe 

were varied, the remammg mputs (tune to perform the Uft and the mitial and final 

postural configurations) were held constant. The values used for these mputs were the 

119 



'71 """Tsmsma T-^^m^^^^^^^^ 

average values obtamed from the eight subjects who performed freestyle Ufts m the 

experimental sessions. 

Average values used for the thne to perform the hft were from the 

experimental data. An analysis of variance on tune mdicated the effects Range of hft 

(p<0.0001). Box (p<0.0001) and Gender*Box (p<0.05) were significant. 

The mean tune for use m the shnulation was calculated for each (Range x Box) 

condition. Smce the 30.5 cm contamer was constant m the simulation nms m this 

section, only the data pertammg to this contamer (smaU box) are reported; weight of 

load was not significant to the thne, therefore Ufthig times were averaged across aU 

weights. Table 5.14 contains the mean, standard deviation and miniTTnim and 

maxhnum hftmg times for floor-to-knuckle and floor-to-shoulder lifts. 

Table 5.14. Thne of Lift. 

Range of Lift 

Floor-to-

Knuckle 

Floor-to-

Shoulder 

Mean Time 

(sec) 

1.77 

2.43 

Standard 

Deviation 

0.314 

0.429 

Minimum 

Time 

1.22 

1.74 

Maximum 

Time 

3.03 

3.67 

Average values used for the mitial postural configurations were obtained in a 

simUar manner. Analyses of variance on the dependent response variables, initial 

angles of the jomts, mdicated the effects Usted m Table 5.15 were significant. 
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Table 5.15. ANOVA Summary on Initial Angular Posture 

Initial Angle of Joint 

Elbow 

Shoulder 

Significant Effects 

Gender (p<0.05). Range (p<0.0001). Box (p<0.0001), 

Gender*Range (p<0.05), Gender*Box (p<0.0001) 

Range (p<0.05). Box (p<0.05), 

Gender*Range (p<0.01), Gender*Box (p<0.001) 

Hip Weight (p<0.01). Range (p<0.05). Box (p<0.01), 

Gender*Range (p<0.01) 

Knee Weight (p<0.01). Range (p<0.0001), 

Gender*Range (p<0.05), Gender*Box (p<0.001) 

Ankle Gender*Box (p<0.0001) 

Smce Table 5.15 mdicates the Range, Box and Weight mam effects and/or 

mteractions each affected several of the jomt angles, the average mitial jomt posture 

for use in the simulation was calculated for each (Range x Box x Weight) condition 

and entered mto the corresponding nm of the simulation. Although gender m the 

elbow angle and gender mteractions were significant, identical angles were used as 

mputs for both genders m the shnulation. Smce use of the 30.5 cm contamer and 

MAWL were held constant m the simulation runs, only the data pertammg to the 30.5 

cm contamer (smaU box) and heavy load weight is reported. Table 5.16 contams the 

mean, standard deviation and mmunum and maxhnum mitial angular posture of the 

jomts for floor-to-knuckle Ufts; Table 5.17 contams shnUar data for floor-to-shoulder 

Ufts. 
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Table 5.16. hiitial Angular Posture for Floor-to-Knuckle Lifts (N=24). 

Jomt 

Elbow 

Shoulder 

Hip 

Knee 

Ankle 

Mean Angle 

(radians) 

-1.3342 

-1.8053 

-0.0189 

2.1605 

1.2921 

Standard 

Deviation 

0.0838 

0.0839 

0.1579 

0.1993 

0.1539 

Minimum 

Angle 

-1.4813 

-1.9768 

-0.1985 

1.9354 

1.0443 

Maximum 

Angle 

-1.2104 

-1.6193 

0.3196 

2.5829 

1.4793 

Table 5.17. Initial Angular Posture for Floor-to-Shoulder Lifts (N=24) 

Joint 

Elbow 

Shoulder 

Hip 

Knee 

Ankle 

Mean Angle 

(radians) 

-1.2867 

-1.7740 

0.0025 

2.2350 

1.2844 

Standard 

Deviation 

0.1066 

0.0850 

0.1619 

0.2040 

0.1404 

Minimum 

Angle 

-1.4471 

-1.9942 

-0.2257 

1.9798 

1.0462 

Maximum 

Angle 

-1.0844 

-1.6504 

0.2938 

2.6093 

1.4897 

Average values used for the final posttu-al configuration were obtamed m a 

simUar manner. Analyses of variance on the dependent response variables, final angles 

of the jomts, mdicated die effects Usted m Table 5.18 were significant. 

