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ABSTRACT 

Most psychophysical studies in the field of MMH involve 

only with single MMH activities, i.e., lifting, lowering, 

carrying, holding, pushing, or pulling. The combination of 

two or more activities (e.g., lifting a box, then carrying 

the box; or carrying a box, then lowering the box) has never 

been examined. These kinds of combined activities are 

prevalent in industry and our daily life. The objectives of 

this study were: 1) To develop models for both individual 

and combined MMH activities, and 2) To determine the 

relationship between individual and combined MMH activities. 

Three types of strength tests (isometric, isokinetic, 

and isoinertial) using four testing machines (static 

strength testing machine, Mini-Gym, Cybex, and incremental 

weight lifting machine) were conducted using 12 male 

subjects. The capacities for four individual MMH activities 

and three combined MMH activities were tested 

psychophysically under three frequency conditions: one time 

maximum, one handling per minute, and six handlings per 

minute. fTn all experimental conditions, the 

psychophysically determined capacities were \:lie maximum 

acceptable work loads for a one hour work periods!) As a 

result the mean capacities determined in this study were 

higher than thooe reported for eight hour work periods. 

i i i 



Second order polynomial regression models for 

individual MMH capacities were developed using isoinertial 6 

foot maximum strength or static back strength. Combined MMH 

capacities models were developed using the following three 

methods: a limiting individual MMH capacity, isoinertial 6 

foot maximum strength, and fuzzy sets theory. The advantag

es and disadvantages of different models were compared. 

The isoinertial 6 foot maximum lift strength was se

lected because it was a simple, economical, easily applied, 

and representative test. The models developed in this study 

provide information about the relationship between a per

son's strength and his capacity for MMH activities, and 

about the relationship between individual and combined MMH 

activities. 
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CHAPTER I 

INTRODUCTION 

General 

^"Automation" and "Computerization" are the words for 

this era. The talent and challenge of human beings combine 

to make machines capable of replacing manual work. However, 

a completely "automated world" (manual work free) is still 

far beyond reality at the present time. Either economic 

considerations (e.g., cost for automation equipment) or 

practical situations (e.g., space limitation or unexpected 

conditions) make complete automation difficult. Manual 

Materials Handling (MMH) is still unavoidable in many work 

places. Overexertion in the manual handling of work has 

been recognized as a major cause of back injuries (NIOSH, 

1981), and the corresponding expenses and the loss of 

productivity are overwhelming. 

MMH activities produce the single largest percentage of 

compensable work injuries in U.S. industry, currently 

constituting one-fourth to one-third of all injuries 

(Kroemer, 1983a). In the U.S., 400,000 workers face 

disabling back injuries every year (Accident Facts, 1978). 

The cost to U.S. business is estimated between $4 and $20 



billion annually (Norby, 1981; NIOSH, 1981). In 1978, low 

back injuries accounted for 25 million lost work days, and 

the treatment cost amounted to 14 billion dollars (Goldberg, 

1980). Suffering of the injured and their families extends 

beyond the level of financial compensation. 

Over the years, a great deal of research has been con

ducted which has contributed to the reduction of back inju

ries. However, the problem of numerous back injuries and 

compensation costs associated with MMH is still severe. In 

1979, the National Safety Council estimated that 27 percent 

of all industrial injuries were associated with MMH. This 

amounted to 590,000 injuries and cost approximately 10.4 

billion dollars. In 1980, the number of injuries increased 

to 670,000; this, despite improved medical care, increased 

automation in industry and more extensive use of pre-employ

ment examinations (NIOSH, 1981). 

In the effort to reduce back injuries caused by MMH ac-

tivities, there arelthree general recommendations based on 

previous studies in MMH (NIOSH, 1981; Ayoub, et al., 1983): 

-- Pre-employment screening: select people according to 

their physical capacity and job demand. 

— Training program: training people so that they are 

better able to perform stressful jobs. 



— Set MMH capacity norms: limit the loads to be handled 

by workers. 

There are basically four approaches used to determine opera

tor capacity for MMH activities and/or MMH capacity norms 

(NIOSH, 1981): 

physiological 

biomechanical 

psychophys ical 

epidemiological. 

Rationale 

In order to minimize the injuries caused by MMH 

activities as well as maximize job productivity, the job 

demands should match the capacities of individuals. Job 

demands for MMH activities are usually described in terms of 

type of handling, frequency of handling, range/distance of 

handling, weight of load, container characteristics, and 

location of load. Individual capacities in terms of 

anthropometric measurements, physical capacity (such as 

strength, endurance), and physiological capacity (such as 

Physical Work Capacity, or PWC) are commonly examined in the 

literature. 

MMH activities can be classified into several 

catagories: lifting, lowering, carrying, holding, pushing. 



or pulling. Most of the past studies in this field have 

been concerned with the activity of lifting. 

Various mathematical models have been developed for 

prediction of a maximum acceptable load that a person can 

handle safely. These prediction models have incorporated 

numerous worker and task variables as predictors. In some 

of these models, one predictor variable was used (Poulsen, 

1970; McConville and Hertzberg, 1966). On the other hand, 

some of these models used over ten variables as predictors 

(McDaniel, 1972; Knipfer, 1974). 

Several prediction models for lifting capacity (Poul

sen, 1970; Knipfer, 1974; Mital and Ayoub, 1980) utilize the 

psychophysical methodology and use a set of strength tests 

as predictors. The strength variables used in the litera

ture fall into four catagories (Ayoub, et al. 1983; Kroemer 

1983b; Plott 1983) : 

Isometric strength testing measures the person's isome

tric (static) maximum voluntary exertion in several de

fined body postures. The length of the muscles involved 

remain constant. The examples of using static strength 

in psychophysical MMH capacities are Poulsen (1970), 

McDaniel (1972), Dryden (1973), Knipfer (1974), Ayoub, et 

al. (1978), and Mital, et al. (1978). 



Isokinetic strength testing measures the person's maximum 

voluntary exertion while body segments move at a constant 

speed. The speed of movement is controlled by the test

ing machine. This type of strength testing has been em

ployed as the predictor of the psychophysical MMH capaci

ties (Kamon, et al. 1982; Aghazadeh 1982; Plott 1983). 

Isoinertial strength testing measures the maximum amount 

of weight that a person is willing to handle under a spe

cified range of movement. The test requires the subject 

to overcome the inertial static resistance and to move 

the weight to an assigned point by his or her own speed. 

The examples of using isoinertial strength as predictors 

for psychophysical models for MMH capacities are Smith 

and Ayoub (1982) and Ayoub, et al. (1983). 

Isotonic strength testing measures the dynamic maximum 

voluntary muscle contraction in which the tension devel

oped in the muscle is constant throughout the range of 

motion. The control of muscle tension is very difficult 

to achieve and, therefore, the application of the isoton

ic strength in psychophysical MMH capacities is 

relativexy less. Static endurance and dynamic endurance 

have been classified as isotonic strength tests (Plott, 

1983), and they have been shown to be significant in some 



of the prediction models for psychophysical MMH 

capacities (Ayoub, et al., 1978; Knipfer, 1974; McDaniel, 

1972; Dryden, 1973). 

Of the above four strength tests, isometric strength 

testing is static in nature, and the others are dynamic in 

nature. Static strength testing has a well-established 

testing procedure (Chaffin, et al, 1977b). Recently, sever

al researchers recognized that MMH activities are basically 

dynamic in nature; therefore, dynamic strength should be 

more closely related to the MMH capacities (Kamon, et al., 

1982; Aghazadeh, 1982). An attempt of this study was to ex

amine the effects of different types of strength in the 

different types of MMH activities. 

Another problem of recent MMH studies was that most of 

the previous psychophysical studies were centered on only 

individual activities of MMH tasks, i.e., one of lifting, 

lowering, carrying, holding, pushing or pulling. The combi

nation of two or more activities has never been examined. 

These kinds of combined activities are prevalent in industry 

and our daily life. The following cases of combined MMH ac

tivities were mentioned by Ayoub (1982a, 1982b): 

Packing operators--"In the inspection and 
packing area of a large manufacturing plant, 
packing operators must lift, transport, and 
lower product units weighing 11 pounds and 14 
pounds for shippiig." (Ayoub, 1982a) 



Garbage collector--"Another illustration 
would be the lifting/carrying task associated 
with garbage collection. In this case, the be
havior of a garbage collector is governed by 
the fact that he must remain close to the truck 
between collection points." (Ayoub, 1982a) 

Handling power tools--"In a plant where 
bauxite is refined into alumina, the employees 
use airpowered jackhammer tools in cleaning the 
inside of tanks to clear clogged pipes and 
valves. The work is predominantly a combina
tion of lifting and carrying heavy tools for 
periods from one to two hours." (Ayoub, 1982b) 

Assembly operations—"Transfer points on 
some conveyors were not located at the same 
height. Accordingly, employees were forced to 
manually lift and carry heavy components from 
one conveyor to the next." (Ayoub, 1982b) 

Currently, no interaction of task activities is assumed 

and the only way to analyze a combined activity is to 

analyze each component of the combined activity and use 

the most critical task as the limiting factor for the 

combined activity. 

Objectives 

The objectives of this study were: 

1) To utilize the psychophysical approach to develop 

mathematical models by using strength variables for the 

capacitites of three different MMH activities separately 

(lifting, lowering, and carrying). The MMH activities 

studied in this research were lifting from floor to 

knuckle height (F-K), lifting from knuckle tosho.lder 
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height (K-S), lowering from knuckle to floor height 

(K-F), and carrying for 14 feet. The comparisons of us

ing different types of strength tests as predictors were 

made. 

2) To utilize the psychophysical approach to examine the ef

fects of combinations of lifting, carrying, and lowering 

activities. The relationship between combined activities 

and individual activities was examined. 



CHAPTER II 

LITERATURE REVIEW 

A review of the research conducted in MMH reveals that 

niost^of efforts have focused on "individual" activities 

(e.g., lifting, lowering, and carrying) and not on 

"combined" activities (e.g., lifting, then carrying; or 

carrying, then lowering). In this chapter, a brief review 

of the MMH-related back injury and the four basic 

approaches, epidemiological, physiological, biomechanical, 

and psychophysical, is presented. Following this, a review 

of MMH studies on both individual and combined activities 

which related to the recommended capacity for industry or 

related to mathematical modeling is presented. 

MMH Activities and Back Injuries 

MMH activities have been recognized as a major hazard 

to safety and health in industry, especially with 

relationship to the back injuries of workers (Rowe, 1969; 

Troup, 1965; Jones, 1971; Ayoub, et al., 1978). The cost 

associated with back injuries, in terms of lost workdays, 

reduced productivity, and compensation costs are identified 

as a major expense in industry (Troup, 1965; Rowe, 1969; 

1971; Jones, 1971; Becker, 1961; Ayoub, et al., 1978; 
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Accident Facts, 1980). [As stated by Svensson and Andersson 

(1982), approximately 50-80% of the population at some time 

in their life have back complaints) They further reported 

that between 9% and 19.5% of all sickness absence days are 

due to a diagnosis of back complaints, based on Swedish Na

tional Health Insurance data. (This figure is in agreement 

with the figure reported by Lundgren (Grandje^n, 1980) that 

60% of the Swedish population suffers from low back pain 

during their working life., 

In the U.S., the National Safety Council reports that 

at least 25% of all injuries, with over 12 million lost 

workdays and over 1 billion dollars in compensation costs, 

are associated with the MMH activities of workers (NIOSH, 

1981)^, Lahey (1984) reported that musculoskeletal condi

tions rank first among disease groups in frequency; nearly 

one-half of the nation's work force is affected; and the si

tuation will get worse over the next decades as the average 

age of the work force increases. The cost for trunk inju

ries over a thirty-three year span (1957-90, projected) is 

increasing exponentially as shown in Figure 1 (Accident 

Facts, 1981; from Aghazadeh, 1982). 
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Figure 1: Relationship Between Back Injuries and Their Cost 
Over Time (From Accident Facts, 1981 and 
Aghazadeh, 1982) 
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Approaches to MMH Activities 

According to the NIOSH Lifting Guide (1981), there are 

basically four approaches that have been employed to 

investigate MMH activities (NIOSH, 1981): 

epidemiological 

physiological 

biomechanical 

psychophysical. 

Epidemiological Approach 

Epidemiology as a science is concerned with 

identification of the incidence, distribution, and potential 

controls for illness and injuries in a population. The 

methods involved in epidemiological studies are precise and 

well defined (MacMahon and Pugh, 1970; Peterson and Thomas, 

1978; Morris, 1975). In the MMH field, lumbar spine 

disability, back pain in particular, has received much 

attention. The epidemiological approach allows the 

researcher to establish which factors are related to 

low-back pain problems and also indicates the strength of 

their associations (Buckle, 1983). As stated by NIOSH 

(1981), the factors which modify risk of injury can be 
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divided into job and personal catagories. The 

characteristics of the job which contribute to risk are 

weight handled, size of the load, and frequency of lifting. 

Personal risk factors include gender, age, anthropometry, 

lift technique, attitude, training, and strength. 

(Chaffin and Park (1973) monitored 400 workers for a 

one-year period and found that lifting of loads greater than 

about_3i-po^iRds-416 kg), when held close to the body, would 

be pontentially hazardous for some people.) In their follow-

up study (Chaffin, et al., 1977a) of 550 workers for a two-

year period, they found that heavier jobs (in terms of maxi

mum load lifted) resulted in increased severity of injuries 

in terms of total lost workdays or medical work restriction 

days. In general, load handling of less than about 20 kg 

resulted in relatively few incidents of a severe strain or 

sprain diagnosis. 

Ayoub, et al. (1978) developed a Job Severity Index 

(JSI) to provide a measure of job severity relatrng to the 

frequency and severity of injuries occuring in MMH activi

ties. As reported by Ayoub, et al. (1983), the JSI is a 

function of the ratio of job demands to worker capacity. 

Specifically, the JSI is the time and frequency weighted 

average of the maximum weight required by each task divided 

by the smallest capacity of those associated with lifting 
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ranges required by each task. The JSI is stated 

algebraically as follows: 

n mi 
Hours i Days i F j WT j 

JSI = E ( * E --- * ) 
Hours t Days t F i CAP j 

i=l j=l 

where: 

n = number of sub-task groups 

m i = number of tasks in group i 

Days i = exposure days per week for group i 

Days t = total days per week for job 

Hours i = exposure hours per day for group i 

Hours t = number of hours per day that a job is performed 

F j = lifting frequency for task j 

F i = total lifting frequency for group i 

WT j = maximum weight of lift required by task j 

CAP j = the smallest applicable maximum acceptable 

weight of lift adjusted for frequency of 

lift and box size. 

Field validation of the JSI was conducted by Ayoub, et 

al. in 1978 and again in 1982a. Taking both studies 

together, a total of 101 jobs involving 385 male and 68 

female industrial workers were used in the field validation. 
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Information collected describing injuries included injury 

types (musculoskeletal injuries to the back, musculoskeletal 

injuries to other body parts, surface tissue injuries due to 

impact, other surface tissue injuries, and miscellaneous in

juries), injury causes (lifting or non-lifting), number of 

days lost, medical expenses, wages paid during lost work 

days, worker's compensation paid, and extraordinary expense. 

Based on these studies, some general lifting guidelines were 

established. / A value of JSI below 1.125, either for an in

dividual or a population, represents a nominal safety risk. 

JSI values in excess of 2.25 fall into the unacceptable 

range and should require engineering controls. Finally, JSI 

values between 1.125 and 2.25 should require administrative 

controls./ 

As stated by NIOSH (1981), Snook (1978) surveyed the 

strength requirements of Liberty Mutual Insurance Company 

policyholder jobs. From a sample of 191 compensable low-
/ 
back injury claims, it was revealed that: 
/ 

1) two out of ever" three low back injuries associated with 
/ 

heavy manual handling tasks could be prevented if the 

tasks were designed . to fit at least 75% of the 

population; 

2) the proper design of manual handling tasks can reduce up 

to one-third of industrial back injuries; 
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3) no significant reduction in low back injuries was found 

in employers who used medical histories, medical examina

tions, or low back X-rays in selecting the worker for the 

job; 

4) no significant reduction in low back injuries was found 

in employers who trained their workers to lift properly. 

Stubbs, et al. (1983a, 1983b) used the epidemiological 

methodology to examine the back pain problem in the nursing 

profession. A questionnaire survey of 3,912 nurses was con

ducted. This survey included training in manual handling, 

history of work, current work detail, individual character

istics, sickness record, and sickness record for back pain. 

The results showed that 750,000 working days were lost annu

ally due to back pain and that 1 in 6 (159 per 1000 at risk) 

nurses attributed the onset of pain to a patient-handling 

incident. The analysis of results showed that back pain of 

nurses is often associated with the following factors: 

stooping over patients, lifting/moving patients and equip

ment, makinn beds, prolonged standing, carrying heavy loads, 

housework, and sports. A patient-handling training program 

was developed. Eight different patient-handling techniques 

were also evaluated. The result showed that the shoulder 

(Australian) lift produced the least stress, as assessed 

through intra-abdominal pressure (lAP). 
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In the field of MMH research, the epidemiological 

methodology is not an approach commonly used, although the 

information obtained from the epidemiological approach is 

valuable historical data. ^ The epidemiological approach has 

received relatively infrequent use in the literature be

cause: jr^ 

1) The relationship between health problems, such as back 

pain, and MMH activities is not clear. It is well ac

cepted that heavy MMH activities are one of the causes of 

back pain. However, other factors such as sports, exer

cise, and office work, could also have precipitated back 

pain problems. To separate the MMH factor from others is 

difficult. 

2) Epidemiological studies are time consuming and expensive. 

In addition, they are usually applied to a specific popu

lation, and they are impractical if the disease is rare 

or if there is' a danger of 'losing' p^rt of the popula

tion urTder-study (Buckle, 1983). 

For the aforementioned reasonsT the other approaches, 

physiological, biomechanical, and psychophysical, are more 

commonly applied to the study of MMH activities. 
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Physiological Approach 

The physiological approach involves the measurement of 

an individual's physical responses during MMH activities. 