Smce the Range, Box and Weight mam effects and/or mteractions were 

significant to aU jomts, the mean final jomt posture for use m the shnulation was 
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Table 5.18. ANOVA Summary on Fmal Angular Posture 

Final Angle of Joint 

Elbow 

Shoulder 

Significant Effects 

Weight (p<0.0001). Range (p<0.0001). 

Box (p<0.0001), Gender*Range (p<0.0001), 

Range*Weight (p<0.01), Range*Box (p<0.05) 

Weight (p<0.001). Range (p<0.0001). Box (p<0.0001), 

Range*Weight (p<0.0001), Range*Box (p<0.0001) 

Hip Range (p<0.0001). Box (p<0.0001), 

Gender*Range (p<0.0001), Range*Box (p<0.01) 

Knee Range (p<0.0001). Box (p<0.01), 

Gender*Range (p<0.01), Range*Weight (p<0.05) 

Ankle Range (p<0.0001). Box (p<0.0001) 

calculated for each (Range x Box x Weight) condition. Although gender mteractions 

were significant, identical angles were used as inputs for both genders into the 

simulation. Smce use of the 30.5 cm contamer and MAWL were held constant m the 

shnulation runs, only the data pertammg to the 30.5 cm contamer (smaU box) and 

heavy load weight is reported. Table 5.19 contams the mean, standard deviation and 

minimum and maxunum mitial angular posture of the jomts for floor-to-knuckle hfts 

and Table 5.20 contams this data for floor-to-shoulder Ufts. 

Usmg the mean liftmg tunes from Table 5.14, mean mitial angles of the jomts 

from Tables 5.16 and 5.17, and die mean final angles of the jomts from Tables 5.19 

and 5.20, the 36 Ufts were shnulated to determme the effects on the predicted peak 

moments due to the subject variables from Table 4.3. 

123 



Table 5.19. Fmal Angular Posture for Floor-to-Knuckle Lifts (N=30) 

Jomt 

Elbow 

Shoulder 

Hip 

Knee 

Ankle 

Mean Angle 

(radians) 

-0.6794 

-1.1800 

0.6422 

1.7267 

1.5367 

Standard 

Deviation 

0.1291 

0.1802 

0.1117 

0.0749 

0.0966 

Minimum 

Angle 

-.09274 

-1.6185 

0.4804 

1.5989 

1.3544 

Maximum 

Angle 
^L. 

-0.4352 

-0.9413 

0.8343 

1.8995 

1.7203 

Table 5.20. Fmal Angular Posttu-e for Floor-to-Shoulder Lifts (N=30) 

Joint 

Elbow 

Shoulder 

Hip 

Knee 

Ankle 

Mean Angle 

(radians) 

0.0392 

-0.3888 

1.4239 

1.5771 

1.4934 

Standard 

Deviation 

0.1334 

0.2038 

0.1002 

0.0797 

0.0817 

Minimum 

Angle 

-0.1735 

-0.7645 

1.3058 

1.4442 

1.3496 

Maximum 

Angle 

0.3195 

-0.0977 

1.6316 

1.7559 

1.6553 
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The residtant peak moments at the joints were subjected to 

ANOVA/MANOVA tests which considered the effects of Gender, Body Size 

PercentUe nested imder Gender, Strength PercentUe, Range of Lift and the appropriate 

two-way mteractions. Table 5.21 lists the effects found to be significant m these 

analyses. The peak moments experienced at each jomt are graphed m Figures 5.64 

through 5.68 to show the effects of gender, range of lift and body size percentUe; 

strength percentUe was not significant therefore the moments were averaged across the 

three strength percentUes. 

The analyses showed that the peak moments at each joint increased with 

mcreased body size percentUe. This residt is consistent with biomechanical 

expectations. An increase in body weight, height and an increase in the load lifted 

should act to increase the peak moments. Similarly, males experienced greater peak 

moments at the joints for the same reason. As shown hi the graphs, the range of lift 

had a strong effect on the moments at the shoulder, with the floor-to-shoulder range 

causmg greater peak moments, and at the knee, with the floor-to-knuckle range 

causmg greater peak moments. The range of Uft had only a weak effect on the peak 

moments at the elbow, hip and ankle. The effect of strength percentUe was found to 

be insignificant. 

5.3.2. Sensitivitv to Time and Posttu-al Configuration hiputs 

The mean values of the mitial and final posttu"al configurations and tune to 

perform the Uft were obtamed from the experimental data as described above. The 

mean thne and mitial and final angles of die jomts for hftmg a 30.5 cm box over the 

floor-to-knuckle range were Usted m Tables 5.14, 5.16, and 5.19. From die mean 
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Table 5.21. ANOVA Summary on Sensitivity to Subject Variables 

Peak Moment of Joint 

Elbow 

Significant Effects 

Gender (p<0.0001). Body Size PercentUe (p<0.0001) 

Shoulder Gender (p<0.0001). Range of Lift (p<0.0001). 