Physiological responses often used in the literature as 

indices of heaviness of work performed are oxygen 

consumption (V02), heart rate (HR), pulmonary ventilation 

volume, respiration rate, percent of PWC, blood pressure, 

lactic acid concentration, and body temperature. From the 

standpoint of practical instrumentation and reliability as 

indicators, HR and V02 are most useful (Aquilano, 1968). 

In MMH activities, measurements of V02 are applicable 

to the study of repetitive work where large muscle masses 

are involved. The scheme of energy uptake and external work 

is expressed in Figure 2. 

The advantage of measuring V02 is that it is easy to 

convert to an estimate of metabolic rate expressed as 

kilogram calories ^(Kcal) of energy expenditure per unit of 

time. Rodgers (1978) stated several reasons to measure V02 

in MMH activities: 

1) oxygen utilization is the most direct measure of the 

job's physical demands; 

2) measurement of the oxygen demands of the task can be 

related to an individual's aerobic capacity in order to 

determine what percent of the individual's capacity the 

task requires; and 



19 

Oj uptake 

i Maintenance 
heat 

Metabolic 
energy 

T 

Isometric work 
39ainst gravity 

y Mechanical energy / Net increase 

^ 'Muscle tension) V m body energy 

Body 
segment 
energy 

Heats of contraction 
COj expired Activation, labile 

stable, shortening 

Loss due to co-contraction 
or absorption by antagonist 

External 

work 

Figure 2: The Scheme of Energy Uptake and External Work 
(from Winter, 1979) 

3) the metablic demands of MMH activities affect respiration 

levels and, thus, influence the acceptable exposure lim

its to physical and chemical agents in the environment. 

r-Kamon and Ayoub (1976) classified the U.S. male popula

tion into five levels according to the age and the adjusted 

PWC (adjusted by body weight in kg). These values are given 

in Table 1. 

Percent of PWC has been used in the literature to 

recommend work duration. As mentioned by Shephard (1974), 

Bonjer (1971) stated the relationship between working time 

and PWC. He recommended setting the limit at one hour for 

63% of PWC, two hours for 53%, four hours for 47%, and eight 

hours for 33% The percentage of the recommended PWC 
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intermediate times can be calculated from the following 

formula: 

Allowable Load (Percent of PWC) = 32.3 (log 5700 - log t) 

where t is the duration of the activity in minutes. 

As cited by Kamon (1980), based on the data of Petrof-

sky and Lind (1978a; 1978b), for repeated lifting, a simpli

fied formula for the length of__ the__wô rk̂  period__in miiutes 

(t) as a function of percent-of PWC-could be expressed as: -̂  

4000 
t = 39 

% of PWC 
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Percent of PWC has been used as a criterion to 

recommend acceptable work intensity^ Astrand (1960) report

ed that the upper limit of work tolerance for an eight hour 

work day is 50% of PWC. Since industrial work may involve a 

mixture of both dynamic and static muscular work, it is gen

erally accepted that the upper limit of work tolerance for 

men of average fitness in industry should be less than 50% 

of PWC.̂  Table 2 shows the proposed energy expenditure limit 

for an eight-hour work-day from previous research (Adapted 

from Legg and Myles, 1981). 

Heart Rate (HR) is an indicator of the circulatory 

response. HR correlates highest with subjective estimates 

of fatigue and effort. Garg and Ayoub (1980) mentioned that 

it is generally accepted in industry that an eight-hour 

average metabolic rate should not exceed approximately 5 

Kcal/min of individual PWC. Furthermore, it is generally 

accepted that mean heart rate should not exceed 110 to 115 

beats/min. Table 3 summarizes the recommendations in the 

literature as to the relationship of physiological strain 

and work duration. 
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Proposed Energy Expenditure for an Eight-hour Work-day I 
(Adapted from Legg and Myles 1981) | 

I 

Source Percent V02 Max. Comments 

Lehamann (1953) 

Muller (1953) 

Astrand (1960) 

Michael et al. 
(1961) 
Bink (1962) 

Astrand (1967) 

Astrand and 
Rodahl (1970) 
Petrofsky and 
Lind (1978b) 

Felder (1979) 
Garg and 
Saxena (1979) 

Legg and Myles 
(1981) 

h 

L 

30 (E)* 

30 (E) 

50 

35 

30 

40 

22 (E) 

25 (E) 

40 
27 (E) 
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5 Kcal/min for industrial 
workers 
5 Kcal/min for industrial 
workers 
Treadmill. Not attainable 
by all subjects 
Treadmill and cycle ergometer 

Cycle ergometer. Predicted 
from equations 
Construction workers-spontan-
eously chosen workload. ' 
% V02 max predicted from HR | 
/V02 relationship for cycling | 
Untrained men. Read from graphi 

Three well trained male stu
dent lifting light boxes. 25% 
V02 max for cycle ergometry, 
corresponding to about 50% 
V02 for lifting boxes 
Arm and leg ergometry 
Untrained students (age 26) 
(psychophysical method). 
Freestyle lifting. Assuming 
RQ=0.8 and V02 max=3.0 L/min, 
the interpolated energy 
expenditure of 3.9 Kcal/min 
corresponds to V02 of 0.81 
L/min or 27% V02 max 
Untrained soldiers lifting 
(freestyle) at 5/min using 
psychophysical methodology, 
validated by metabolic 
studies 

I 

J 
* E = Estimated 
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TABLE 3 

Physiological Strain and Work Duration * 
/ 

/ Moderate Heavy Very Heavy Heavy 

, Oxygen 
^ Consumption 0.5-1.0 1.0-1.5 1.5-2.0 > 2.0 

(L/min) 

Heart Rate 90-110 110-130 130-150 > 150 
(beats/min) 

Percent of < 33% 33-50% 50-75% > 75% 
PWC 

Work Duration 8 hrs 1-8 hrs 20 min-1 hr < 20 min 

* Adapted from Astrand, et al. (1977) and NIOSH (1981). 

Biomechanical Approach 

Biomechanics of human movement can be defined as the 

interdiscipline which describes, analyzes, and assesses 

human movement (Winter, 1979). The science includes the 

mechanics and biophysics of the musculoskeletal system as 

they pertain to the performance of any movement skill. 
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There are basically two types of variables to describe 

human body movement. Kinematic variables are involved in 

the description of the movement, independent of the forces 

that cause the movement. They include linear and angular 

displacement, velocities and accelerations. Kinetics is the 

science of the relation between the motions of bodies and 

the forces acting on them. Both internal and external forc

es are included. Internal forces come from muscle activity, 

ligaments, or from friction in the muscles and joints. Ex

ternal forces come from the ground (ground reaction forces), 

from active bodies, such as those forces exerted by a tack

ier in football, or by passive bodies (wind resistance or a 

baseball in the process of being thrown or caught). A wide 

variety of kinetic analyses can be done. The moment of 

force, torque crossing a joint, compressive and shear forces 

on the disc of the spine, the mechanical power flow, and en

ergy change from muscles are all considered part of kinet-

ics. 

Early work in dynamic biomechanical analysis was done 

by Slote and Stone (1963) who examined the kinematics of 

forearm flexion, and by Pearson, et al. (1963) who 

performed both kinetic and kinematic analyse*, of the arm. 
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Psychophysical Approach 

Psychophysics may be said to have been born when 

scientists began to think seriously about the possibility 

that they might measure sensation (Stevens, 1975). 

Psychophysics is a very old branch of psychology that is 

concerned with the relationship between sensations and their 

physical stimuli; very rarely is this a one-to-one 

relationship (Snook, 1978). Stevens (1975) indicated that 

the strength of a sensation (S) is directly related to the 

intensity of its physical stimulus (I) by means of a power 

function: 

n 
S = k * I 

where S = strength of a sensation 

I = intensity of physical stimulus 

k = a constant which is a function of the particular 

units of measurement that are used 

n = the slope of the line that represents the power 

function when plotted in log-log coordinates. 

It is equal to 3.5 for electric shock, and 1.6 

for the perception of muscular effort and force. 

Stevens (1975) suggested an "n" value of 1.45 for lifting 

weight. 
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Snook (1978) stated that psychophysics has been applied 

to practical problems in many areas, such as the scales of 

effective temperature, loudness and lightness, and ratings 

of perceived exertion (RPE). ^To apply the principle of psy

chophysics to men at work is to utiJJ^^the human capability 

%9 y^dqe^the subjectively perx:eived strain at work in order 

_jto__£et̂ rmine_ypĴ untarily accepted wo_rk _ŝ tresses .H In terms 

of MMH activities, the subject can adjust one task variable, 

usually the weight of load or frequency, to the maximum load 

that he/she can handle without strain or discomfort. As 

stated by Legg and Myles (1981), with good subject coopera

tion and firm experimental control, the psychophysical meth

od can identify loads that subjects can lift repetitively 

for an eight-hour work-day without metabolic, cardiovascular 

or subjective evidence of fatigue. 

Individual MMH Activities 

Individual MMH activitiss could be categorized as 

lifting, lowering, carrying, holding, pushing, or pulling. 

Only lifting/lowering and carrying/holding are reviewed here 

because they are relevant to the present study. 
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Lift ing/Lowering 

Lifting activity has been studied extensively. In 

recent years, lifting studies have investigated sex 

differences relative to lifting activity, lifting technique, 

operator and task variables, and lifting capacity 

determination. All four approaches (epidemiological, 

physiological, biomechanical, and psychophysical) have been 

employed. Since a direct relationship between MMH 

activities and epidemiological data is not clear, only the 

other three approaches will be reviewed in this section. 

NIOSH (1981) published a technical report, "Work 

Practices Guide for Manual Lifting," which summarized the 

studies of lifting prior to that time. An algebraic lifting 

limits guideline was proposed. The criteria for this 

guideline was based on two limits as a means to minimize 

risks of injuries in lifting activities. The Guide defined 

the two limits for lifting activities as: 

1) Maximum Permissible Limit (MPL): This limit is the border 

line of hazardous lifting conditions. Biomechanical 

compression force on the L5/S1 disc would be over the 

tolerable point (1430 lbs), or metabolic rates would 

exceed 5.0 Kcal/min for most individuals, or only about 

25% of men and less than 1% of women workers would have 

the muscle strengths to be capable of performing work 
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above the MPL. Tasks above the MPL should be viewed as 

unacceptable and require engineering controls. 

2) Action Limit (AL): This is the limit of a 770 lbs com

pression force on the L5/S1 disc which can be tolerated 

by most young, healthy workers, or metabolic rates would 

exceed 3.5 Kcal/min, or over 75% of women and over 99% of 

men could lift loads described by the AL." Work loads be

low the AL are believed to represent nominal risk to 

most industrial workforces, while those between the AL 

and MPL are unacceptable without administrative or engi

neering controls. Figure 3 shows the three regions and 

boundaries defined for infrequent lifting (frequency < .2 

lift/min) from the floor to knuckle height. 

The guide also proposed an algebraic form to predict the 

AL and MPL: 

Al(lbs) = 90*(6/H)*(l-.01*|V-30l )*(.7-^3/D)*(l-F/Fmax) 

MPL = 3*(AL) 

where H = horizontal location of box (inches) forward 

of midpoint between ankles at origin of lift 

(6" < H < 32"). 

V = vertical location of box (inches) at origin 

of Ixft 

D = vertical travel distance (inches) between 

origin and destination of lift 

(10" < D < (80-V)") 
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Figure 3: Maximum Weight vs. Horizontal Location for 
Infrequent Lifts From Floor to Knuckle Height 
(Source: NIOSH, 1981) 
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F = average frequency of lift (lifts/min) 

(0.2 < F < Fmax). For lifting less frequently 

than once per five minutes, set F=0 

Fmax = maximum frequency which can be sustained 

for V > 30 and for 1 hr period, Fmax=18 

for V > 30 and for 8 hr period, Fmax=15 

for V < 30 and for 1 hr period, Fmax=15 

for V < 30 and for 8 hr period, Fmax=12. 

Physiological Approach to Manual 
L1f 11ng/Lowe ring 

The physiological responses often used in the 

literature are V02, HR, pulmonary ventilation volume (VE), 

percent of PWC, lactic acid concentration and muscle 

electrical activity. Several lifting capacity prediction 

models have been developed using the physiological approach. 

From these measurements, physiological cost for an activity 

and work periods can be determined. 

As stated by Asfour (1980), Das (1951 )'̂  invest igated the 

effects of load, frequency, height of lift, and lifting 

technique on energy expenditure. He concluded that for 

light loads, the leg lift (knees bent - back straight 

method) causes more energy expenditure than back lift (back 

bent - knees straight method). For heavy loads, the reverse 
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is true: namely, that a leg lift is more economical 

physiologically than a back lift. 

' Aquilano (1968) -'compared the time standard for a car

ton-lifting activity from conventional Motion-Time study 

viewpoint (stop-watch and predetermined standard) and work 

physiology point of view. Two loads (10 lbs and 25 lbs) and 

two heights of lift (floor-60" and floor-36") were examined. 

Four Kcal was used as the physiological level corresponding 

to 128 percent performance. He concluded that the time 

standards which were developed through stqpwatch time study 

and predetermined motion time data systems were unacceptable 

from a work physiology point of view. 

Hamilton and Chase (1969), in a physiological study of 

a carton-lifting activity, studied the effects of the fre

quency of lift and the load on the V02 and HR. The lifting 

range of table height to a 10" higher conveyor was examined. 

The loads ranged from 10 to 25 lbs, and the frequency ranged 

from 6 to 15 lifts/min. They found that the increases in 

the load of the carton and the frequency of lift caused li

near increases in V02 and HR. 

Snook (1971) investigated the effe£ts^ of age^ and 

physique on six MMH activities—lifting, lowering, pushing, 

pulling, carrying, and walking. He found that, for all six 

activities, there were no significant HR differences between 
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two age groups (25-35 and 45-60). The younger group 

supported the ̂ hypothesis that physique has a greater effect 

on continuous work capacity during slower, heavier tasks 

than during faster, lighter tasks. However, he emphasized 

that the use of a single HR value as a fatigue criterion for 

all types of occupational tasks is not warranted. 

Frederik (1959) presented a graphical relationship bet

ween energy consumption in grams-calories/foot-pounds and 

the weight lifted in pounds for four lifting ranges (0-20, 

20-40, 40-60, and 60-80 inches). Furthermore, an energy 

consumption model for lifting activity was presented as: 

E = f * a * w * c / 1000 

where E = total energy expenditure per hour in kilocalories 

(no more than 200 kilocalories per hour for an 

average man) 

f = number of lifts per hour 

a = lifting height in feet 

w = weight of the load in pounds 

(ranged from 20 to 65 pounds) 

c = consumption of energy in gram-calories per 

foot-pound taken from the graph. 
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Box size was not reported in his study, and the energy 

consumption in gram-calories/ft-lb was based on a single 

lifting performance. To determine the maximum number of 

lifts, the average hourly caloric output was limited arbi-

tarily to around 200. 

Aberg, et al. (1968) developed.a physiological model 

based on the data from 52 operations and 500 determinations 

of V02 under actual work conditions in Swedish industry. 

They stated that the starting point for their model was the 

fact that mechanical work was connected with a change of the 

positional energy of a mass, a change of the velocity of 

mass, a change of the compressional energy of a spring, and 

with frictional losses. The model takes the form: 

V02 = BWn * kl + BWcl * k2 + BWcl * (GCBh * k3 -̂  GCBv * k4) 

+ (WWP + WT) * (Lha * k5 + u * Lhc * k6 + Lvu * k7 

+ Lvd * k8) 

where V02 = computed oxygen uptake (L/min) 

BWn = body weight, naked (kg) 

BWcl = body weight, with clothing (kg) 

GCBh = horizontal displacement per time unit of the 

body's center of gravity (m) 

GCBv = vertical displacement per time unit of the 

body's center of gravity, up plus down (m) 

WWP = weight of work piece (kg) 
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WT = weight of tool (kg) 

Lha = horizontal displacement per time unit of tool 

and work piece, arm work (m) 

Lhc = horizontal displacement per time unit of tool 

and work piece, carrying or dragging (m) 

Lvu = upward vertical displacement per time unit of 

tool and work piece, lifting (m) 

Lvd = downward vertical displacement per time unit 

of tool and work piece, lifting (m) 

u = coefficient of friction in horizontal movement 

kl-k8 = constants. 

After the consideration of various sources in the physiolo

gical literature, Aberg, et al. (1968) estimated the cons

tants kl-k8 as follows: 

Constant Value * Description 

kl 

k2 

k3 

k4 

k5 

0.0035 

0.0012 

0.0014 

0.0023 

0.0014 

0.0054 

0.0031 

Basal metabolism 

Sitting 

Standing 

Standing, bent position 

Walking 

Bending + rising 

Horizontal transport of 
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material, arm work 

k6 0.0014 Horizontal transport of 

material, carrying 

k7 0.0057 Lifting, upwards 

k8 0.0039 Lifting, downwards 

* unit in liter 02/min-kg 

They pointed out that this energy expenditure model works 

only if the job is predominantly dynamic in character, in

cluding motions of the body and handling of material. Quite 

a few tasks include a combination of static and dynamic com

ponents, where the application of forces, rather than the 

result of the applied force, constitutes the work load. 

Garg (1976) developed a set of regression equations to 

predict V02 for 22 MMH activities. These models were furth

er reported in Garg, et al. (1978). The resulting lifting 

and lowering models are summarized as follows: 

Stoop lift (Kcal/lift): 

E = 10"^ *{0.325*BW*(0.81-hl) + (1.41*L + 0./6*S*L) 

(h2 - hi)} for hi < h2 < 0.81 

Squat lift (Kcal/lift): 

E = 10"^ *{0.514*BW*(0.81-hl) + (2.19*L + 0.62*S*L) 

(h2 - hi)} for hi < h2 < 0.81 

One hand lift (Kcal/lift): 
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E = 10"2 *{0.352*BW*(0.81-hl) + 3.03*L*(h2-hl)} 

for hi < h2 < 0.81 

Arm lift (Kcal/lift): 

E = 10"2 *{0.062*BW*(h2-0.81) ^ (3.191 - 0.52*S*L) 

(h2 - hi)} for 0.81 < hi < h2 

Stoop lower (Kcal/lower): 

E = 10~2 *{0.268*BW*(0.81-hl) + 0 .675*L*(h2-hl) 

-̂  5.22*S*(0.81-hl)} for hi < h2 < 0.81 

Square lower (Kcal/lower): 

E = 10"2 *{0.511*BW*(0.81-hl) + 0.701*L*(h2-hl)} 

for hi < h2 < 0.81 

Arm lower (Kcal/lower): 

E = 10"2 *{0.093*BW*(h2-0.81) + (1.02*L -t- 0.37*S*L) 

(h2 - hi)} for 0.81 < hi < h2 

where E = metabolic rate (Kcal/performance) 

BW = body weight (Kg) 

hi = vertical height from floor (m); starting point 

for lift and end point for lower 

h2 = vertical height from floor (m/; end point for 

lift and starting point for lower 

L = weight of the load (Kg) 

S = gender; 1 for males; 0 for females. 
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Only two height ranges, from 0-32" and 32-60", were studied 

in the above models. It was suggested by the author that if 

the lift range falls between the two ranges, the job can be 

divided into two tasks; one within the first height range 

and the other within the second height range. The V02 for 

the activity can be calculated as the summation of the V02 

for two tasks. This additivity was shown to be invalid by 

Asfour (1980) in his study. 