Body Size PercentUe (p<0.0001) 

Hip Gender (p<0.0001). Body Size PercentUe (p<0.0001) 

Knee Gender (p<0.0001). Range of Lift (p<0.0001), 

Body Size PercentUe (p<0.0001) 

Ankle Gender (p<0.0001). Body Size PercentUe (p<0.0001) 

Peak ElbowMoment 

80 ^ 

10th 50lh 

Body Percentile 

90th -m-

FK-Male 

-^— FS-Male 

FK-Female 

FS-Female 

Figure 5.64. Peak Elbow Moments Versus Subject Inputs. 
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Peak Shoulder Moment 

140 _ 
^ 120 

FK-Male 

10th 50th 

Body Percentile 

90th 

-k— FS-Male 

-• FK-Female 

H23 FS-Female 

Figure 5.65. Peak Shoulder Moments Versus Subject Inputs. 

Peak Hip Moment 

-m— FK-Male 

I — A FS-Male 

FK-Female 

lOlh 50lh 

Body Percentile 

90th 
-E3- FS-Female 

Figure 5.66. Peak Ifip Moments Versus Subject Mputs. 
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Peak Knee Moments 

250 ^ 

10th 50th 

Body Percentile 

90th 

FK-Male 

-^— FS-Male 

-m-

FK-Female 

FS-Female 

Figure 5.67. Peak Knee Moments Versus Subject Inputs. 

Peak Ankle Moment 

10th 50th 

Body Percentile 

FK-Male 

-^— FS-Male 

-m-

FK-Female 

FS-Female 

Figure 5.68. Peak Ankle Moments Versus Subject Inputs. 
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values, five levels of mitial jomt postural angles (mean, mean ±1 degree, and mean ±5 

degrees), five levels of final jomt postural angles (mean, mean ±1 degree, and mean 

±5 degrees) and five levels of tune to perform the Uft (mean, mean ±0.25 sec, and 

±0.50 sec) were set. The five mitial jomt postural angles (elbow, shoulder, hip, knee 

and ankle) were varied from the mean by ±1 degree or ±5 degrees simultaneously, not 

mdividuaUy and Ukewise for the final jomt posture. A total of 125 Uftmg trials were 

shnulated (5 mitial angles x 5 final angles x 5 hfthig tunes) for a 50th percentUe (body 

size and strength) female lifting a 30.5 cm container over the floor-to-knuckle range. 

The predicted peak moments produced by the simulation model were subjected 

to ANOVA/MANOVA tests; the main effects time, mitial and flnal angles and aU two-

way mteractions were considered. Table 5.22 Usts the factors found to be significant 

in these analyses. The time taken to perform the lift was highly significant hi the peak 

moments of aU joints. Figure 5.69 shows that the fastest Ufts, i.e., those that required 

the shortest time (mean - 0.5 sec), had the highest peak moments at aU jomts and the 

peak moments tended to decrease with increased time. This result is consistent with 

biomechanical expectations shice a decreased Uftmg tune (or mcreased speed of Uft) 

should act to mcrease the dynamic moment conq)onent of the Uft. The exception to 

this result was that the Ufts takmg the longest thne had une?q)ectedly high peak 

moments suggestmg that the objective fimction used m the shnulation may not be as 

effective over long Uftmg durations. The final posttu-al angle mam effect, shown m 

Figure 5.70, was significant to aU jomts moments except for the hip m which hs 

mteraction widi tune proved significant. In die elbow and shoulder jomts, the peak 

moments mcreased widi mcreases m the final angles. This result may be explamed by 

the fact that the mean tunes of occurrence of the peak elbow and shoulder moments 

are m the late stages of the Uft. Increases m the final angles of these jomts causes die 
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ler final height of the destmation to mcrease. This requkes that die load be Ufted highe 

and may result m mcreased peak moments at diese jomts. In die knee and ankle jomts, 

diere was an opposke trend, i.e., die peak moments tended to decrease widi mcreased 

final angles. This result is opposke to the upper jomts altiiough Uke them, die peak 

moments at the knee and ankle occurred late m die shnulated Ufts. This result may be 

due to reaction of die moments at die hip which experienced die greatest peak moment 

at the mean final angle and decreased as the angle varied from the mean. The mitial 

angle mam effect, shown m Figure 5.71, was significant only at the knee jomt m which 

the smaUer angles resulted m greater peak moments. Although die findmgs m diis 

section of significance m the output peak moments of the shnulation may be 

undeskable from an evaluator's pomt of view smce human visual perceptual error 

occurs m the region of ± 5 degrees when visuaUy estunatmg the angles of the body 

jomts, the results appear consistent with the principles of biomechanics. 