Three studies by Mital (1980), Asfour (1980), Bakken 

(1983) investigated the effects of task variables on lifting 

capacity. These results were further reported by Mital and 

Ayoub (1981) and Ayoub, et al. (1982a). The task variables 

studied are listed in Table 4. 

Mital (1980) reported that V02 and HR increase with 

increases in the load of lift (lower), frequency of lift 

(lower), vertical height of lift (lower), box width, and box 

length. As for the presence of handles on boxes, V02 

decreased slightly (0.17 Kcal/min) in the case of lifting. 

He also found that a strong first and second order 

interaction exists among several of the task variables 

(frequency of lift, load, vertical height of lift, box 

width, and box length). 

Asfour (1980) had similar findings for task variables 

on physiological costs for lifting activity. He reported 
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TABLE 4 

Task Variables Studied by Mital (1980), Asfour (1980) 
and Bakken (1983) 

Mital (1980) Asfour (1980) Bakken (1983) 

Wt of the box 25, 35, 45 15, 30, 45 
Frequency 2,6 3,6,9 .1,.2,1,6 
of lift 
Ranges of lift F-K, K-S F-K, K-S, F-S F-K, K-S, F-S 
Box height 8 and 12 
Box length 14, 20, 26 15, 26 14, 20 
Handles with and * with and 

w/o handles w/o handles 
Angle of twist * 0 and 90^ * 
Attitude * * questionnaire 
Initial load * * none or random 

weighted 

that the V02 of individuals increases with an increase of 

load of lift (lower), frequency of lift (lower), box length, 

and box wid,tĥ ; A strong first and second interaction exist

ed among the above-mentioned task variables for both lifting 

and lowering. He also reported that for a given fixed work 

output, it was preferable physiologically to lift (lower) 

heavier loads at slower paces than ligher loods at faster 

paces. Two physiological models were developed based on a 

subject's body weight and the task variables; frequency, box 
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size, lifting (lowering) range, load lifted (lowered), and 

angle of body twist. These models are: 

Lifting (lowering) activities that start (end) at the 

floor (R2 = 0.80): 

V02 = 545.7538 - 106.4477*TA + 10"^ * FY * L * L 

* (35002.65 - 350.58 * L) + 17.47 * 10"^ 

* FY * L * HTl * WT * WID * LEN * ANG 

-»- 16435.22 * 10"^ * WT * FY * FY 

Lifting (lowering) activities that start (end) at 

table height (30") (R^ = 0.75): 

V02 = 371.5055 - 51.9573 * TA -̂  10"^ * WT * FY 

* FY * (31856.54 - 2332.8 * FY) + 12684.91 

* 10"^ * FY * L * L + 12.31 * 10"^ 

* FY * HT2 * L * WID * LEN * ANG 

where V02 = oxygen consumption (ml/min) 

TA = task (1 for lifting, 2 for lowering) 

FY = frequency of lift or lower (lifts/min or 

lowers/min) 

L = load lifted or lowered (lbs) 

HTl = height of lift (lower) above the floor (inches) 

HT2 = height of lift (lower) above table height (inches) 

WID = box width (inches) 

LEN = box length (inches) 

ANG = angle of twist (1 for 0^ twist, 2 for 90° twist) 
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WT = body weight (lbs). 

The loads studied were 15, 30 and 45 pounds, frequency of 

lifts were 3, 6 and 9 lifts (lowers)/min, the ranges of han

dling were floor to 30", 30" to 50", and floor to 50". One 

must be cautious in applying the above models outside the 

range of their derivation. 

Bakken (1983) studied a wider range of lifting frequen

cies (0.1, 0.2, 1 and 6 lifts/min). Three lifting ranges, 

with or without handles, and two box lengths were also exa

mined. He indicated that the lifting range, the frequency 

of lift, and the interaction (range with frequency) have a 

highly significant effect on the subject's HR response to 

the lifting activity. In addition, the lifting range, fre

quency, handles and interactions had significant effects on 

the subjects' V02 response. He also reported that the fre

quency of lift between 1 lift/min and 6 lifts/min showed the 

largest differences in HR and V02. Moderate differences 

between 0.2 and 1 lift/min, and small differences between 

0.1 and 0.2 lifts/min were also noted for HR and V02. 

Legg and Pateman (1983, 1984) employed both 

physiological and psychophysical approaches to examine the 

capacities in repetitive lifting. Eight healthy, fit, 

well-trained young soldiers were used as subjects. A metal 
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pallet (50 * 26 * 11 cm) with handles was used as the 

container. Maximum lifting capacity (MLC) was determined by 

the subject as the single maximum load he could lift "clean

ly" from the floor to waist height (40% of stature). Each 

subject was asked to lift 3 loads (25, 50 and 75% of their 

MLC) at lifting rates of 2, 3 and 4 lifts/min (75% MLC), 4, 

6 and 8 lifts/min (50% MLC) and at 8, 10 and 12 lifts/min 

(25% MLC) for one hour or until they became exhausted or 

were unwilling or unable to continue or maintain the pre

scribed lifting rate. If the subject was still lifting aft

er one hour, the experimental run was terminated and the 

subject was asked to estimate for how long he could lift un

der that task condition. The relationship between lifting 

rates (lifts/min) and lifting duration (minutes) was pre

sented graphically (See Figure 4). Based on this, the re

petitive lifting capacities over an 8 hour work day accord

ing to 23, 35 and 50% of PWC (determined by uphill 

treadmill running), and HR of 110 beats/min were constructed 

(see Figure 5). They recommended that the 50% of PWC line 

would be the upper limit for fit young men over an 8 hour 

work day; HR of 110 beats/min line may be the optimal 

industrial maximum load/li I'-.ing rate relationship; and the 

23% of PWC line should be adopted as a guide for the maximum 

load/lifting rate combination that will not induce fatigue 

over 8 hour work day. 
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Relationship between Lifting Rates and Lifting 
Duration (Adapted from Legg and Pateman, 1984) 

Intaranont (1983) examined the anaerobic threshold (AT) 

for lifting tasks.^^AT was defined as "the level of work in

tensity or oxygen consumption just below the anaerobic meta

bolism." Nine male students were used as subjects. Two 

lifting ranges (F-K height and K-S height) and 3 lifting 

frequencies (6, 7.5 and 9 lifts/min) were studied. A graded 

exercise protocol using successive weight increments was ap

plied to predict the AT. No significant difference was 

found for AT values predicted for two ranges of lift or 

lifting frequencies studied. An assumption was made that an 
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10 20 30 ^0 SO 
Load weight (kg) 

O : Torgensen and Poulsen, 1974 
D: Petrofsky and Lind, 1978a 
A: Sananta and Chatterjee, 1981 

Figure 5: Lifting Capacity Based on Heart Rate of 110 
Beats/min (Adapted from Legg and Pateman, 1984) 

individual should be able to work continuously at the level 

of V02 at 90% of his AT for that task. Following this. 

three mathematical models were presented to predict AT, 

lifting capacity from F-K height, and lifting capacity from 

K-S height: 

Lifting from floor to knuckle height (R^ = 0.8692): 

AT = (471892.555+1.439*WT*FY*FY-34ol.837*PB-11.7 44*WT*WT 



44 

-3771.16*WT**R+24.964*LBW*LBW)*10**(-5) 

Lifting from knuckle to shoulder height (R^ = 0.4981): 

AT = (157396.895-21.615*WT*F-1611.729*PA+2.113*WT*WT) 

*10**(-5) 

Lifting from floor to knuckle height: 

L90 = (1044206.994-764422.134*FY+229233.277*AK 

+86454.21*PWB)*10**(-5) (R^ = 0.8714) 

or 

L90 = (11479461.997-1210370.492*FY-65.630*WT*WT-5705.23 

*WT**R+2 58.793*LBW*F*F+463566.798*PWCB*10**(-5) 

(R2 = 0.6851) 

Lifting from knuckle to shoulder height: 

L90 = (3018662.771-616833.995*FY+330678.86*AKB 

+10152.833*LBW)*10**(-5) (R^ = 0.8944) 

or 

L90 = (7182931.166-757266.667*FY-79572.48*PWA 

+7024157.497*R*10**(-5) (R^ = 0.7238) 

Where AT = the anaerobic threshold (l/min) 

WT = body weight (lbs) 

FY = frequency of lift (lifts/min) 

LBW = lean body weight (lbs) 

R = LBW/WT 

PWCB = PWC determined by oicycling (l/min) 



45 

PB = PWCB*1000*2.2046/LBW (ml/kg(LBW)-min) 

PWCA = PWC determined by arm cycling (l/min) 

PA = PWCA*1000*2.2046/LBW (ml/kg(LBW)-min) 

L90 = lifting capacity at 90% of the AT (lbs) 

AK = .9*AT*1000*2.2046/WT (ml/kg(WT)-min) 

PWB = PWCB*1000*202046/WT (ml/kg(WT)-min) 

ATB = the anaerobic threshold for arm lift (l/min) 

AKB = .9*ATB*1000*2.2046/WT (ml/kg(WT)-min) 

PWA = PWCA*1000*2.2046/WT (ml/kg(WT)-min). 

Biomechanical Approach to Manual 
Lifting/Lowering 

For infrequent (low frequency) lifting/lowering 

activities, the primary concern is local muscle fatigue and 

the loading of certain musculoskeletal joints. 

Biomechanical and strength models are more appropriate than 

physiological models for these low frequency tasks./ 

Biomechanical analyses reported in the literature have 

dealt with both static and dynamic MMH cases. 

Both static and dynamic biomechanical models have been 

developed that evaluate the effect of a given load and 

predict the working capacity to perform a certain task. 

Examples of static biomechanical models are Chaff in (1969), 

Chaff in and Baker (1970), Martin and Chaff in (1972), Garg 
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and Chaff in (1975), and Fish (1978). These models either 

described a static situation (e.g., holding an object) or 

analyzed a dynamic activity with the assumption of slow 

movement so that the acceleration of body segments was ne-

glected. 

Examples of dynamic models are Fisher (1967), El-Bas-

soussi (1974), Tichauer (1975), Muth, et al. (1978), Smith 

(1980), and Smith, et al. (1982). All of the above models 

described the MMH activity of lifting. These models can 

cover a large range of lifting postures and can provide 

stress data at several points of the musculoskeletal system 

(Ayoub, et al. 1980). 

Garg, et al. (1980, 1982) reported that the static 

biomechanical models have been applied more widely than dy

namic biomechanical models for the following reasons: (1) 

static models require relatively simpler logic and task data 

than dynamic models; and (2) most static models compare the 

stresses produced by a manual task with the allowable 

stresses (muscle strength), a valuable piece of information 

without which the model loses its practical utility. 
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Psychophysical Approach to Manual 
Lifting/Lowering 

The use of psychophysical methodology in MMH research 

is discussed by Snook (1978). This methodology requires 

subjects to adjust one of the task variables (e.g., weight 

of the load or frequency of lift), and the other variables 

are controlled by the experimenter. Studies of maximum 

acceptable weights lifted/lowered has been undertaken by 

Snook and Irvine (1966, 1967, 1968, 1969), Snook and 

Ciriello (1974), Snook, et al. (1970), Dryden (1973), 

McDaniel (1972), Ayoub, et al. (1976a), Snook (1978), Ayoub, 

et al. (1978), Asfour (1980), Mital (1980), Bakken (1983), 

Garg, et al. (1980), Legg and Myles (1981), Aghazadeh 

(1982), Karwowski (1982), and Ayoub, et al. (1982a). 

Research on maximum frequency of lift/lower has been 

conducted by Garg and Saxena (1979, 1982). 

G' A number of psychophysical lifting/lowering capacity 

models were developed in the literature. I Most models are 

regression models which have strength (static or dynamic) 

test data, epidemiological data, and/or task variables as 

predictors. NIOSH (1981) summarized the lifting models 

proposed by Poulsen (1970), McDaniel (1972), Dryden (1973), 

Knipfer (1974), and Ayoub et al. (1978). Ayoub, et al. 

(1980), compared these models and pointed out the 
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limitation of each model. They found that most of these 

models were applicable to only one or two height levels for 

lifting, and that all of these models applied to lifting in 

the sa^i^^al^ilBne^ - „^^^^^^^7^^ A -.1/^ 

V Asfour (1980) proposed psychophysical lifting/lowering 

capacity models for two height ranges (start at floor or 

start at 30" height). These models were based on six sub

jects who conducted 48 experimental situations each. The 

variables incorporated in the models were subject's body 

weight, frequency of lift, box size, and angle of body 

twist. The resulting models are: 

Lifting start at the floor (R^ = 0.64): 

CAP = 15.1532-1092.56*10"^ * FY * HTl * LEN 

+ WT * 10"^ * (201474.86-58.28 * FY *FY) 

- 4.26 * 10"^ * WID * LEN * ANG * FY * HTl) 

Lifting start at table height (30") (R^ = 0.60): 

CAP = 32.2418-545.92 * 10"^ * FY * HT2 * LEN 

-H WT * 10"^ (103506.85-50.16 * FY ** 3) 

- 25.73 * 10 "^ * WID * LEN * ANG * FY * HT2 

Lowering end at the floor (R'̂  = 0.72): 

CAP = 16.0389-17.62 * 10"^ * WID * LEN * ANG * FY 

* HT3 + WT * 10"^ * (513153.53-145.03 * FY**3) 

Lowering end at table height (30"): 
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CAP = 2.1709-685.11 * 10"^ * FY * WID * LEN * ANG 

+ WT * 10"^ * (367670.51-65.25 * FY**3) 

where CAP = maximum acceptable load of lift (lbs) 

FY = frequency of lift (lifts/min) 

HTl = height of lift above the floor (inches) 

HT2 = height of lift above table height (inches) 

HT3 = height of lower to floor (inches) 

HT4 = height of lower to table height (inches) 

LEN = box length (inches) 

WID = box width (inches) 

ANG = angle of twist (1 for 0^ twist, 2 for 

90^ twist) 

WT = body weight (lbs). 

Cs. Garg, et al. (1980) conducted a psychophysical study by 

using nine male subjects. Lifting capacity models were de

veloped by using a single strength (static or dynamic) vari

able. These models are more attractive because of their 

simple form. These models are: 

Tl = 22.6 + 1.02 T2 (r=0.48) 

Tl = 27.5 + .299 T3 (r=0.56) 

Tl = -2.1 + 1.49 T4 (r=0.79) 

T5 = 20.2 + .473 T2 (r=0.56) 

where Tl = maximum acceptable weight from the psychophysical 
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methodology (dynamic lifting strength, kg) 

T2 = maximum voluntary isometric strength 

(static strength) at the origin of lift (kg) 

T3 = static vertical lift strength close to 

the body (kg) 

T4 = maximum acceptable weight that a subject could 

hold at origin of lift for 3 seconds (kg) 

T5 = maximum acceptable weight with a slow vertical 

lift (kg). 

This study showed that the static vertical lift strength 

measured at the origin of lift significantly underestimated 

the dynamic lifting capacity as determined by psychophysical 

methodology. When the static vertical lift strength was 

performed closer to the body, such a bias was eliminated, 

[rhey concluded that specific static strength tests must be 

carefully constructed to accurately predict a person's dy

namic lifting capacity. 

^he arguments against lifting capacity models based on 

static strength tests are that actual lifting is dynamic in 

nature although temporary static components are involved 

(Kamon, et al., 1982; Aghazadeh, 1982). Consequently, 

dynamic strength should play a more important role in 
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lifting than static strength. In recent years, 

psychophysical lifting capacity models based on dynamic 

strength tests have been developed by several researchers. 

I Pytel and Kamon (1981) adapted a portable commercially 

available device ("Mini-Gym," Model 101) to measure isoki

netic dynamic strength. A lifting experiment was designed 

to lift a tote box (44 * 30 * 12 cm) with handles from the 

floor to 113 cm height. A simple psychophysical model was 

developed as follows: 

MAL = 295 + 0.66 (DLS) - 148 (SEX) (R^ = 0.941) 

where MAL = maximum acceptable lifting capacity (kg) 

DLS = dynamic lifting strength (floor to chest height) 

SEX = 1 for male, 2 for female. 

The simple stength test procedure, concise form of the pred

iction models, and high R*- values are the most attractive 

points in this study. However, only one lifting range 

(floor to 113 cm height) and one lifting frequency (once) 

were studied. ^ 

Kamon, et al. (1982) employed the same test procedure 

as Pytel and Kamon (1981) to test 228 male steelmill 

workers. Among those, 48 workers performed dynamic strength 

tests. Two psychophysical lifting models were developed by 

using a single static strength measure (back extension 
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maximum voluntary contraction) or a single dynamic strength 

measure (lifting strength): 

LC = 0.46 * BE +380 (r=0.51) 

LC = 0.54 * LS +304 (r=0.47) 

where LC = lifting capacity from floor to 113 cm height 

(Newtons) 

BE = back extension maximum voluntary contraction 

LS = lifting strength (floor to 113 cm height) 

measured by Mini-Gym. 

They further improved the dynamic lifting capacity model by 

adding 10 female subjects' data. The resulting model is: 

LC = 1.03 *,LS -17 (r=0.75) 

Aghazadeh (1982) studied the relationship between box/ 

bag lifting capacity and subject's strength test. Three 

task related variables and five operator related variables 

were studied. Task variables were container type (bag or 

box), frequency of lift (2 or 6 lifts/min) and lifting rang

es (F-S and K-S). Operator related variables were static 

strength (arm, stooped back, standing back, composite, 

shoulder and leg), dynamic strength measured from Cybex (F-S 

and K-S), endurance (static and dynamic), PWC, subjects' 

height and weight. There were nine dynamic models and nine 
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static models developed. Both static models and dynamic 

models could predict the maximum acceptable lifting capacity 

with a reasonable degree of accuracy (R^ with the range of 

0.452 to 0.862). However, the use of the dynamic models re

duced the absolute error between the actual and predicted 

load up to 44% as compared to the static models. A single 

dynamic model involving only one operator strength measure 

was thus found to be a good predictor of lifting capacity: 

CAP = 54.72 - 9.68 * CON - 0.11 * LIFTTYPE - 2.21 * FY 

+ 0.27 * DYNSTKS 

where CAP = Predicted lifting capacity (lbs) 

CON = Container type (1 for box, 2 for bag) 

LIFTTYPE = Type of lift (50 for floor to shoulder height 

lift, 20 for knuckle to shoulder height lift) 

FY = Frequency of lift (lifts/min) 

DYNSTKS = Dynamic strength in a simulated lifting 

position from knuckle to shoulder height 

(ft-lbs). 

I Another effort by Ayoub, et al. (1982b) developed a 

criterion with which the Air Force could reliably evaluate 

the compitability of an individual's physical capacities 

with the physical demands of the various Air Force Specialty 
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Codes (AFSCs). Psychophysical methodology was used to 

determine the capacity for different MMH activities. Data 

were collected over four years, from nine U.S. Air Force 

bases. A series of one to five variable equations were de

veloped based on 571 airmen's test data. However, the jjji-

gle variable regression equation (weighted by 1/(X1) ) per

formed the best except for push/pull activities. These 

equations are: 

L2 = 0.6489 * XI + 12.7477 

L6 = 1.1797 * XI + 11.2164 

L7 = 0.9936 * XI + 16.7324 

L8 = 0.5167 * XI + 15.1135 

L9 = 0.4502 * XI + 8.2386 

H3 = 0.8356 * XI + 12.0214 

H4 = 0.7382 * XI + 17.2433 

C2 = 0.7414 * XI + 21.9944 

C3 = 0.8578 * XI + 14.9464 

C4 = 0.9692 * ..1 + 15.5445 

PI = 0.3969 * XI + 35.8983 

P2 = 0.5173 * XI + 38.7013 

P3 = 0.2619 * XI + 26.8747 

Where XI = maximum weight lifted to 6 feet on the 

incremental weight machine 

p 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

0, 

0, 

0 

0 

0 

0 

,2 

7500 

7344 

6433 

7236 

,6748 

.7976 

.7420 

.7126 

.6827 

.6654 

.4340 

.5591 

.3435 
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L2 = lift tool box F-WB (1 hand) 

L6 = lift regular box F-K 

L7 = lift regular box F-WB 

L8 = lift regular box F-S 

L9 = lift regular box F-6 ft (F-R) 

C2 = 1 hand tool box carry 

C3 = 2 hand side carry 

C4 = 2 hand front carry 

H3 = hold/position shoulder level 

H4 = hold/position reach level 

PI = low level push 

P2 = low level pull 

P3 = upper level push. 

The dynamic strength test XI was simple to measure and could 

be done within 1.5 minutes. The predictability was quite 

satisfactory for lifting and carrying activities (R within 

the range of 0.6433 and 0.7500). However, frequency of lift 

was not considered because the limitation of the experimen

tal size.) 

The assumption of psychophysical stress as an 

integration of physiological and biomechanical stresses has 

been studied by several researchers (Ayoub, et al., 1980; 

Jiang, 1981). Karwowski (1982; 1983) proved this assumption 
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by using Fuzzy set theory (refer to Zadeh, 1962; 1965; 

1978). An acceptability measure—for biomechanical stress 

and an acceptability measure for physiological stress were 

combined and compared to the acceptability measure for psy

chophysical stress. According to his experiment (lifting 

F-K height), he concluded that the maximum acceptable weight 

of lift based on a psychophysical criterion appears to be 

the result of the integration of the biomechanical and phy

siological stresses imposed by the lifting task. 

pXyoub, et al. (1983) stated that the psychophysical 

criterion is an appropriate single design criterion to use 

in the determination of lifting capacity. Based on two psy

chophysically determined lifting capacity data bases (Ayoub, 

et al. 1978; Snook 1978), lifting capacity prediction models 

for both males and females were developed. The models can 

accommodate : D a wide range of frequencies (0.1 to 12 

lifts/min); 2) various container sizes (12 to 30" in sagit

tal plane); 3) six ranges of .lift; and 4) individuals and 

different percentiles of population. The models also allow 

for adjustment of lifting capacity based on presence or ab

sence of handles and whether or not a twist of the body 

occurs during lifting. The prediction equations of lifting 

capacity for 50th percentile male and female, box size of 
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18" and frequency of 1 lift/min are shown in Tables 5 and 6. 

The graphical representation of lifting capacity for a 50% 

male population is shown in Figure 6. 

Fin summary, for the modeling of psychophysical 

lifting/lowering capacities, the predictors used in the 

literature were either task related variables or operator 

related variables. Task related variables are the ones to 

describe the task conditions, such as frequency of 

lift/lower, range of lift/lower, distance of lift/lower, 

container type, and container size. Operator related 

variables are the ones to describe an operator's physical 

condition, such as his/her strength and anthropometric 

measurements. iThe strength variables could further break 

down into four catagories: isometric, isokinetic, 

isoinertial, and isotonic strengths.^ The strength variables 

and anthrometric measurements used in the previous 

psychophysical models of lifting/lowering activities are 

shown in Table 7. ^ 

Carrying/Holding 

The studies on the MMH activities of carrying/holding 

are relatively infrequent compared to the studies on 

lifting/lowering. Drury et al. (1982) indicated that 

carrying activities are the third most common MMH activity 
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TABLE 5 

Prediction Equations for Lifting Capacity (lbs) Based 
on Frequency of Lift - Male 

RANGE OF LIFT FREQUENCY OF LIFT (LIFTS/MIN) 

Male Capacity 0.1 < FY < 1.0 

57.2^ * (FY) ** (-0.184697) 
51.2 * (FY) ** (-0.184697) 
49.1 * (FY) ** (-0.184697) 
52.8 * (FY) ** (-0.138650) 
50.0 * (FY) ** (-0.138650) 
48.4 * (FY) ** (-0.138650) 

RANGE OF LIFT FREQUENCY OF LIFT (LIFTS/MIN) 

1.0 < FY < 12.0 

1 . 
2 . 
3 . 
4 . 
5 . 
6 . 

F-K 
F - S 
F-R 
K-S 
K-R 
S-R 

7 . 
8 . 
9 . 

1 0 . 
1 1 . 
1 2 . 

F-K 
F - S 
F-R 
K-S 
K-R 
S-R 

5 7 . 2 -
5 1 . 2 -
4 9 . 1 -
5 2 . 8 -
5 0 . 0 -
4 8 . 4 -

- 2 . 0 
- 2 . 0 
- 2 . 0 
- 2 . 0 
- 2 . 0 
- 2 . 0 

* 

* 

* 

* 

* 

• 

(FY-1) 
(FY-1) 
(FY-1) 
(FY-1) 
(FY-1) 
(FY-1) 

where FY = Frequency of lift (lifts/min) 

-'- 57.2 = mean capacity for lift based on data from 
Ayoub, et al. (1978) and Snook (1978) for 
the various ranges of lift for the 50th 
percentage and 1.0 lift/min. 

* * = exponentation (e.g., FY to the power of -0.184697) 
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TABLE 6 

Prediction Equations for Lifting Capacity (lbs) Based 
on Frequency of Lift - Female 

RANGE OF LIFT FREQUENCY OF LIFT (LIFTS/MIN) 

Female Capacity 0.1 < FY < 1.0 

13. F-K 37.4^ * (FY) ** (-0.187818) 
14. F-S 31.1 * (FY) ** (-0.187818) 
15. F-R 28.1 * (FY) ** (-0.187818) 
16. K-S 30.8 * (FY) ** (-0.156150) 
17. K-R 27.3 * (FY) ** (-0.156150) 
18. S-R 26.4 * (FY) ** (-0.156150) 

RANGE OF LIFT FREQUENCY OF LIFT (LIFTS/MIN) 

1 9 . 
2 0 . 
2 1 . 
2 2 . 
2 3 . 
2 4 . 

F-K 
F-S 
F-R 
K-S 
K-R 
S-R 

1.0 < FY < 12.0 

37.4 - 1.1 * (FY-1) 
31.1 - 1.1 * (FY-1) 
28.1 - 1.1 * (FY-1) 
30.8 - 1.1 * (FY-1) 
27.3 - 1.1 * (FY-1) 
26.4 - 1.1 * (FY-1) 

wh.̂ re FY = Frequency of lift (lifts/min) 

1 37.4 = mean capacity for lift based on data from 
Ayoub, et al. (1978) and Snook (1978) for 
the various ranges of lift for the 50th 
percentage anj 1.0 lift/min. 

** = exponentation (e.g., FY to the power of -0.187818) 
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1 strength and . 

TABLE 7 

Anthropometric Vari< ables Used in the 
1 Previous Psychophysical Lifting/Lowering Capacity 

1 Reaearcher 

1 Ayoub, el al., 
1 1978 

1 McDaniel,1972 
1 Knipfer, 1974 

1 Aghazadeh, 1982 
1 Plott, 1983 
1 Garg, et al., 
1 1980 
1 Poulsen, 1970 

1 Pytel and Kamon 
1 1981 
1 Kamon, 1982 
1 Aghazadeh, 1982 
1 Plott, 1983 

1 Ayoub, et al., 
1 1978 

1 McDaniel, 1972 
1 Dryden, 1973 

1 Knipfer, 1974 

1 Smith and Ayoub 
1 1982 
1 Ayoub, et al., 
1 1982b 

Models 

Strength 

Isometric: 
Arm, Back , 

Arm Back Leg 
Back Shoulder Arm 
Leg, Push 
Shoulder, Leg 
Shoulder 
Max. strength at 
origin 
Back, Arm, Push 

Isokinetic: 
, Mini-Gym (F-S) 

Mini-Gym (F-S) 
Cybex (K-S) 
Mini-Gym (F-S), 
Cybex (F-S) 

Isotonic: 
Dynamic end. 

Dynamic end. 
Dynamic end., 
Static er>d. 
Dynamic end., 
Static end. 

Isoinertial: 
Max. 6' lift 

Max. 6' lift 

1 * RPI = stature/(weight)**(l/3) 

Measurements 

Sex, Weight, Age, 
Shoulder ht., 
Abdominal depth 
Stature, RPI * 
Stature, Weight, 
Forearm cir., Sex 

body fat 

Weight 

Sex 

Body fat 

Sex, Weight, Age 
Shoulder ht., 
Abdominal depth 
Stature, RPI 
Chest cir.. Stature, 
Body fat 
Age, Weight, Sex, 
Forearm cir. 
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in industry, following lifting and lowering activities. 

Manual carrying activities may be responsible for up to 15% 

of all overexertion injuries caused by handling material ma

nually (NIOSH, 1981). 

"Carry" activities involve both the support of the load 

and the movement of the load from place to place. This term 

has been used in many different ways. The following situa

tions have been described as "carry" activities (Datta, 

1969, 1971; Nag, 1978; Soule, 1969; Snook, 1971; and Ayoub, 

et al., 1982b). 

1) Double pack carry: one container in front and another 

one on the back with a strap across the shoulder. 

2) Head carry: carry load on the head. 

3) "Rucksack" carrying on the back: one container carried 

on the back and supported by shoulder straps. 

4) Back carry with hands support: used by individuals 

transporting heavy bags of rice, cereals, sugar, coal, 

etc. Usually the load is in a gunny sack and is sup

ported on the back with the upper two corners of the 

sack held by hands or hooks. 

5) Sherpa carry: is a back carry with support assisted by a 

strap round the forehead. It is used by hill-climbing 

shepas, tea-pickers, etc. 



63 

6) One side shoulder carry: load is on one side of 

shoulder, such as yoke carrying. 

7) Two hands side carry: load is carried by each hand, as 

usually done when transporting liquids in buckets. 

8) Carrying on feet: as heavy tools or shoes on the feet. 

9) One hand side carry: as carrying tool box by one hand. 

10) Two hand side carry: as two persons carrying heavy bulk 

load. 

11) Two hand front carry (either with arms straight or 

bent): such as carrying tote box, bags, equipment. 

The term "carry" in this study was defined as the two 

hand front carry. However, related literature was reviewed. 

Lind and McNicol (1968) examined cardiovascular res

ponses to holding and carrying weights by hand and by 

shoulder harness. They used ten subjects from the United 

Kingdom's mine rescue service. They concluded that standing 

and holding of 10 kg (in each hand) and shoulder carrying 

(at standing position) in excess of 80 kg over 30 minutes 

produced fatigue responses in their subjects. They also 

provided the following rules for weight carriage to minimize 

muscle fatigue: 

1) Carry the load with the strongest possible group of 

muscles. 
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2) Divide the load between as many groups of muscles as 

possible. 

3) If one limb can carry a weight without fatigue, a similar 

weight carried simultaneously by the opposite limb will 

not induce fatigue and may help to avoid it by balancing 

the body and thereby avoiding undue strain on some group 

of skeletal-supporting muscles. 

Soule and Goldman (1969) studied the energy cost of 

loads carried on the head, hands, or feet. Ten subjects 

walked for 20 minutes on a treadmill at 4.0, 4.8, or 5.6 

km/hr carrying 1) no load, 2) 4 kg, or 3) 7 kg on each hand; 

4) 6 kg on each foot, or 5) 14 kg on head. Mean energy cost 

(ml 02/min) of carrying various loads were found as follows: 

Speed (km/hr) 

Condition 4.0 4.8 5.6 

No load 758 * 931 1120 

Hands, 4kg each 890 1060 1352 

Hands, 7 kg each 1053 1248 1525 

Head, 14 kg 928 1109 1395 

Feet, 6 kg each 1284 1814 2275 

* energy cost, ml 02/min 
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Snook (1971) employed psychophysical methodology to 

study the maximum acceptable workload on six basic MMH ac

tivities: lifting, lowering, pushing, pulling, carrying and 

walking. Twenty-eight Caucasian male industry workers from 

two age groups (25-35 and 45-60 yrs) served as subjects. 

They were required to handle an industrial tote box, 13.5 * 

19 * 5.5 inch with two 7 * 1.625 inch handles. The three 

carrying distance/carrying rate combinations used were 7 ft 

(6, 12 and 60-sec per carry), 14 ft (10, 16 and 60-sec per 

carry), and 28 ft (18, 24 and 60-sec per carry). Forty-one 

anthropometric measurements were recorded from each subject. 

A significant correlation between carrying capacity and an

thropometric measurements was not reported. However, the 

performance results were used to predict the maximum weight 

and workloads acceptable to different percentages of the 

male industrial population (Snook, 1978). 

Datta and Ramanathan (1971) compared physiological res

ponses (energy cost, cardiac rate and pulmonary ventilation) 

on seven modes of carrying loads. The carrying modes were: 

head, rucksack, double pack, rice bag, sherpa, yoke and two 

hand side carry. Six subjects were asked to carry a load of 

granite chips weighing 30 kg over ten laps each 100 meters 

long, for a total distance of 1 km at a speed of 5 km/hr. 

They found a significant physiological difference between 
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the different modes of carrying the same load. They 

concluded that carrying by hands was the worst method as far 

as physiological economy was concerned. Furthermore, they 

recommended the double pack as the most effecient for carry

ing loads because of the minimum energy cost, least cardiac 

stress, adequate postural balance, and the freedom of both 

hands. 

Datta, et al. (1973) employed six subjects to study the 

relationship between energy expenditure (Kcal/min), HR 

(beats/min) and carrying load on the head (including body 

weight). The subjects were asked to carry loads (0, 20,30, 

40 and 50 kg) on their head in a basket and to walk for a 

period of 12 minutes so as to cover a measured distance of 1 

km. (i.e., at a speed of 5 km/hr). They established the 

following regression equation to describe the relationship 

between physiological costs and gross weight (weight carried 

+ body weight). 

E = 0.0943 * (W + L) - 2.1833 (r=0.91) 

PHR = 1.2552 * (W + L) + 24.87 (r=0.88) 

where E = energy expenditure in Kcal/min 

W = body weight in kg 

L = load carried on head in kg 

PHR = peak HR in beats/min. 
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An interesting point is that the total of body weight and 

the weight of load as the independent variable were consid

ered. 

Pandolf, et al. (1977) studied metabolic cost of load 

carriage while standing and of carriage with a back-pack 

load. Six men each carried back loads of 32, 40 and 50 kg 

while walking at 1.0, 0.8, 0.6, 0.4 and 0.2 m/sec. Metabol

ic cost of standing with 0, 10, 30 or 50 kg backpacks was 

also investigated in ten men. The following metabolic rate 

prediction model was presented: 

M = 1.5* W + 2.0*(W+L)*(L/W)2 + n*(W+L)*(1.5*v2 + 0.35*V*G) 

where M = metabolic rate (watts) 

W = subject weight (kg) 

L = external load (kg) 

V = speed of walking (m/sec) 

G = grade (slope) (%) 

n = terraiii coefficient (n=l for treadmill). 

This prediction model was also compared with the study of 

Goldman and lampietro (1962) and Givoni and Goldman (1971). 

A high correlation coefficient (r=0.96) was obtained from 

predicted and measured metabolic cost on the data from 

Goldman and lampietro (1962). There was a good agreement 
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between the model of Pandolf, et al. (1977) and the model 

proposed by Givoni and Goldman (1971). However, this pred

iction model can only be applied to backpack- carried loads. 