Table 5.22. ANOVA Summary on Sensitivity to Time and Postural Configuration 

Peak Moment of Joint 

Elbow 

Shoulder 

Hip 

Knee 

Ankle 

Significant Effects 

Tune (p<0.0001), Fmal Angle (p<0.05) 

Thne (p<0.001), Fmal Angle (p<0.0001) 

Tune (p<0.0001), Thne*Fmal Angle (p<0.05) 

Tune (p<0.0001), hiitial Angle (p<0.01), 

Fmal Angle (p<0.0001), hiitial*Fmal (p<0.05) 

Tune (p<0.0001), Fmal Angle (p<0.0001), 

Initial*Fmal(p<0.01) 
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Elbow Moment 

0 60 

I40. 
1 20-

1 oj 
.5 -.25 AT +.25 -hb 

Time of Ll f t (sec) 

Shoulder Moment 

.5 -.25 AT 4:25 +5 

Time of Llf t(sec) 

Hip Moment 

.5 .25 AT +25 +5 

Time of Lift (sec) 

Knee Moment 

.5 -.25 AT +25 +5 

Time of Lift (sec) 

Ankle Moment 

.5 .25 AT +25 +5 

Time of Li f t (sec) 

Figure 5.69. Peak Moments Versus Thne of Lift. 
AT = Average Tune 
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ElbowMoment 

-5 -1 AA +1 45 

Final Angular Posture 

Shoulder Moment 

-5 -1 AA +1 45 

Final Angular Posture 

Hip Moment 

-5 -1 AA 41 45 

Final Angular Posture 

Knee Moment 

I 200-
^ 150-
g 100-
S 50-
5 0 

-5 -1 AA 41 45 

Final Angular Posture 

Ankle Moment 

o* 300^ 

S 200-

« 100 

5 0 tlut 
.5 -1 AA 41 45 

Final Angular Posture 

Figure 5.70. Peak Moments Versus Fmal Posttu-e. 
AA = Average Angle (Fmal) 
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Elbow Moment 

-5 -1 AA 41 45 

Initial Angular Posture 

Shoulder Moment 

-5 -1 AA 41 45 

Initial Angular Posture 

Hip Moment 

-5 -1 AA 41 45 

Initial Angular Posture 

Knee Moment 

-5 -1 AA 41 45 

Initial Angular Posture 

Ankle Moment 

-5 -1 AA 41 45 

Initial Angular Posture 

Figure 5.71. Peak Moments Versus Initial Posture. 
AA = Average Angle (Initial) 
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CHAPTER 6 

DISCUSSION AND CONCLUSIONS 

6.1 Weights m the Objective Function 

A set of weights was developed based on the proportional contribution each 

jomt made in the actual lifts to the value of the objective fimction and mserted mto the 

simulation model's objective fimction. The MSE criterion was used to compare the 

joint angular position-time trajectories of the weighted objective function to the 

unweighted objective function. Based on paked t-tests of the MSE's, the weighted 

objective function was not found to significantly inq)rove the predictions of the modeL 

Instead, it was shown that the simulation is driven by the constraints set; i.e., untU aU 

of the constraints are satisfied, the weights have no effect on the minimization process. 

Thus the constrahits strongly affect the optimization process; whereas the weights 

have an effect only when all constraints are satisfied, and this effect is weak in that 

they do not overcome the deviations which occur through the relaxation of the 

constraints. 

The proposed need for the use of weights m the objective function was based 

on the assunq)tion that the minimization process distributes the load to the jomts such 

that each jomt uses an equal proportion of ks relative strength capacity. The use of 

weights was expected to redistribute the proportions from an approxunate 20% value 

per jomt to bring the shnulation proportions more m hue with the actual proportions. 

However, the origmal assumption of equal weightmg was shown to be mvaUd. The 

shnulation model does not distribute the load equaUy (20%) to each of the five jomts; 

mstead the opthnization process is driven to satisfy the constramts and the constramts 

hmder the equal distribution process. Although the contribution of each jomt 
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predicted by the simulation model was not 20% as assumed, they were different from 

those of the actual lifts with the exception of the knee jomt which was not significantly 

different. The use of the weighted objective function did not significantly kapiave the 

model predictions. 