Pierrynowsi, et al. (1981) utilized mechanical energy 

analyses for different backpack loads carried on a tread

mill. Six male Caucasians who had no known skeletal system 

disorders were selected as subjects. One unloaded and five 

load conditions of 15.16, 19.30, 22.65, 28.63 and 33.85 kg 

were observed, while the subjects stood with each load for 

12 min., then walked for 12 min. on a horizontal motor dri

ven treadmill at an average velocity of 5.54 km/hr. Kine

matic data, energy levels of the segments of a 15 member 

linked segment model and overall work indices were calculat

ed. Rate of work done on the segments and mechanical energy 

curves were presented. Assessment of these curves assisted 

in identifying phases of the gait cycle and body segment in

teractions which changed as the loads became heavier. They 

concluded that the mechanical assessments were sufficiently 

sensitive and detailed to evaluate backpacks and provide in

formation not available from metabolic analyses alone. 

Evans, et al. (1983) studied physiological responses 

(HR and EMG) tC' load holding and load carriage. Seven young 

healthy male subjects held and carried cardboard cartons (36 

* 28 * 32 cm) of 15, 20, 25, 30 and 40 kg to exhaustion in a 
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total of 280 tests. The walking speed was freely chosen by 

the subject and ranged from 60 to 110 m/min. The mean maxi

mum time for load holding and for load carrying was found to 

be hyperbolically related to the mass of the load. The re

lationship between mean maximum time and the mass of the 

load could be expressed as follows: 

Tl = 2344.9 / F ** 2.14 (r=-0.999) 

T2 = 3071.7 / F ** 2.30 (r=-0.999) 

where Tl = mean maximum time in load holding (min.) 

T2 = mean maximum time in load carrying (min.) 

F = load (kg). 

Heart rate increases at exhaustion were linearly related to 

the load, and HR increase was, for every load, greater when 

the load was carried rather than simply held. The regres

sion lines of mean HR increase at exhaustion and the mass of 

the load are as follows: 

IHRlH) = 7.75 + 0.95 * F (r=0.99) 

IHR(C) = 31.6 + 0.68 * F (r=0.97) 

where IHR(H) = mean heart rate increases at exhaustion 

for load holding 

IHR(C) = mean heart rate increases at exhaustion 

for load carrying 

F = the mass of tĥ _ load (kg). 
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Evans, et al. (1983) also reported that EMG activity in the 

forearm flexor muscles increased when the load was carried 

and appeared in the form of marked fluctuations synchronous 

with the stepping frequency. They found a good relationship 

between maximum holding/carrying time and the mass of the 

load. Following this, maximum single holding/carrying load 

for a certain period of time could be determined. However, 

holding/carrying combined with other activities, such as 

lifting/lowering and the frequency of handling, were not 

considered in this study. 

Mital and Ilango (1983) employed the psychophysical 

methodology and studied the effects of three load character

istics (density, center of gravity of load, and load orien

tation) on manual carrying (two hand front carry) capabili

ties. Ten male student subjects and a tote box (30.48 * 

30.48 cm) with handles were used. Three levels of load den

sity (1, 2.02 and 10.68 g/cm̂ ^ ), three load center of gravi

ty locations (0, 12.7, and 25.4 cm from the mid-sagittal 

plane in the front plane), two load orientations (preferred 

hand holding the heavier end; non-preferred hand holding the 

heavier end), and two carrying distances (3.05 and 9.14 m) 

were examined. The frequency of carrying was once every 

minute. They found that isometric arm strength appeared to 
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be a limiting factor in carrying activities. They also 

found that the maximum acceptable weight of carrying was 

significantly affected by the density of the material, and 

the load center of gravity. The prediction model (R^ = 

0.80) for the maximum acceptable weight of carrying was pro

posed as follow: 

Max. Acceptable Weight of Carrying (kg) 

= 170.43 + 1.27 * Density (g/cc) - 0.54 * CG offset (cm) 

- 0.5 * Hand Preference - 2.1 * Knuckle Ht. (cm) 

- 0.168 * Arm Strength (kg) 

where hand preference = 1 if preferred hand is holding the 

heavier end 

hand preference = 2 if non-preferred hand is holding 

the heavier end. 

In summary, most of the past research in MMH of load 

carrying/holding employed the physiological approach. Phy

siological responses (e.g., energy expenditure and heart 

rate) and the prediction models for the physiological costs 

of MMH activities were the major concerns in the past. 

Psychophysical studies of load carrying/holding are few. 

Psychophysical capacity data for load carrying are available 

in Snook's studies (1971, 1978) and Ciriello and Snook 
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(1983). The examples of prediction models for carrying 

capacity are Smith and Ayoub (1982), Ayoub, et al. (1982b), 

and Mital and Ilango (1983). 

Combined Activities 

A combined activity was defined as a MMH task involving 

two or more individual activities: lifting, lowering, 

carrying, holding, pushing, or pulling. For example, a task 

requires an operator's lifting a box, then carrying the box 

for a certain distance, then lowering the box on a conveyor 

and is defined as a combined MMH activity in this study. 

Although only lifting, lowering, and carrying activities 

were examined in this study, the previous research that was 

reviewed concerned any type of combined MMH activites. 

Wiley and Lind (1975) examined the respiratory 

responses to simultaneous static (hand-grip) and rhythmic 

(bicycle ergometer) exercises. Six male subjects performed 

seven minutes of cycling to reach a physiological steady 

state, followed by an isometric hand-grip contraction at 40% 

MVC until they could no longer hold the tension; three 

minutes of cycling was performed after the subjects released 

the hand-grip. Three work loads (25, 50 and 100 W) combined 

with 40% of MVC hand-grip were applied to each subject. 

Oxygen consumption (L/min) and minute ventilation (VE in 
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L/min) were measured during the exercise. Wiley and Lind 

reported that V02 increased with the intensity of rhythmic 

work load, with a modest additional V02 accompanying the ad

dition of static effort during the rhythmic exercise. VE 

increased directly with rhythmic exercise, but the mean in

crement of VE elicited by the static exercise influence was 

nearly constant at 20 L/min, regardless of the rhythmic load 

present. This result was consistent with the previous find

ing (Wiley and Lind, 1971). -"They stated the addition of 

even a modest degree of static effort during the rhythmic 

exercise disrupted the match of ventilation to metabolism 

and produced an inefficient, energy-consumption hyperventi

lation/] 

Kilbom and Brundin (1976) examined the circulatory ef

fects of isometric muscle contractions, performed separately 

and in combination with dynamic exercise. A sustained iso

metric forearm contraction at 20% MVC of hand grip strength 

(measured by hand-grip dynamometer) was performed. The dy

namic leg exercise (100 W) was performed on an electrically 

braked bicycle ergometer. The combination of sustained iso

metric forearm contraction and dynamic .leg exercise was also 

performed by each subject. Test periods were six minutes 

each, and a fifteen minute rest period was inserted between 

each test period. Fifteen subjects were tested. All the 
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studies were performed in the supine position. The 

hemodynamic results for rest (A), isometric muscle contrac

tion (B), dynamic leg exercise (C) and combined isometric 

and dynamic (B+C) work are shown in Table 8. 

TABLE 8 

The Hemodynamic Results for Different Activities 
(Kilbom and Brundin, 1976) 

Activity* A B C B+C 

VE (L/min) 8.9 12.9 37.9 41.3 
(0.8)** (3.6) (3.1) (4.6) 

V02 (L/min) 310 420 1610 1750 
(30) (80) (85) (100) 

Cardiac 7.9 10.2 14.9 15.9 
Output (L/min) (1.6) (2.2) (1.4) (1.3) 

Stoke 
Vol. (ml) 
HR (6 min) 
(beats/min) 

128 
(19) 
62 
(6) 

129 
(27) 
87 
(21) 

132 
(18) 
115 
(11) 

137 
(14) 
129 
(12) 

* A = rest 
B = isometric forearm contraction 

(20% MVC of hand grip strength) 
C = dynamic leg exercise (100 W) 

** The value in parentheses is the value of 
standard deviation 



75 

Cardiac output, V02, HR and arterial blood pressure all 

increased in response to isometric contraction. (Quantita

tively, the changes in HR and cardiac output induced by a 

sustained contraction were more marked when the contraction 

was performed sep^arately than when it was added to dynamic 

exercise. They concluded that during sustained isometric 

muscle contraction: 

1) the blood flow increase is mainly distributed to peri

pheral circulatory areas; and 

2) a ̂ oncomitant dynamic_e^erc^ise interferes with the circu

latory adaptation only to a small extent. 

Garg (1976) and Garg, et al. (1978) developed regres

sion equations to estimate metabolic energy expenditure 

rates for MMH activity elements. These elements were sit

ting, standing, lifting, lowering, walking, carrying, hold

ing, pushing and pulling. The 'net metabolic rate' for a 

task was calculated by subtracting the individual's standing 

V02, at rest, from the amount of V02 while performing that 

task. They proposed an analysis model for estimating V02 

for MMH activities as follows: 

ml n 

E job = ( ̂  E pos X ti + 2 E task i)/ T 

i=l i=l 

where E job = average V02 rate of the job (Kcal/min) 
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E pos = metabolic energy expenditure rate 

due to maintenance of the i th posture 

(Kcal/min) 

ti = time duration of posture i (min) 

ml = total number of body postures employed 

in the job 

E task i = net metabolic energy expenditure of 

task i in steady state (Kcal) 

n = total number of tasks in the given job 

T = time duration of the job (min.). 

This model was based on the assumption that the net total 

metabolic cost of a series of activities could be estimated 

by summing their net steady state individual metabolic costs 

as obtained from their separate performances. This additiv

ity assumption was not verified experimentally./ Asfour 

(1980), based on his study, showed that this assumption was 

not valid for an energy cost for lifting from floor to 50" 

and the summed energy cost for lifting from floor to 30" and 

lifting from 30" to 50". 

Sanchez, et al. (1979) studied the effects of dynamic, 

static and combined work on HR and V02. Three male subjects 

were used. Dynamic work consisted of walking at four speeds 

(0.56, 0.83, 1.11 and 1.39 m/sec) on a horizontal treadmill; 
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static work consisted of pushing against, pulling and 

holding 6,9, 12, 18 and 24 kg. Combined work associated 

walking with each one of the forms of static work. The du

ration of each exercise was ten minutes. Physiological load 

was expressed in terms of cardiac cost (increased HR) and 

oxygen cost (increased V02). The "extra-cost" of combined 

work had been determined by computing the differences bet

ween the cost of combined work and the sum of the costs ob

served during static and dynamic exercises separately per

formed. rThey__ found that the physiological 'extra-costs' 

were always positive for pushing and were negative with low 

loads of pulling and rose to positive values with the high-

est load and were always slightly negative for holding./ 

JThey concluded that when static work is combined with walk

ing, the physiological response varies with the type of 

static work considered./ That means the hypothesis that the 

physiological responses observed by combined activities are 

the sum of those produced by each activity component alone 

is not a good general rule. 

Gordon, et al. (1983) studied the effects of HR and 

rating of perceived exertion (RPE) on backpack load 

carrying. Ten subjects were tested to walk on the treadmill 

at a speed of 1.34 m/sec (4.8 km/hr) and 10% grade. The 

loads carried for each subject were 0, 20, 30, 40 and 50% of 
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his body weight (as additional load in the backpack). 

Vertical power output was calculated as force (mass times 

acceleration due to gravity) times vertical distance moved 

per unit time. A simple linear relationship was indicated 

between HR (beats/min) and added load (% of body weight), 

V02 (ml/kg-min.) and added load, RPE and added load, HR and 

vertical power output (W), and RPE and vertical power out

put. The regression lines for the above-mentioned relation

ship are as follows: 

HR = 118.4 + 0.86 * L 

HR = 32.25 + 0.91 * PL 

HR = 90.75 + 0.32 * PG 

V02 = 22.2 + 0.21 * L 

RPE = 9.41 + 0.11 * L 

RPE = -1.93 + 0.12 * PL 

RPE = 5.05 + 0.038 * PG 

where L = added load (% of body weight) 

PL = vertical power (% of body weight) 

for added load 

PG = vertical power (% of body weight) 

for added gradient 

HR = heart rate (beats/min) 

V02 = Oxygen consumption (ml/kg-min.). 
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They concluded that both HR and RPE increased in power 

output, but added load carried brought about substantially 

larger increases in HR and RPE than did unloaded walking for 

equivalent increases in power. These differential responses 

are thought to be related to differences in muscular fatigue 

and biomechanical action. 

Morrissey and Liou (1984) employed six well trained 

male subjects to study metabolic costs of load carriage us

ing three container sizes (15.2, 22.8, and 30.5 cm in mid-

sagittal plane) and five treadmill speeds (0.89, 1.12, 1.34, 

1.56, and 1.79 m/sec). Models were developed to predict me

tabolic rate and heart rate as follows: 

Metabolic rate (watts) = -75.14 + 3.11*W + V^ *(2.72*L+87.75) 

+ 13.36*(W+L)*(L/W)2 

Heart rate (Beats/min) = 192 + 27.39*V*((V-1.53)+1.42*(W+L) 

*(1-1.46*(L/W)) 

where L = weight carried in kg 

V = treadmill speed in m/sec 

C = treadxiiill speed in m/sec 

W = body weight in kg. 

In summary, the physiological approach was used for the 

previous studies on the combined activities. Several 

prediction models have been developed to predict the 
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metabolic cost for the combined MMH activities (Garg, 1976; 

Garg, et al., 1978; Gordon, et al.,1983). A MMH task -is 

such a complex activity that many factors could affect the 

resulting capacity for an individual. The psychophysical 

approach used in the MMH study allowed the subject to inte

grate all the stressful factors, such as task conditions and 

environmental conditions. However, there were no available 

psychophysical data or psychophysical models to allow for 

the analysis of a MMH task involving combined activities. 



CHAPTER III 

METHODS AND RESULTS 

Twelve male subjects were recruited from the student 

population of Texas Tech University. They were familiarized 

with the experimental procedures before the experimental 

data were collected. The data base for the subject's 

physical condition was collected by conducting the strength 

tests, the anthropometric measurements, and the 

physiological capacity test (PWC). The handling capacities 

for simulated MMH activities were tested psychophysically. 

The experimental design and the equipment used in this study 

are also reported in this chapter. 

Subjects 

The selection of subjects was according to the height 

and weight criteria depicted in Table 9. The stratified 

sample plan was develooed by Ayoub and Halcomb (1976b), as 

an effort to represent the U.S. population (NASA, 1978). 

For the total of 25 cells, the correlation coefficient of 

0.5 was obtained between height and weight. The number in 

the cells corresponds '̂o the number of subjects for each 

height/weight combination when the total number of subjects 

equals 100. The same principle was applied for the 

81 
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selection of 12 male subjects for the experiment. The 

numbers in the parentheses in Table 9 are the numbers of the 

subjects that were selected for this study. The subjects' 

ages varied between 18 and 24, with the average age being 

20.6. Table 10 depicts the subjects' height and weight, and 

corresponding percentile of U.S. male population. 

TABLE 9 

Height-Weight Stratified Sample Plan 

0 2 2 6 10 
(1) 

W 192.5 
e 2 4 4 4 6 
i (1) 
g 175.8 
h 2 4 8 4 2 
t (2) 

161.5 
i 6 4 4 4 X 
n (1) (3) (2) (1) 

144.8 
1 10 6 2 2 0 
b (1) 
s 102.5 

62.7 66.7 68.2 69.6 71.2 75.2 
\'i >'̂  r1 i (f> > / /., 

Height in inches 
^S \ I^ ' ^ , /r / 

^ ' P) IT? \h,i> '̂  
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TABLE 10 

Subject Height and Weight Classification 

Subject 

SI 
S2 
S3 
S4 
S5 
S6 
S7 
S8 
S9 
SIO 
Sll 
S12 

Mean 
S.D. 

He 

cm 

175.1 
183.4 
178.3 
169.2 
173.6 
177.9 
174.8 
182.4 
166.1 
174.5 
178.3 
174.7 

175.7 
4.91 

light 

Percentile of 
U.S. male 
Population + 

60.6% 
93.0% 
76.9% 
27.9% 
52.1% 
75.1% 
59.0% 
90.8% 
15.0% 
57.3% 
76.9% 
58.4% 

We 

kg 

75.9 
85.6 
71.5 
71.8 
79.1 
89.2 
66.8 
66.6 
60.9 
66.0 
67.6 
69.4 

72.5 
8.44 

ight 

Percentile of 
U.S. male 
population 

53.2% 
80.2% 
39.4% 
40.3% 
63.1% 
87.2% 
26.1% 
25.6% 
13.4% 
24.1% 
28.2% 
33.2% 

+ According to the public health survey, 1962 
-- U.S. male (Anthropometric Source Book, 1978) 
Height: Mean = 173.24 cm S.D. = 6.89 
Weight: Mean = 74.89 kg S.D. = 12.62 
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Experimental Procedures and Results 

Recruitment of Subjects 

The subjects were questioned to determine if any back 

injuries and related problems existed before the experiment 

started. None of the subjects had been affected by any back 

problems. A personal data questionnaire and consent form 

(Appendix A) were completed by all subjects. A physical 

examination was given to all subjects for this study. The 

subjects were paid volunteers who could be dismissed during 

the experiment for any of the following reasons: 1) 

subject's willingness; 2) physical problem observed after 

the experiment began; and 3) subject's inability to perform 

the experiments properly. 

The subjects were asked to refrain from eating, smoking 

and drinking liquor or carbonated liquids for at least two 

hours prior to the data collection session. The subjects 

were also asked to avoid participating in any strenuous 

physical activity prior to the experiment and asked to get 

their normal amounts of sleep. 

Prior to the start of the familiarization session, the 

objectives of this study and the experimental procedures of 

the Jtudy were explained in detail to the subjects by the 

use of a set of slides with an introductory tape. 
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Familiarization Session 

As recognized by Golding and Bos (1967), Casady, et 

al.(1965). Bender and Shea (1964), Wilmore (1976), Mathews 

and Fox (1976) and Asfour (1980), a training program is most 

effective if it trains for flexibility, muscular strength, 

muscular endurance, and cardiovascular endurance. According 

to Asfour (1980), at the end of ten training sessions, the 

subjects' PWC increased by approximately 23%, the static 

strength was increased about 23.5%, and maximum acceptable 

weight of lift increased about 50%. ^Legg and Myles (1981) 

also realized that familiarization with the psychophysical 

methodology and optimal subject cooperation were important 

in order to obtain reproducible psychophysical data. 

Although training was not a major variable in this 

study, the subjects were given seven one-hour sessions for 

familiarization. The familiarization sessions were not 

designed to increase the subjects' strength . or endurance, 

but to acquaint them with experimental procedure. During 

the seven one-hour familiarization sessions, each subject 

became familiarized with all strength testing procedures and 

performed six different combinations of individual and 

combined activities with different frequencies of handling. 

Normally, each subject conducted three one-hour sessions at 

a frequency of 1 handling/min, and three one-hour sessions 
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at a frequency of 6 handlings/min. Among these sessions, 

both individual and combined activities were conducted by 

each subject. 

The purposes of the familiarization sessions were as 

follows: 

1) The subjects could become familiar with the experimental 

environments and activities conducted. 

2) The subjects could become familiar with the experimental 

procedures and psychophysical methodology. 

3) The subjects could utilize their muscular groups that 

would be used during experimentation in order to have a 

natural response as the data collection began. 

4) The experimenter could become familiar with the subjects 

in order to have better cooperation. 

Anthropometric Measurements 

In order to describe a subject's physical condition and 

to compare the present subject sample to that of past 

research, the following anthropometric measurements were 

made: 

stature (cm) 
weight (lbs) 
sitting height (cm) 
functional reach (cm) 
acromial height (cm) 
trochanter height (cm) 
tibiale height (cm) 
akle height (cm) 
elbow height (cm) 
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wrist height (cm) 
shoulder-elbow length (cm) 
forearm-hand length (cm) 
biacromial breadth (cm) 
bideltoid breadth (cm) 
hand length (cm) 
foot length (cm) 
neck circumference (cm) 
shoulder circumference (cm) 
chest circumference (cm) 
waist circumference (cm) 
buttock circumference (cm) 
thigh circumference (cm) 
calf circumference (cm) 
biceps circumference (flexed) (cm) 
forearm circumference (flexed) (cm) 

wrist circumference (cm) 

These measurements were used either in MMH prediction models 

by other researchers (Poulsen, 1970; McDaniel, 1972; Knip

fer, 1974; Ayoub, et al., 1978; Mital, et al., 1978; Ayoub, 

et al., 1980) or were used by other MMH studies (Mital, 

1980; Asfour, 1980; Aghazadeh, 1982). The protocol for an

thropometric measurements was adopted from Ayoub (1980). 

Subjects' anthropometric data are shown in Appendix B. The 

comparison of mean and standard deviation for present an

thropometric data and the data from previous researchers 

(Ayoub et al., 1982b; Ayoub, et al., 1978; Aghazadeh, 1982; 

Smith and Ayoub, 1982) are shown in Table 11. 
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TABLE 11 

Comparison of Mean and Standard Deviation for 
Anthropometric Data with Previous Data 

Present Ayoub 1982 Ayoub 1978 Smith and 
Study Ayoub 1982 
(N=12) (N=571) (N=73) (N=25) 

Height 175.7(4.9) 176.9(7.0) 173.8(7.6) 174.4(13.6) 
(cm) 

Weight 72.5(8.4) 76.6(10.6) 78.6(14.9) 76.8(10.4) 
(kg) 

Sitting 91.7(2.6) 91.2(4.3) 
Ht.(cm) 
Functional 74.4(3.3) 77.7(5.3) 
Reach(cm) 
Shoulder 144.5(4.8) 142.5(6.5) 144.1(5.3) 
Ht.(cm) 
Knuckle 79.0(2.7) 75.7(4.6) 
Ht. (cm) 
Abdominal 19.7(1.3) 22.1(3.8) 
Depth (cm) 
Chest Cir. 97.2(8.9) 94.5(6.4) (cm) 
Biceps 
Cir. (cm) 
Forearm 
Cir. (cm) , ^ 
Age (yrs) 20.6(1.9) 33.6(10.6) 13.2(1.3) 

33.4(2.8) . 33.2(3.4) 

27.5(3.7) 30.4(2.4) 
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Physical Work Capacity (PWC) 

PWC in terms of maximum oxygen consumption (V02 max) 

was determined on a bicycle ergometer device using 

submaximal techniques. The procedure required the subjects 

to work at three different submaximal loads (e.g., 400, 600 

and 900 kpm/min) for 4 minutes each, or until they reached 

steady state. Heart rate and oxygen consumption were 

recorded for the last minute of each load. The relationship 

between heart rate and oxygen comsumption for each subject 

was then computed using the method of least squares 

regression. Then the PWC in L/min was estimated via 

extrapolation by using the predicted maximum heart rate (220 

- age of the subject), and projecting for V02 max in L/min 

described by Kamon and Ayoub (1976). These PWC values were 

further adjusted by subject's body weight in ml/kg-min. 

Strength/Stamina Tests 

It was an effort of this research to predict general 

MMH activities (individual or combined) by a set of 

strength/stamina tests. Simplicity and reliability were the 

major factors in the selection of strength/stamina tests. 

Three groups of strength testing were conducted for each 

subject. The first group of testing was adopted from Ayoub, 

et al. (1982b). They used the following strength/stamina 
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test battery as the predictors of five major MMH 

activities--lifting, carrying, holding, pushing, and pull

ing: 

XI - max 6' lift (lbs) (\(^ 

X2 - elbow lift (lbs) 

X3 - 70 lbs elbow height hold (sec) 

X7 - knuckle height lift (lbs) 

X8 - 1 hand grip strength (lbs) 

X9 - 38 cm vertical lift (lbs) 

XIO - elbow height vertical lift (lbs) 

Xll - 1 hand pull (lbs). 

The correlation among the above strength/stamina tests and 

simulated MMH activities is shown in Table 12. 

The notations of MMH capacities used in this table are: 

L2 = 1 hand lift tool box floor to work bench height 

(F-WB) 

L6 = lift regular box F-K 

L7 = lift regular box F-WB 

L8 = lift regular box F-S 

L9 = lift regular box F-6 ft (F-R) 

C2 = 1 hand tool box carry 

C3 = 2 hand side carry 

C4 = 2 hand front carry 

H3 = hold/position shoulder level 
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TABLE 12 

Correlation between Strength/Stamina Tests and MMH 
Capacities (Data from Ayoub, et al., 1982b) 

XI X2 X3 X7 X8 X9 XIO Xll 

XI 1.000 
X2 .8669 1.000 
X3 .7053 .6819 1.000 
X7 .7615 .7559 .6272 1.000 
X8 .6120 .6081 .5498 .5667 1.000 
X9 .7321 .7092 .6116 .6683 .5667 1.000 
XIO .7124 .6802 .6014 .6438 .5691 .7596 1.000 
XII .6772 .6482 .5719 .6203 .5972 .6714 .6822 1.000 
L2 .765^ .7193 .6404 .7093 .5761 .6417 .6643 .5963 
L''6 .7550 .7006 .6253 .7188 .5255 .6915 .6026 .6243 
L7 .6986 .6535 .6103 .6580 .5055 .6398 .5907 .5682 
L8 .7415 .6576 .6473 .6740 .5038 .6553 .6267 .6233 
L9 .7095 .6405 .5739 .6227 .4508 .5909 .5958 .5486 
C2' .7224 .6818 .6243 .6854 .5405 .6313 .6058 .6161 
C3 .7100 .6510 .6210 .6759 .4765 .6313 .5796 .5829 
C4 .7030 .6601 .6084 .6666 .5173 .6745 .5933 .5173 
H3 .8112 .7345 .6691 .7176 .5887 .7215 .7016 .6720 
H4 .7727 .7188 .6220 .6647 .5298 .6741 .6391 .6548 
PI .5480 .4639 .4221 .4959 .3875 .5043 .5059 .5306 
P2 .6653 .5957 .5342 .5706 .5187 .5783 .6268 .6732 
P3 .5310 .4955 .4374 .4729 .3888 .5012 .5216 .5499 
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H4 = hold/position reach level 

PI = low level push 

P2 = low level pull 

P3 = upper level push. 

It is noteworthy that XI had the highest correlation with 

most of the selected MMH activities (11 out of 13), and this 

(XI) was finally used as the single predictor in all capaci

ty prediction equations (Ayoub, et al, 1982b). 

Kroemer (1983a; 1983b) also reported a similiar find

ing. He found that a floor to overhead reach height dynamic 

'LIFTTEST' could be used reliably to assess lift capability. 

This procedure and equipment were briefly discussed by 

Kroemer (1983a, 1983b). 

The present research modified the strength/stamina test 

battery from Ayoub, et al. (1982b). One push/pull strength 

test was eliminated because it was not relevant to this stu

dy. 

'\ 

Tl,"- max 6' lift (same as XI) 
V 

T2 - elbow height l̂ ft (same as X2) 

T3 - 70 lb elbow height hold (same as X3) 

T4 - K-S lift (modified) 

T5 - hold 80% of XI at 165^ elbow angle (modified) 

.T6 - knuckle height lift (same as X7) 

T7 - 1 hand grip test (same as X8). 
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In order to make a more precise test, Tl, T2, T4, and T6 

were done with 2.5 lb increments instead of 10 lb incre

ments. This was done by adding a small wooden box at the 

top of the weight lift machine in which three 2.5 lbs lead 

shot bags could be added. This 2.5 lbs adjustment method 

was only used for the last step of the test.- That means if 

a subject started at 70 lbs for the Tl test, 10 lb incre

ments were applied for repetitive lifting until a weight was 

reached that could not be lifted, e.g., 140 lbs. Then 5 lbs 

was added to 130 lbs for finer test. If the subject could 

lift 135 lbs, then 2.5 lbs was further added for his final 

score. A final score of 137.5 lbs was recorded if the last 

test was completed or, 135 lbs otherwise. The total number 

of repetitive liftings of tests Tl, T2, T4 and T6 was done 

between 5 to 10 times. Illustrations of the test machine 

and the candidate tests Tl to T6 are given in Appendix C. 

The test data for the first group of strength/stamina tests 

are shown in Appendix D. The comparison with the data from 

Ayoub, et al. (198^b) is shown in Table 13. 

In order to determine which dynamic strength tests best 

predict MMH capacity, three strength tests using a Mini-Gym 

and three tests using a Cybex isokinetic system were 

compared. The three strength tests for each device were 

conducted for the three ranges of lift: 
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TABLE 13 

Comparison of Present Strength Data and Data from 
Ayoub, et al. (1982b) * 

Present Ayoub, et al. (1982b) 

Tl 
(6' max lift) 132.1 (23.4) 119.6 (21.3) 

T2 176.3 (25.0) 153.7 (28.7) 
(elbow ht lift) 

T3 0.698 (0.312) 0.647 (0.28) 
(70 lbs holding) 

T4 110.0 (21.3) -- ** 
(K-S lift) 

T5 0.714 (0.253) 
(80% of Tl hold) 

T6 195.4 (16.0) 188.5 (20.5) 
(Knuckle ht. lift) 

T7 117.3 (22.4) 100.9 (18.6) 
(hand grip str.) 

* strengths Tl, T2, T4, T6, and T7 are in lbs. 
T3 ai.d T5 are in min. 

** not available 
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Floor to knuckle height lift (Mini-Gym, MGl) 

Floor to shoulder height lift (Mini-Gym, MG2) 

Knuckle to shoulder height lift (Mini-Gym, MG3) 

Floor to knuckle height lift (Cybex, CYl) 

Floor to shoulder height lift (Cybex, CY2) 

Knuckle to shoulder height lift (Cybex, CY3) 

The Mini-Gym and Cybex devices were set at a constant speed 

that simulated an individual's normal lifting speed (Pytel 

and Kamon, 1981; Plott, 1983). 

In order to compare the characteristics of the sub

ject's sample and to compare the static versus dynamic 

strength tests as predictors, the following isometric 

strength tests were also made: 

shoulder strength 

arm strength 

leg strength 

standing back strength 

composite strength 

static endurance 

dynamic endurance 

These static strength tests were taken according to the 

methodology adopted from Ayoub et al. (1978). The subjects 
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were allowed to become familiar with the equipment and the 

procedure. Each static measurement was repeated until three 

readings were obtained that were consistent within a range 

of 10 percent. Each subject was instructed to sustain the 

maximum strength for each test for a minimum of 4 seconds. 

Minimum rest periods of two minutes were required between 

the successive measurements (Caldwell, 1970; Drury and 

Pfeil, 1975; Aghazadeh, 1982). The subject's strength test

ing data, PWC, and adjusted PWC are shown in Appendix D, the 

comparison with the past data are presented in Table 14. 

Simulated MMH Activities 

Individual activities in this study refer to one of the 

following MMH activities: lifting, lowering, or carrying. 

The combined activities refer to the activities which 

combine lifting, lowering and/or carrying in one task. 

Six ranges of lift have been defined by Ayoub, et al. 

(1978), and the assignment criteria are presented in Table 

15. In order to minimize the experimental variation, the 

lifting range F-K was assigned as the lift from floor (0") 

to 30" height above the floor. Likewise, the lifting range 

K-S was assigned or the lift from 30" above floor to 50" 

above floor. 
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TABLE 14 

The Comparison of Strength, PWC Data for the Present 
Study and Previous Studies * 

Arm 

Back 

Compo
site 

Shoulder 

Leg 

Static 

Present 
(N=12) 

83.8 

Ayoub,1978 
(N=73) 

81.5 
(19.4)** (21.3) 
127.8 
(46.5) 
235.7 
(77.4) 

132.7 
(43.3) 
274.5 
(79.3) 
3.554 

Endurance(1.31) 
(min.) 
Dynamic 2.11 
Endurance(0.86) 

159.5 
(34.4) 
249.1 
(59.8) 

110.2 
(28.1) 

3.89 
(2.27) 

2.55 
(1.42) 

Aghazadeh,1982 
(N=9) 

96.8 
(20.6) 
193.4 
(25.0) 
327.7 
(52.7) 

124.3 
(16.8) 
362.7 
(54.7) 
4.33 
(1.55) 

2.10 
(0.56) 

Plott,1983 
(N=15) 

82.5 
(21.0) 
158.5 
(48.6) 

104.9 
(31.7) 
306.4 
(96.2) 

(min.) 
PWC 3.333 
(L/min)(0.871) 
Adjusted 46.21 41.92 41.52 
PWC (11.44) (7.79) (6.75) 
(ml/min-kg) 

* all strength units in lbs. 
** the values in the parentheses are 

standard deviations 
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Lifting Range Assignment (KL = Knuckle Level) * 
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Point of Lift 
Initiation 

0" to KL/2 

Point of Lift 
Termination 

0" to KL + 10 
KL + 10" to KL + 30" 
KL + 30" and Above 

Range 
Assignment 

#1 
#2 
#3 

#1 
#4 
#5 

KL/2 to KL KL/2 to KL 
KL to KL + 30" 
KL + 30" and Above 

KL to KL + 10" 

KL + 10" to 
KL + 20" 

KL + 20" and 
Above 

KL 
KL 

KL 
KL 

KL 

to KL 
+ 30" 

+ 10" 
+ 20" 

+ 20" 

+ 30" 
and Above 

to KL + 20" 
and Above 

and Above 

#4 
#5 

#4 
#6 

#6 

where: 
Range #1 = floor to knuckle (F-K) 

#2 = floor to shoulder (F-S) 
#3 = floor to reach (F-R) 
#4 = knuckle to shoulder (K-S) 
#5 = knuckle to reach (K-R) 
#6 = shoulder to reach (S-R) 

* from Ayoub, et al. (1978) 
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Based on a survey conducted by Drury, et al. (1982), 

and further discussed by Mital and Ilango (1983), the most 

common three MMH activities in industry are lifting, lower

ing and carrying, in that order.\ These three activities, 

lifting, lowering, and carrying, were examined in this stu

dy. The following individual activities have been selected 

for study: 

1) Lifting F-K (LFK): 

LFKM -- LFK at the frequency of onet_ime_jTiaximum 

LFKl -- LFK at the frequency of 1 handling/min 

LFK6 -- LFK at the frequency of 6 handlings/min 

2) Lifting K-S (LKS): 

LKSM -- LKS at the frequency of one time maximum 

LKSl — LKS at the frequency of__l handling/min 

LKS6 — LKS at the frequency of 6 handlings/min 

3) Lowering K-S (LOW): 

LOWM — LOW at the frequency of one time maximum 

LOWl -- LOW at the frequency of __1 _hand]̂ ing/min 

L0W6 -- LOW at the frequency of_6 handlings/min 

4) Two hand front carrying for 14 feet (C): 

CM — C at the frequency of one time maximum 

Cl -- C at the frequency of 1 handling/min 

C6 — C at the frequency of 6 handlings/min. 
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The selection of two ranges of lift was made on the basis of 

different muscle groups involved in the lifting activity. r 
The floor to knuckle lift requires the work of a combination 

of arm, back, and leg muscles while the knuckle to shoulder 

lift requires arm and back muscle involvement. The carrying 

distance of 14 feet was selected according to the previous 

studies (Snook, 1978; Ayoub, et al., 1982; Mital and Ilango, 

1983), and it represented a medium carrying distance in in

dustry. 

Combined activities were chosen for two reasons: 

first, they simulate industrial situations and, second, they 

allow for the examination of the relationship between indi

vidual and combined activities. The following combined ac

tivities were selected in this study: 

1) Lifting F-K + Carrying 14 ft (LC): 

LCM — LC at the frequency of one time maximum 

LCI — LC at the frequency of 1 handling/min 

LC6 — LC at the frequency of 6 handlings/min 

2) Lifting F-K + Carrying 14 ft + Lifting K-S (LCD: 

LCLM -- LCL at the frequency of one time maximum 

LCLl -- LCL at the frequency of 1 handling/min -, 

LCL6 -- LCL at the frequency of 6 handlings/min 

3) Lifting F-K + Carrying 14 ft + Lowering K-F (LCLO): 

LCLOM -- LCLO at the frequency of one time maximum 
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LCLOl — LCLO at the frequency of 1 handling/min 

LCL06 — LCLO at the frequency of 6 handlings/min. 

The frequency of handling has been recognized as a cri

tical task variable in MMH activities. It has been shown 

that a definite corresponding decrease in weight lifted oc

curs with an increase in the frequency of lift (Snook and 

Irvine, 1968; Jorgensen and Poulsen, 1974; Ayoub, et al. 