It is fiirther hypothesized that the weights would have a significant effect only 

when the constramts are sufficiently relaxed; however, Lm (1995) showed that aU of 

the current constraints were necessary and acted to improve the model predictions 

(based on the MSE criterion). As mdicated above, relaxation of the constramts 

decreased the prediction accuracy of the model and msertion of the weights into the 

objective fimction did not sufficiently compensate for the relaxation. Thus, the use of 

weights in the objective fimction does not appear to be a worthwhUe pursuit and is not 

a feasible method to imipTO\e the predictions with the current simulation modeL 

6.2. Analvsis of Select Parameters 

hi order for the computerized dynamic biomechanical simulation model to be a 

usefid tool for the design of liftmg tasks, k needed to be shown to accurately predict 

the variables commonly used in ergonomic evaluations. Three sets of kinematic and 

kmetic response variables were analyzed for this purpose: those related to the goal of 

the task, the conq)ressive forces on the spme and the moments at the jomts. The 

variables were selected for thek unportance to ergonomists designing and evaluatmg 

Uftmg tasks; thek potential to identify problems with die shnulation model; and the 

avaUabUity for comparison of values reported m die Uterature. Table 6.1 summarizes 

the results of the statistical analyses described m Chapter 5. 

135 



r^TTZ ••-:?.id: U M M M I M 

Table 6.1. Summary of Statistics Performed on Select Response Variables 

Response 

Variable 

PV 

PA 

T 

FS 

F D 

OFV 

W 

Melbow 

Mshoidder 

Mhip 

Mlcnee 

M,nkle 

Slope 

0.556 

0.289 

0.755 

0.960 

0.781 

0.738 

0.890 

0.792 

0.852 

0.769 

0.642 

0.384 

R2 

0.391 

0.215 

0.760 

0.984 

0.798 

0.859 

0.818 

0.905 

0.928 

0.849 

0.806 

0.469 

Significance 

oft-test 

p<0.0001 

p<0.0001 

p<0.0001 

Not 

Significant 

p<0.0001 

p<0.0001 

p<0.0001 

p<0.0001 

p<0.0001 

p<0.0001 

p<0.0001 

p<0.0001 

Significant Effects on Errors 

No significant effects 

Range, Box, Box*Weight 

Range, Weight 

Range, Gender*Range, 

Weight*Range 

Weight, Range, Box, 

(jender*Range*B ox 

Range, Weight, Size, 

Gender*Range, 

Gender*Range*Box 

Gender, Range, Gender*Range 

Gender, Range, Weight, 

Gender*Range, Weight*Range 

Gender, Weight, Weight*Range 

Range, Weight, Gender*Box, 

Gender*Range*Box 

Gender, Range, Gender*Range 

Gender, Range, Gender*Range 

6.2.1 Variables Related to die Goal of die Task 

The foUowmg response variables related to the goal of die task, or the load, 

were analyzed: the peak vertical velocity of the load, the peak vertical acceleration of 

the load and the distance the load travels as k is moved from the origm to the 

destination. 
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The correlation between the predicted and actual peak velocities of the load 

was rather poor. However, the magnitude of the prediction error averaged 0.75 m/s 

higher than the actual peak velocity mdicatmg the model overpredicted the peak by 

only 6.6% on average. The average predicted and actual peak velocities, 1.22 m/s and 

1.14 m/s, respectively, were withm the range of values reported m the Uterature. 

The predicted peak acceleration of the load, Uke the peak velocity, was rather 

poorly correlated with the actual acceleration. The prediction errors were larger in 

floor-to-knuckle range lifts than in floor-to-shoulder and increased with increased 

weight of load lifted. The average predicted and actual peak accelerations, 2.89 m/s^ 

and 3.59 m/s^, respectively, feU outside the range normally eked in the Uterature. 

The predicted distance traveled by the load was more highly correlated with 

the actual distance than either the peak velocity or peak acceleration. The errors in the 

predicted travel distance were larger m floor-to-shoulder lifts than in floor-to-knuckle 

lifts, and the errors increased with increased weights of lift. The larger errors in floor-

to-shoulder range Ufts could be explained by the cumulative effect in the deviation of 

the path accruing over a longer distance. However, the mcrease m errors with 

mcreased weight of load was neither expected nor deskable since it would requke the 

Ufter to exert more effort to move the load over a longer distance and the effect 

mtensifies as the weight increases. The shnulation model increased the distance 

traveled by the load by an average of 0.137 m, a resuk contrary to expectations smce 

the distance traveled by the load was hypothesized to be mmimized m efficient Ufts. 

The simulation model was assumed to minimize effort and/or mcrease efficiency, thus 

k was expected to decrease the travel distance. Instead the simulation mcreased the 

path of the load by 10.4% on average. 
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The shnulation predicts higher peak load velocities, causes the load to reach a 

higher level of acceleration and moves the load through a longer distance. The 

magnitudes of the errors hi these variables were quite smaU; however, the dkection of 

the errors was unexpected smce the shnulation model was assumed to minimize effort 

and mcreases contradict this assumption. The opthnization routme may be responsible 

for this contradiction: it was assumed that the desked global optimum was reached in 

each nm; however, local minima may have been used mstead. 

6.2.2. Variables Related to the Compressional Force on the Spine 

The predicted peak static L5/S1 compressional force, peak dynamic L5/S1 

compressional force and the relative time of the peak dynamic con:q)ressional force of 

the simulation model were compared with those of the actual lifts. The peak static 

force predicted by the simulation model corresponded very weU with the actual peak 

force values. The mean prediction error was a statistically insignificant 11.3 N. The 

predicted peak dynamic L5/S1 con]5)ressional force also corresponded quite weU with 

the actual peak values. The mean error of 296.9 N was significant; the simulation 

model overpredicted the actual dynamic force by 5.2% on average. The prediction 

errors were larger m floor-to-knuckle range Ufts than m floor-to-shoulder Ufts, 

particularly m the male hfters. The errors also mcreased wkh mcreased weight of Uft 

and were larger when the smaU box was Ufted. With respect to the tune of peak 

occurrence, the actual peaked on average at 17% of the total Uftmg time and the 

predicted peaked an msignificant 3% later, at 20% of die total tune. As compared 

with the results of other researchers, the average actual (5691.1 N) and predicted 

(5987.9 N) peak dynamic L5/S1 conq)ressional forces estimated m this study were 

wdthin the ranges reported m studies performed under shnUar Uftmg condhions. 
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6.2.3. Variables Related to the Moments at the Joints 

The foUowmg variables related to die moments at the jomts were mvestigated: 

the value of the objective fimction, die total net muscular work across aU jomts, the 

percent relative work produced by each jomt, and die peak moment and percent 

relative tune of the peak moment at each jomt. 

The predicted objective function vahies of the sunidation model were highly 

correlated wkh die actual vahies of the objective function, although die shnulation 

overpredicted the vahie by 0.317 on average. An analysis of variance and subsequent 

exammation of the predictions errors found that they were larger m floor-to-knuckle 

range hfts than m floor-to-shoulder and mcreased with both mcreased weight of load 

and size of box. Although the objective fimction has been used to produce Uftmg 

shnulation resuks (Lee, 1988; Hsiang, 1992; Lm, 1995), die vahies had not been 

documented m prior studies. This study shows that actual values of the objective 

fimction mcrease with mcreased range of hft, size of box and weight of load lifted. 

The model predictions of total net muscular work were highly correlated with 

thek corresponding actual values but overpredicted by 18.5 J, a 7.4% increase. The 

prediction errors produced by the simulation were larger for males than for females 

and larger m floor-to-knuckle range lifts than m floor-to-shoulder. The relative 

amounts of work performed by the joints were aU highly correlated with thek 

corresponding actual values. In general, the simulation model predicts the total net 

muscular work and the relative percent of work performed by each jomt quite weU m a 

manner consistent with the actual work performed. 

The predicted peak moments at the elbow, shoulder, hip and knee were highly 

correlated with the actual peak moments as mdicated by the closeness of thek sunple 
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hnear regression slopes to unity and large R^ values. The peak ankle moments were 

less correlated than the other jomts. Although weU correlated, the shnulation model 

tended to over predict the peak moments by 5.67, 8.43, 8.58, 18.4 and 33.8 Nm at the 

elbow, shoulder, hip, knee and ankle jomts, respectively. An exammation of the errors 

between the actual and predicted moments showed thek magnitudes were affected 

most strongly by the gender of the lifter, the range through which the box was lifted 

and the weight of the load. The predictions for females were more accurate than for 

males. The peak moments when lifting over the floor-to-shoulder range were better 

predicted than the floor-to-knuckle range. Withm each gender, the Ughter the weight 

of load lifted, the smaUer the prediction errors. With respect to the time of peak 

moment occurrence, the actual peak at the hip occurred at 35% of the total time of the 

hft and the predicted peaked 2% later. In aU other jomts the actual moments peaked 

on average between 85-95% of the total time and the predicted moments peaked 4-8% 

earher than the actuaL 

6.3. Sensitivity to Model Inputs 

In order to nm the shnulation model, several mputs are requked: the mitial 

and final postural configurations, the weight of the load, the dunension of the 

contamer m the sagittal phme, the tune requked to perform the Uft and the height, 

weight, strength percentUe and gender of the Ufter. Previously, the shnulation model 

had been used wkh mputs gathered from actual experimental Ufts m order to match the 

angular displacement-tune trajectories (Lee, 1988; Hsiang, 1992; Lm, 1995). 