1978; Snook, 1978; Asfour, 1980; Mital, 1980; Bakken, 1983; 

and Ayoub, et al., 1982a). The selected frequencies of MMH 

activities in this study were one and six handlings per mi

nute. They represent an infrequent and a frequent handling 

in MMH activities. One time maximum capacities for all task 

conditions were also determined psychophysically. ^ It pro

vided a valuable reference for a subject's maximum voluntary 

capacity. 

Two replications were conducted in order to compare the 

initial loads for each activity and to examine the repeat

ability for the psychophysical methodology. If two psycho

physical measurements under a certain test condition were 

found to have a difference of 15% or more (Ciriello and 

Snook, 1983; Griffin, et al., 1984), another test was 

conducted until the difference of two values was within 15%. 
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The average of these two measurements served as the capacity 

for that subject under a certain task condition. The se

lected MMH activities in the present research are summarized 

in Table 16. The psychophysical capacity data for this stu

dy is shown in Appendix D, and the comparison with the data 

from previous researchers (Ciriello and Snook, 1983; Snook, 

1978; Ayoub, et al., 1978) is shown in Table 17. 

A total of 336 data points were collected: (4 

individual activities + 3 combined activities) * 2 

frequencies * 2 replications * 12 subjects. The order of 

data collected for each subject was randomized by using a 

pseudo random number generator (PROC PLAN in SAS), and it 

has been listed in Appendix E. 

This experiment was different from other psychophysical 

experiments (Mital, 1980; Asfour, 1980; Aghazadeh, 1982; 

r 
Plott, 1983; Hafez, 1984), in that the subjects were told to 

work at their maximum acceptable level of performance for a 

one hour work bout instead of selecting an acceptable level 

of performance for an eight hour period./ The one hour 

duration was selected because it more closely approximated 

an intermittent work schedule that would be encountered when 

heavy MMH activities occur only occasionally, sach as 

unloading a truck of boxed material or participating in 

emergency services (Smith and Jiang, 1984; Legg and Pateman, 
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TABLE 16 

Selected MMH Activities in Present Study 

Individual Activities 

1) Lifting floor to knuckle height (F-K) 

2) Lifting knuckle to shoulder height (K-S) 

3) Lowering knuckle to floor height (K-F) 

4) Two hand front carrying for 14 ft 

Combined Activities 

5) Lifting F-K + Carrying 14 ft 

6) Lifting F-K + Carrying 14 ft + Lifting K-S 

7) Lifting F-K + Carrying 14 ft + Lowering K-F 

Handling frequency - one time maximum, one handling 
per minute, and six handlings per 
minute 
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TABLE 17 

Comparison of the MMH Capacities with Previous Studies 
(Male Subjects Only) * 

Present ** Ciriello and Snook Ayoub,et al. 
(N=12) Snook, 1983 + 1978 ++ 1978 

LFKM 160.9(41.5) 134.2(35.9) 101.2 
LKSM 101.4(15.3) 96.8(17.8) 79.2 
LOWM 177.7(46.3) 154.0(30.8) 116.6 
CM 174.0(43.0) 145.2(33.4) 96.8 
LFKl 88.7(22.4) 90.2(24.9) 63.8 61.2(16.9) 
LKSl 67.3( 9.9) 74.8(16.3) 57.2 57.8(14.7) 
LOWl 113.7(24.6) 94.6(25.5) 72.6 
Cl 96.0(16.0) 96.8(26.6) 70.4 
LFK6 57.7(12.5) 59.4(17.4) # 48.4 # 55.1(15.5) 
LKS6 51.0(10.7) 52.8(13.0) # 46.2 # 51.7(15.3) 
L0W6 85.4(16.6) 70.4(18.0) # 50.6 # 
C6 63.2(13.1) 59.4(21.3) 50.6 

* all capacities units in lbs, 
the values in parentheses are standard deviations 

** box size was 11.5" in sagittal plane, 
capacities for one hour work duration, in all 
other studies capacities were estimated for 
8 hrs work duration 

+ box size is 14.2" with handles 
# frequency is 6.7 handlings/min 
++ box size is 14.2" and capacity for 

50 percentile male 
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1984). For each simulated MMH activity, the subjects were 

allowed to adjust the weight of the load to the maximum am

ount that they could handle continuously at least one hour, 

working as hard as they could, without becoming unusually 

tired, weakened, overheated, out of breath or straining 

themselves (Ayoub, et al., 1978). Instruction for the psy

chophysical approach for the subjects is shown in Appendix 

F. Each subject was given approximately twenty minutes to 

determine the maximum load he was willing to handle, and 

then he handled that load for ten minutes in order to reach 

the physiological steady state. Heart-rate was then record

ed for the last ten minutes. If the subject needed to ad

just the load of handling during the period the HR was re

corded, he was allowed to stop and to readjust the load. 

Another ten minutes was run for data collection. The sub

jects were not restricted to a particular lifting technique 

but rather utilized what is called "free style" lifting 

(Jones, 1972; Brown 1973). As reported by Bakken (1983) and 

Anderson (1951), it was indicated that the lifting methodol

ogy should be dependent upon the object being lifted, the 

type of lift employed, and the characteristics of the 

individual performing the lift. Previous research in the 

field of MMH has also shown "free style" lifting to be more 

appropriate than a structured lifting style (Ayoub, et al., 
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1982b; Bakken, 1983). The only instructions given to the 

subjects were for a specified grip position on certain simu

lated activities, otherwise subjects were allowed to lift 

the load in a manner that was most comfortable to them. 

For the carry activity, the subjects carried the load 

for a distance of 14 feet. The walking speed was not con-

trolled. The subjects were instructed to select their nor

mal speed. As found by Bassey (1982), the significant fac

tors affecting freely chosen walking speeds are stature and 

age. If the subject was unable to carry the weighted box 

the required distance, he was asked to readjust the weight 

until the maximum amount was reached that could be carried 

the 14 foot distance. 

No information regarding performance was made available 

to the subject. During performance of the tests, the sub

ject was isolated from other subjects in order to eliminate 

competition and other external influences. 

Each data point was collected for approximately thirty 

minutes. A rest period of at least twenty minutes followed. 
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Experimental Design 

A randomized complete block design with factorial 

treatment combinations was utilized. Each subject was 

considered as a block. 

a) Individual Data Set: 

1) Anthropometric measurements: height, weight, sitting 

height, functional reach, and twenty-two other 

measurements were taken. The anthropometric data for 

the subjects are presented in Appendix B. 

2) Strength/stamina tests: Strength tests conducted on 

weight lift machine -- max 6' lift (Tl), elbow height 

lift (T2), K-S lift (T4), 70 lbs elbow lift (T3), 80% 

of Tl hold (T5), knuckle height lift (T6), and one 

hand grip strength (T7). Three strength tests on 

Mini-Gym (F-K, K-S, and F-S), three strength tests on 

Cybex (F-K, K-S, and F-S), and five isometric strength 

tests were conducted. 

b) Independent Variables: 

1) Frequency: one and six handlings/min were chosen to 

represent the infrequent handling and frequent 

handling. One time maximum capacities under all task 

conditions were also determined. 

2) MMH activities: four individual activities (lifting 

F-K, lifting K-S, lowering K-F, and two hand front 



108 

carry for 14 feet) and three combined activities 

(lifting F-K + Carrying 14 ft, lifting F-K + carrying 

14 ft + lifting K-S, and lifting F-K + Carrying 14 ft 

+ lowering K-F) were investigated. 

3) Replication: two replications were conducted. 

b) Dependent Variables: 

1) The weight of the load: determined by subjects. 

2) Heart rate: measured after the weight of load was se

lected while subject was at steady state. 

c) Controlled Variables: 

1) Wooden tote box (17.5" * 11.5" * 9.75"). 

2) Location of the box -- the sagittal plane in front of 

the subject. 

3) Handling technique — free style for lifting and low

ering was used. For carrying, two hand (with straight 

arms) front carrying with subject's self-paced walking 

speed was used. 

4) Temperature and humidity — temperature was controlled 

within the range 70-73^ F and 45-70 % relative humidi

ty. 

The summary of the experimental design is shown in 

Table 18. 
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TABLE 18 

Summary of Experimental Design 

Individual Data Set 

Anthro measurements 
Strength/stamina tests 

Independent Variables 

Frequency 

Individual activities 

Combined activities 

Measurements 

26 measurements 
T1-T7,MG1-MG3, CY1-CY3, 
and 5 static strength tests 

Levels 

Replications 

Dependent Variables 

Weight of load 
Heart rate 

Controlled Variables 

Box size 
Location of the load 
Handling technique 

Temperature and humidity 

one time max., l/min, 
and 6/min 

lifting F-K, lifting K-S 
lowering K-F,carrying 14' 

lifting F-K + carrying 14' 
lifting F-K + carrying 14' 
+ lifting K-S 

lifting F-K + carrying 14' 
+ lowering K-F 

two 

Explanation 

17.5"*11.5"*9.75" 
sagittal plane 
free style 
self-paced walking speed 
70-75^ and 
45-70% relative humidity 
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Apparatus 

The equipment used in this study included static 

strength measuring equipment, dynamic strength apparatus, HR 

measuring device, and lifting apparatus. All the necessary 

equipment was avaiable from the Ergonomics Lab in the 

Industrial Engineering Department of Texas Tech University. 

For Anthropometric Measurement 

An anthropometric kit, manufactured by GPM was used to 

measure anthropometric data. This kit is shown in Figure 7. 

A standard medical scale was used to measure subject's 

weight. The accuracy of the scale was checked periodically 

during the experiment. 

For Strength/Stamina Tests 

A weight lifting machine used by Ayoub (1982b) was also 

used in this study. The machine can measure a range of 

weight from 40 to 200 lbs and consists essentially of a 

carriage that a person moves up and down within vertical 

guard rails. Twenty 10 lb weights are attached to the rear 

part of the carriage in such a manner that the subject was 

unable to see them. This machine was modified to be able to 

measure the weight as precise as 2.5 lbs. The machine was 

used to perform strength/stamina tests T1-T6. 
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Figure 7: Anthropometric Kit 
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A hand grip dynamometer (Lafayette Model #78010) was 

used. It is shown in Figure 8 and was used to perform hand 

grip strength test T7. The subject was asked to hold the 

hand grip dynamometer in his dominant hand (right or left 

handed) at 90 degree of elbow flexion and squeezed as hard 

as he could. 

The procedure of dynamic strength measured by Cybex 

(Cybex Isokinetic System, the torque measurement device) has 

been described by Aghazadeh (1982) (Figure 9). It consisted 

of a support frame, two pulleys, a nineteen inch wheel, a 

connecting cable, a lifting handle, and the Cybex. A wheel 

was designed and built to transform a linear activity to 

angular torque. The torque generated during a movement and 

corresponding position angle was then transmitted to a 

dynamometer and recorded by a chart recorder. The data 

(torque and position angle) were also sampled and recorded 

by an ISAAC (Integrated System for Automated Acquisition and 

Control) hardware unit which was connected to an Apple II 

computer. This device was used to measure the lifting 

strength CYl, CY2 and CY3. The speed was set on the Cybex 

so that the resulting linear speed of the lift was 30 

inches/sec. This speed was found to be the optimal speed by 

Pytel and Kamon (1981) and was the same speed used by Kamon, 

et al. (1982), Aghazadeh (1982), and Plott (1983). 
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Figure 8: Hand Grip Dynamometer for Hand Grip Strength Test 
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Figure 9: Modified Cybex Machine 
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A modified Mini-Gym (Figure 10) used by Plott (1983) was 

used also in this study to conduct three dynamic strength 

tests (MGl, MG2 and MG3). A major modification was made to 

put a wooden box cover on the Mini-Gym in order to clear the 

length of load cell and the attached chain. This allowed 

the subject to lift the handle directly in front of his 

feet. A square handle that was used for Cybex was also used 

for Mini-Gym. The test protocol was described by Plott 

(1983). In this study, however, the exact speed of 30 inch

es/sec could not be attained because of the device of cont

rolling mechanism. The speed of Mini-Gym was adjusted by 

turning the circular dial that adjusted the tension of the 

cable which then determined the speed of movement. No speed 

dynamometer or internal speed selector was built into the 

Mini-Gym, such as those used in Cybex. Instead, a known 

distance was marked on the feeding line of the Mini-Gym and 

a stop watch was used to time its travel so that the veloci

ty of movement could be computed. Random samples were taken 

during the experiment. A speed range of 32 to 38 inches/sec 

was observed. 

For the static strength tests (leg, arm, shoulder, back, 

and composite lift strength), test equipment described by 

Ayoub, et al. (1978) and used by other researchers (Asfour, 

1980; Mital, 1980; Bakken, 1983) was used in the present 
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" V - •>•• ' ' ' 

Figure 10: Modified Mini-Gym and Experimental Set Up 



117 

Study in order to compare the present data and previous 

data. 

For Simulated MMH Activities 

Heart rate was monitored by a small HR monitoring device 

called an "Exersentry." (Respironics Inc.) This device was 

described in detail by Smith and Wilson (1983). Figure 11 

shows the set-up of the 'Exersentry'. This HR monitoring 

device has been proven to be sufficiently reliable, 

convenient, inexpensive, self-constrained and to cause 

minimum interference with the operator (Smith and Wilson, 

1983; Plott, 1983). "Exersentry" was especially suitable 

for the present study due to its light weight and lack of 

tethered wires, thereby minimizing interruption when the 

subject was conducting a carry activity. The average HR 

corresponding to each MMH activity is shown in Table 19. 

The lifting apparatus used by Ayoub et al. (1978) was 

also used in this research. The set-up of this equipment is 

shown in Figure 12. 

The box was constructed using 0.5 inch plywood without 

handles. The size of the box was 17.5 inch (frontal) * 11.5 

inch (sagittal) * 9.75 inch (vertical). There were two 

runners built at the bottom of the box 3.5 inch from both 

edges. This box size was selected because it was 
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A - MONITOR 
B - ELECTRODE BELT 
C - ELECTRODE CABLE 
0 - RECORDER 

Figure 11 Experimental Set Up for Heart 
(from Smith and Wilson, 1983) 

Rate Monitoring 
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TABLE 19 

Comparison of Mean Heart Rate Data with Data From 
Ciriello and Snook (1983) 

LFKl 

LKSl 

LOWl 

Cl 

LCI 

LCLOl 

LCLl 

LFK6 

LKS6 

L0W6 

C6 

LC6 

LCL06 

LCL6 

Present 
(N=12) 

98.3 

90.5 

90.1 

93.5 

100.2 

101.7 

101.0 

126.3 

108.7 

115.7 

115.7 

133.9 

133.7 

139.4 

(12.4) * 

(11.5) 

( 8.5) 

(13.3) 

(10.4) 

(11.1) 

(11.2) 

(11.9) 

(11.3) 

(11.6) 

(14.3) 

(14.2) 

(13.5) 

(15.3) 

Ciriello and 
(1983) 

84 

84 

84 

93 

116 

108 

103 

109 

(6.6) 

(7.9) 

(7.7) 

(9.3) 

(9.30) 

(20.2) 

(12.3) 

(10.8) 

Snook 

* * 

* * 

* • 

* the values in parentheses are standard deviations 
** based on frequency of 6.7 handlings per minute 
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Figure 12: Lifting Apparatus and Experimental Set Up 
the Present Study 

for 
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representative of a tote box used in industry, and because 

the data could be compared with that of Ayoub, et al. 

(1982b) who utilized a tote box of the same dimensions. 



CHAPTER IV 

THE DEVELOPMENT OF MODELS 

The two main aims of this study were to develop 

prediction models for both individual and combined MMH 

activities and to examine the relationship between 

individual and combined MMH activities. 

The rationale of the development of the models was to 

match a subject's physical condition to his MMH capacities. 

A subject's physical condition could incorporate his 

anthropometric measurements, his strengths, and his 

physiological capacity. Three types of strengths 

(isometric, isokinetic, and isoinertial) were tested for 

each subject on four types of testing equipment: a weight 

lifting machine, a Cybex, a Mini-Gym, and static strength 

testing equipment. The type of equipment used served as the 

basis for the development and comparison of the MMH 

capacities models. 

The relationship between the capacity for individual MMH 

activities and combined MMH activities was examined 

statistically and non-statistically. Statistical models 

were developed to predict combined MMH capacity by using 

either the strength variable(s), which were found to be the 

best predictors in individual MMH capacity modeling 

122 
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procedure, or by using a limiting individual MMH capacity in 

a combined MMH capacity. Fuzzy sets theories were employed 

to develop non-statistical models. The fuzzy sets member

ship functions for both individual MMH capacities and com

bined MMH capacities were determined. 

Procedures and Criteria for Model 
Development 

The model development in this study evolved through the 

following steps: 

1. Outlier(s) detection: identify any extraneous 

observations. 

2. Determine the most appropriate model based on the 

principles of simplicity, the goodness of data fitting 

and predictability, and interpretation. 

3. The comparison of R^ and PRESS statistic (PRediction 

Error Sum of Squares) for different models was made. 

4. Models were validated by residual plots, by the 

correlation between predicted values and observed values, 

by PRESS statistic, and by testing the models on another 

data set. 

The dependent variable in this study was the maximum 

acceptable weight of handling. An attempt was made to 

predict the different types of individual MMH capacities 
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(i.e., lifting, lowering, and carrying) under different 

frequencies of handling (i.e., one time maximum, 1 handling/ 

min, and 6 handlings/min) by using the same set of variables 

that could basically describe an individual's physical con

dition. Consequently, the stressfulness of each individual 

MMH activity could be expressed by the same set of varia

bles. 

The determination of final models was made according to 

the following principles: 

— Simplicity: The simpler model was desirable if it could 

describe the data well and if it could predict well. A 

simpler model was easier to implement from a practical 

point of view, also. 

-- Representation of variables: The predictor variables in 

the model should be able to represent a person's physi

cal condition, and these variables should be highly cor

related to dependent variables. 

— Goodness in statistical characteristics: The model should 

be reasonable and suitable in fitting the present data 

(high R^ value) as well as in predicting a simulated 

data set (PRESS statistics). 

The following statistical criteria were considered for 

the model development: 
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1. R values for least squares regression models: R̂  is the 

coefficient of determination. It represents the amount 

of variation among the predictor variables that is ex

plained by the regression model. 