In order for die shnulation model to be useful m an exploratory capacity, k 

must be shown to produce results consistent with the principles of biomechanics. The 

case of an evaluator mvestigatmg a hypothetical Uftmg skuation m which accurate 
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mput data from an actual Uft was not avaUable was considered. The senskivity of the 

shnulation model's peak predicted moments to variations m the values of the mputs 

was exammed. For some mputs, such as the mitial and final postural configurations, k 

is undeskable for minor variations or errors m the mputs to have an appreciable effect 

on the outcome. Genaidy et aL (1993) showed that observers produced average visual 

perception errors of ± 4 degrees wiien asked to estimate the postural angle of the 

shoulder jomt; whUe Ericson et aL (1991) found that trunk, upper arm and neck 

postures were estimated with an accuracy of about ± 5 degrees. It is thus undeskable 

for the simulation model to indicate a senskivity to errors of this magnitude since m 

the absence of more sophisticated equipment, the expected user may rely on visual 

perception of postural configurations. Other inputs, such as the height and body 

weight of the lifter were expected to affect the moments; e.g., an increase m height and 

body weight should increase the moments at the jomts. Two evaluations were 

performed to investigate the senskivity of the model to changes m the values of the 

mputs. 

In the first evaluation, the task was defined by the foUowmg subject and task 

characteristics. A container was Ufted at normal speed over two ranges of hft: floor-

to-shoulder and floor-to-knuckle. Effects on die 10th, 50th and 90th body size 

percentUe male and female Ufters were evahiated when the load was at thek respective 

maxunum capacity. For each body size percentUe, the strength percentUe of the jomts 

was also varied. Analyses of variance showed that gender, range of Uft and body size 

percentUe had significant effects on the peak moments experienced at the jomts, but 

strength percentUe was not significant. The peak moments at each jomt mcreased with 

mcreased body size percentUe which was consistent with biomechanical expectations 

smce mcreases m body weight, height and load Ufted should act to mcrease the peak 

141 

• • • ' ' • " - " - » 



moments. Males experienced larger moments at the jomts as compared to females for 

the same reason. The range of hft had a strong effect on the moments at the shoulder, 

with the floor-to-shoulder range havmg greater peak moments, and at the knee, with 

the floor-to-knuckle range havmg greater peak moments. Range of Uft had only a 

weak effect on the peak moments at the elbow, hip and ankle. The effect of strength 

percentUe was found to be insignificant m this analysis. It is assumed that the strength 

percentUe was not significant because the loading was within the strength capacity of 

each joint, thus there was no need to change liftmg strategies to overcome msufficient 

strength at a particular jomt. 

The second evaluation mvestigated the sensitivity of the peak moments to 

variations in the time taken to perform the lift and the mitial and final postural 

configurations of the lifter. The time taken to perform the lift was highly significant to 

the peak moments of aU jomts. The fastest Ufts, Le., those that requked the shortest 

amount of time to perform, had the highest peak moments at aU joints and the peak 

moments tended to decrease with increased time of lift. This was consistent with 

biomechanical expectations since an increased speed of lift causes the dynamic 

con[q)onent of the moment to mcrease. The final postural angle mam effect was 

significant to aU joints moments except for the hip, m which ks interaction with tune 

proved significant. In the elbow and shoulder jomts, the peak moments mcreased with 

mcreases m the final angles which may be due to the fact that the mean tunes of 

occurrence of the peak elbow and shoulder moments occur late m the Uft. In the knee 

and ankle joints, the peak moments tended to decrease with mcreases m the final 

angles. This result is opposke to the upper jomts although hke them, the peak 

moments at the knee and ankle occur late m the hft. This result may be due to reaction 

of the moments at the hip which was largest at the mean final angles and decreased as 
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the angles deviated from the mean. The mitial angle mam effect was significant only at 

the knee jomt m which the smaUer angles resulted m greater peak moments. Although 

the findmg of significance m the output of the shnulation m relation to mmor 

adjustments m the mput angles was undeskable smce human visual perceptual error 

occurs m the region of ± 5 degrees when visually estknatmg the angles of the body 

jomts, the relationship with tune to perform the Uft was consistent with expectations. 

6.4. Conclusions 

A comprehensive examination of the kinetics and kinematics predicted by the 

conq)uterized dynamic biomechanical model was necessary for the model to be of 

proven use to ergonomists. Since the simulation model was shown to produce 

predictions of the stresses under different task conditions (range of lift, weight of load, 

size of box, and gender of Ufter) similar to the actual stresses, its use can be advocated 

for evaluating industrial jobs. By using the simulation model as a design tool, the 

tedious, time-consuming and costly data coUection step can be eliminated and the 

ergonomist's time and effort spent more productively on design and evaluation. 

In the analysis which con^ared the kmematics and kinetics of the model 

predictions to the estimates for the actual Ufts, k was found that the shnulation tended 

to overpredict the values on aU variables mcludmg the peak velocity, acceleration, and 

distance traveled by the load, peak static and dynamic L5/S1 conq)ressional force, 

objective fimction vahies, net muscular work and peak moments at the jomts. The 

groundwork for the shnulation model was based on the assunq)tion that the objective 

function would lead to efficient Ufts which would mhiimize the effort exerted by the 

hfter. The fact that the shnulation model overpredicted the values of the peak kmetic 

and kinematic variables was contrary to this assumption smce it mcreased the stresses 
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on the hfter*s body. However, this result was not totaUy undeskable smce the 

predictions could be considered to be conservative esthnates which have a buUt m 

margm of safety. Otherwise, if k is deskable to decrease this error and bring the 

predictions more m fine with the actual values, the high Unear correlations experienced 

between the actual and predicted kmetics suggest that the predictions can be 

"corrected" through use of the single Unear regression equations reported m this 

study. 

The exploratory portion of this study showed the foUowing reactions of the 

simulation model to changes m the values of the mputs. Males experienced larger 

peak moments of the joints than females, and peak moments increased with increased 

body weight, height and load Ufted. The strength percentUe of the jomts did not 

significantly affect the peak moments, possibly because the loading did not exceed the 

capacity of the mdividual joints. The peak moments of joints were also found to 

mcrease with decreased tune of lift. This outcome was also consistent with 

biomechanical expectations since decreased time of lift corresponds to an mcrease in 

lifting speed which results in a larger dynamic moment component. Results of 

variations m the final postural angles of the lifter showed that mcreased angles tended 

to mcrease the peak moments m the upper jomts. This effect is most Ukely a result of 

the fact that the moments of the upper jomts peak late m the Uft and mcreasmg the 

final angular posture requkes greater moments to lift the load to a higher position. 

This portion of the study showed that based on the analysis of the peak moments at 

the joints, the shnulation model reacted m a manner consistent with the principles of 

biomechanics within the range of input values entered mto the model. 
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6.5. Recommendations for Future Research 

There are two mam dkections in which research m this area should be pursued: 

(1) to further test and understand the scope of the current version of the model, and 

(2) to expand the scope of the modeL 

The first recommendation caUs for fiirther study to examine the scope within 

which the simulation model produces rehable results. In the thkd section of this study, 

a narrow sensitivity analysis on the simulation's response to changes in the input 

variables was performed. This sensitivity analysis, however, was Umited to "normal" 

ranges of the inputs; in general the outcomes were consistent with biomechanical 

expectations. A broader, more extensive sensitivity analysis is recommended to map 

the boundaries to which the model appUes. For example, the mput variable strength 

percentUe was not found to significantly affect the peak moments predicted by the 

simulation. This lack of effect may have been a result of the load remaining within the 

capacity of the joints. It would be interesting to examine the outcome when the 

loading is beyond the capacity of one or more jomts to determine whether and/or how 

the model shifts the loading from the weaker jomts to the stronger jomts. With respect 

to the Uftmg tune or the duration of the Uft, when the tunes were varied withm a 

"normal" range of vahies the peak moments at the jomts mcreased with mcreased 

speed of Uft. The response of the model to a fast Uft m which the Ufter jerks the load, 

or to the generaUy recommended smooth, slow Uftmg motion should be also 

mvestigated. 

The second recommendation for future research is to expand the scope of the 

model to shnulate a wider variety of manual material handhng situations. The current 

version of the model, hi which the angular displacement-tune trajectory of each jomt is 

assigned a specific nth order polynomial and the mitial control pomt and boundaries on 
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the coordinates of the control pomt are set, hmit the model to a narrow set of 

apphcations simUar to those reported in this study, namely lifts over floor-to-knuckle 

and floor-to-shoulder ranges. The response of the model to inputs outside these 

ranges is unknown. The boundaries on the control pomt and the mitial coordinates 

need to be modeled to aUow for extrapolation outside these two ranges. The scope of 

the simulation should also be expanded to aUow for three-dimensional modeling. The 

current version specifies a two-dimensional sagitaUy symmetric Uft; whereas the 

majority of mdustrial liftmg is three-dimensional; thus the model should be expanded 

to cover this situation. 
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