Regression Sum of Squares 
R^ = 

Total Sum of Squares 

A high R^ value is desirable but not sufficient to judge 

a "good" model. The R^ value always increases with an 

additional variable in the model. However, overspecifi-

cation (inclusion of too many variables in a model) may 

cause the model to lose its prediction ability. 

2. PRESS statistic: 'PRESS' stands for PRediction Error Sum 

of Squares and is defined as follows (Allen, 1971, 1974): 

PRESS = y (Y - YH )^ 
^ i (i) 

i = l 

where Y = observed value for the i-th observation 
i 

YH = the estimator of E(Y ) excluding the i-th 
(i) observation. i 

In other words, each observation is "predicted" using the 

other n-1 observations. The resulting "error of 

prediction" is squared and summed to form PRESS. PRESS 

is appealing because it simulates prediction. It does 
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not use an observation to aid in the "prediction" of 

itself (Allen, 1974). The PRESS statistic provides a 

method for the following purposes: 

-- Outlier detection (Draper and Smith, 1981): PRESS can 

provide detailed information about the stability of 

various fitted models over the data set, and PRESS 

can focus attention on influential data points. 

— Stablization of parameters in mathematical model 

(Draper and Smith, 1981): PRESS can check whether 

the deletion of one or two critical observations 

greatly affects the fit of the model and the subse

quent conclusions. If it does, the conclusions are 

in doubt and more data are needed. Also, individual 

discrepancies can be examined for data inconsistan-

cies. 

-- Selection of the best subset variables in a mathemat

ical model or compare various models (Younger, 1979; 

Allen, 1971, 1974; Draper and Smth, 1981): The model 

that has the smallest PRESS value among the models 

compared can be considered as the best model, in that 

it gives the most accurate prediction. 

-- Examine the predictability (Younger, 1979): The 

predictability of a given model can be examined by 

simulating prediction. The PRESS value indicates the 
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amount of prediction sum of squares error. 

Comparison of the residual sum of squares and PRESS 

statistic also provides information of predictability 

in the present sample and the simulated sample having 

the same sample size. 

3. Meaningful variable coefficient signs: The sign of the 

coefficient of a predictor variable reflects the direc

tion of the partial effect of one predictor variable when 

all other predictor variables are included in the model 

and are held constant (Neter and Wasserman, 1974). In

tuitively, if a predictor variable (e.g., strength), has 

a positive correlation with the response variable, it 

should cause a positive sign to appear for that predictor 

variable. Occasionally, the sign of a predictor variable 

can be reversed because of the intercorrelation among 

predictor variables. The disadvantage of the sign rever

sal is the loss of the reliability of predicting the re

sult outside the range of predictor variables. Because 

all male subjects were used in this study, the range of 

strength values was narrow. This criterion was consid

ered in the model development procedure. 
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Model Development 

The SAS statistical package (SAS 82.4) was used for the 

data analysis in this study. The PROC MEANS procedure was 

used to summarize data; the PROC STEPWISE and the PROC GLM 

were used to develop regression models and residual plots. 

According to the literature survey in Table 7, the 

following candidate variables were used to describe a 

subject's physical condition: 

static strength: 

back 

arm 

shoulder 

composite 

dynamic endurance 

isokinetic strength: 

Cybex F-K 

Cybex K-S 

Cybex F-S 

Mini-Gym F-K 

Mini-Gym K-S 

Mini-Gym F-S 

isoinertial strength: 

max 6' lift 

max K-S lift 

max F-K lift 



129 

70 lbs elbow height hold 

anthropometric measurements: 

body weight 

stature 

shoulder height 

knuckle height 

abdominal depth. 

In the present study, the body weight was considered to 

add to the MMH capacity as a dependent variable in all mo-

dels. There are two major reasons of doing that. First, 

the body weight plays an important role in MMH activity. 

For example, to conduct a carrying activity, the operator 

must move the object as well as his own body weight in order 

to accomplish the task. For other activities, such as lift

ing and lowering, the body weight alone generates a signifi

cant component. Second, (\the correlations between some of 

the strength variables and MMH capacities are higher as the 

body weight is added to the MMH capacities, as opposed to 

those without adding body weight. The correlation between 

MMH capacities and isometric strengths or isoinertial 

strengths for both with and without body weight added are 

shown in Table 20. The similar findings were reported also 

by Macintosh (1974) and Ayoub, et al. (1978). Macintosh 

(1974) stated that additional mass slowed the movement so 
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TABLE 20 

Correlation between Strength and MMH Capacities with 
and without Body Weight Included in Capacities 

MLFK 

MLKS 

MLOW 

MC 

LFKl 

LKSl 

LOWl 

Cl 

LFK6 

LKS6 

L0W6 

C6 

BACK 
B A 

.84 

.71 

.83 

.87 

.85 

.58 

.69 

.72 

.66 

.44 

.60 

.66 

.88 

.84 

.88 

.92 

.87 

.83 

.85 

.91 

.84 

.72 

.85 

.84 

ARM 
B A 

.79 

.78 

.82 

.87 

.77 

.75 

.71 

.72 

.67 

.52 

.76 

.69 

.74 

.68 

.78 

.82 

.67 

.66 

.70 

.70 

.62 

.53 

.74 

.63 

COM 
B A 

.85 

.75 

.89 

.85 

.83 

.61 

.81 

.72 

.56 

.46 

.74 

.63 

.84 

.76 

.88 

.85 

.78 

.72 

.85 

.81 

.68 

.62 

.84 

.71 

Tl 
B 

.85 

.71 

.80 

.80 

.82 

.57 

.61 

.57 

.56 

.63 

.61 

.63 

A 

.94 

.92 

.90 

.91 

.92 

.94 

.85 

.90 

.89 

.90 

.95 

.92 

T4 
B 

.76 

.60 

.60 

.72 

.74 

.64 

.42 

.58 

.74 

.65 

.51 

.70 

A 

.81 

.76 

.69 

.79 

.79 

.84 

.65 

.81 

.87 

.80 

.78 

.85 

* B - without body weight added 
A - with body weight added 

** Tl - Isoinertial max 6' lift 
T4 - Isoinertial K-S lift 
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that the muscle action became more similar to a static 

contraction. Ayoub, et al. (1978), had lifting capacity 

plus body weight as dependent variables in six prediction 

equations for six ranges of lift. These models were further 

modified by Ayoub, et al. (1984). 

In order to compare different testing equipment used and 

to compare how different types of strength contribute in a 

model, appropriate models were developed for each type of 

strength test or testing equipment based on the 

aforementioned principles of model development. The 

subject's physical condition data set was scanned again to 

develop the prediction models based on different types of 

strength testing. By utilizing the subjective pre-selection 

of variables and stepwise regression technique, the 

appropriate models based on static strength tests were found 

to include the following variables in the models: static 

back strength, dynamic endurance, and adjusted PWC. These 

variables represent a subject's strength, endurance and 

relative physiological capacity. However, some of the 

negative signs shown in the models make the interpretation 

difficult. The sign reversal in this situation was opposite 

to expectation. The sign in a regression equation refers to 

the partial effect of one predictor variable; that is, the 

relationship between the predictor variable and the response 
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variable eliminated the influence of all the other variables 

(Neter and Wasserman, 1974). To deal with the problem of 

reversed signs, several methods have been recommended in the 

literature. One example of those. Ridge regression (Hoerl, 

1962; Hoerl and Kennard, 1970), was applied to present data 

and it failed to show the capability to improve the situa

tion of negative signs. 

Several models were developed for the data in the present 

study.\ Model 1 included static back strength, dynamic endu

rance, and adjusted PWC. \ Models 2 to 5 were developed in 

attempts to eliminate the negative signs found in model 1. 

(^ Models 6 and 7 used static back strength and isoinertial 6' 

maximum lift strength (Tl), respectively, as a predictor. 

These models were the best single variable models developed 

from the isometric strength and isoinertial strength data. 

Model 8 examined the second order polynomial regression mo

del by using Tl as a predictor. 

Model 1̂. Use of static back strength, dynamic endurance, 

and adjusted PWC as predictor variables. This model 

was found to be the most appropriate model from subjec

tive determination of variables and stepwise regression 

techniques. 

Model ^. Use of static back strength, adjusted PWC, and the 

interaction of static back strength and adjusted PWC as 
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predictors. This model has all positive signs for 

static back strength and adjusted PWC, while exhibiting 

the negative sign for the interaction term. 

^Q^^^ 1 ^^d Model ^. Regression on principal component(s) 

(Hotelling 1933; Draper and Smith 1981): The principal 

components are those uncorrelated linear combinations 

of the random variables that count for much of the var

iations in the sample. The related mathematical formu

lation can be found in Johnson and Wichern (1982); Dra

per and Smith (1981). In the present study, the 

principal components were computed from the correlation 

matrix among variables considered. Model 3 was be.sed 

on regression on two principal components from three 

variables: static back strength, dynamic endurance and 

adjusted PWC. Model 4 was based on regression on one 

principal component from two variables: static back 

strength and adjusted PWC. 

Model ^. Regression on factor scores: The essential pur

pose of factor analysis is to describe, if possible, 

the covariance relationships among many variables in 

terms of a few underlying but unobservable, random 

quantities call "factors." Basically, the factor model 

is motivated by the following argument. Suppose 

variables can be grouped by their correlation. That 
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IS, all variables within a particular group are highly 

correlated among themselves but have relatively small 

correlation with variables in a different group. It is 

conceivable that each group of variables represents a 

single underlying construct, or factor, that is respon

sible for the observed correlation (Johnson and Wic

hern, 1977). For example, correlations from the group 

of strength test scores in arm, shoulder, elbow, and 

leg could suggest an underlying "strength" factor. 

After the factor(s) is extracted, factor scores (FS) 

for each subject on each factor can be calculated by 

using regression methods. Factor scores are the esti

mated values of the common factors. 

Factor scores are more appealing than numerous data 

level variables as predictors because of their parsimo

ny and explainability. The use of factor scores, rath

er than unfactored data level variables as predictors 

in multiple regressions has been suggested by some au

thors (Cattell, 1966). Morris (1980) integrated the 

work that he has done since 1975 (1975a, 1975b, 1975c, 

1977, 1980), and stated some advantages (superiority) 

of factor scores as predictors. Only one regression 

model on factor scores was examined in this study. 

Several other models which incorporated more variables 
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in the models have been examined also; however, an 

unstable situation was encountered when factor analysis 

was applied because of the small sample size (12 sub

jects) in the study. 

MQ^QI §• Using static back strength as a predictor: Static 

back strength was the best variable found among all 

static strength variables. (\The strength of back exten

sors has been recognized as being of primary importance 

in protecting the back from injury during MMH activi

ties (Troup and Chapman, 1969; Poulsen and Jorgenson, 

1971). 

Model 2' Using isoinertial 6' maximum lift strength (Tl) as 

a predictor: < Tl was found to be the best variable 

among all the tests conducted on the weight lifting ma

chine. This strength test has been used by other re

searchers (Smith and Ayoub, 1982; Ayoub, et al., 1983) 

in MMH studies, and it has been shown to be a reliable, 

simple, and valid test. 

Model 8̂. Second order polynomial regression using Tl and 

(Tl)^ as predictors: As indicated by the scatter 

plots, the relationship between MMH capacity and Tl is 

not lineal for some of MMH activities. This non-linear 

relationship was best described by a polynomial 

function. 
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The comparisons of average R̂  and average PRESS 

statistics among these models are presented in Table 

21. The average R^ and average PRESS statistics were 

computed from twelve individual MMH capacities models. 

Based on the comparison of R^ and PRESS statistic. Mo

del 8 was shown as the best model according to the 

highest average R^ value and the lowest average PRESS 

statistic. However, the difference of R^ and PRESS 

statistic between Model 7 and Model 8 is small. Model 

7 is more appealing because of the simplicity in the 

form. However, further investigation indicates that 

Model 7 tends to overpredict seme of the capacities 

when a subject had a high strength score. This phe

nomena was not observed when using Model 8. 

In order to find the best one variable models, the 

comparison for four one-variable models was made. These 

four variables were static back strength (BACK), isokinetic 

floor to shoulder strength on Cybex (CY2), isokinetic floor 

to shoulder strength on Mini-Gym (MG2), and isoinertial 

strength (Tl). They were selected from the one best 

predictor from different types of strength testing equipment 

used. Second order polynomial regression was applied to all 

four types of strength models. The comparison of R̂  and 

PRESS statistic using one strength variable is shown in 



137 

TABLE 21 

Comparison of Average R^ and Average PRESS Statistic 
for Different Prediction Models 

Model Avg. R^ Avg. PRESS Statistic 

1 0.825 5237 

2 0.774 6302 

3 0.763 5158 

4 0.725 5264 

5 0.732 10781 

6 0.728 5189 

7 0.829 3904 

8 0.865 3760 

* Model 1 : CAP.=f(Back Strength, Dynamic Endurance 
and adjusted PWC) 

Model 2 : CAP.=f(Back Strength, adjusted PWC, and 
Back Strength * Adjusted PWC) 

Model 3 : CAP.=f(2 Principal Components from the 
three variables in Model 1) 

Model 4 : CAP.=f(l Principal Component from Back 
Strength and adjusted PWC) 

Model 5 : CAP.=f(l Factor Score from Back Strength 
and adjusted PWC) 

Model 6 : CAP.+Body Wt.=f(Back Strength) 
CAP.+Body Wt.=f(Max 6' lift strength (Tl)) 
CAP.+Body Wt.=f(Tl, (Tl)^ ) 

Model 7 
Model 8 
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Table 22. Table 22 shows that the variable Tl (isoinertial 

6' max lift strength) had the best statistical performance 

among the four candidate variables considered. Therefore, 

it is concluded that Tl was the best predictor for the MMH 

capacities considered in this study. ^ Static back strength 

(BACK) produced reasonable results. Static back strength is 

recommended in case that the measurement of Tl is not feasi-

ble. The isokinetic strength CY2 or MG2 did not prove to be 

good predictors compared to Tl and BACK. They also had poor 

R^ and PRESS values in some of the MMH activities considered 

in this study. They were not considered for further analy

sis. 

The prediction models using Tl, or back strength, as a 

predictor are presented in Tables 23 and 24, respectively. 

The residual plots and the plots of predicted values vs. 

observed values for the models using Tl as a predictor are 

shown in Appendix G. No general trend was found in residual 

plots; therefore, these models were judged as appropriate. 

Because of the lack of similarity in experimental 

procedure, the comparison between present models and those 

models from previous researchers is very difficult. Static 

back strength has been used previously by several 

researchers (Poulsen, 1970; McDaniel, 1972; Knipfer, 1974; 

Ayoub, et al., 1978). However, most of the work duration 
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TABLE 22 

Comparison of R^ and PRESS Statistic Using One 
Strength Variable as a Predictor 

Body wt. BACK Tl CY2 MG2 
plus (fi' MAX) _ (F-S) (F-S) 

Wt Handled R^ PRESS R^ PRESS R̂  PRESS R̂  PRESS 

LFKM 0.786 0.901 0.753 0.752 
12951 5121 11364 12674 

LKSM 0.711 0.918 0.887 0.776 
4216 1074 1668 2935 

LOWM 0.768 0.825 0.667 0.744 
13966 11456 18049 16322 

CM 0.852 0.829 0.700 0.823 
10419 8657 14367 8791 

LFKl 0.803 0.950 0.799 0.786 
4722 1412 4801 4953 

LKSl 0.694 0.880 0.657 0.548 
3142 980 2821 3781 

LOWl 0.886 0.805 0.627 0.678 
2415 7799 12152 10197 

Cl 0.859 0.912 0.812 0.824 
2134 1268 2399 2094 

LFK6 0.714 0.791 0.651 0.454 
3451 2009 3486 5792 

LKS6 0.546 0.817 0.620 0.481 
6367 2665 4863 6621 

L0W6 0.728 0.911 0.439 0.456 
5773 1030 6904 6301 

C6 0.712 0.842 0.677 0.472 
2895 1650 3430 5701 
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1 Prediction 

1 Wt. Handled 
1 plus 
1 Body Wt. 

1 LFKM 

1 LKSM 

1 LOWM 

1 CM 

1 LFKl 

1 LKSl 

1 LOWl 

1 Cl 

1 LFK6 

1 LKS6 

1 L0W6 

1 C6 

TABLE 23 

Models Using Isoinertial St 
as a Predictor 

Intercept 

356.739 

414.771 

402.960 

227.392 

524.934 

170.011 

485.968 

439.464 

68.751 

122.595 

10.966 

43.863 

Tl 

-2.553 

-3.287 

-3.004 

-0.416 

-5.398 

0.011 

-4.318 

-3.664 

1.301 

0.426 

2.430 

1.700 

(Tl)2 

0.016771 

0.015620 

0.018445 

0.008979 

0.024312 

0.003089 

0.019925 

0.016714 

-0.001296 

0.001768 

-0.004843 

-0.002544 

rength Test Tl 1 

R2 

0.901 1 

0.918 1 

0.825 1 

0.829 1 

0.950 1 

0.880 1 

0.805 1 

0.912 1 

0.791 1 

0.817 1 

0.911 1 

0.842 1 

concerned was eight hours of work instead of the one hour 

duration concerned in this study. 
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1 Prediction 

1 Wt. Handled 
1 plus 
1 Body Wt. 

1 LFKM 

1 LKSM 

1 LOWM 

1 CM 

1 LFKl 

1 LKSl 

1 LOWl 

1 Cl 

1 LFK6 

1 LKS 6 

1 L0W6 

1 C6 

Models Us 

Intercept 

220.521 

216.004 

256.444 

185.525 

225.868 

168.961 

305.050 

229.632 

147.690 

134.547 

182.277 

145.732 

TABLE 24 

ing Static Back Strength as a 1 
Predictor 

Back 

0.551 

0.205 

0.220 

1.237 

-0.309 

0.511 

-1.102 

-0.101 

0.639 

0.810 

0.497 

0.746 

^ 

(Back)^ 

0.001612 

0.001024 

0.002880 

-0.000545 

0.003379 

-0.000406 

0.005956 

0.002122 

-0.000658 

-0.001501 

-4.553566 

-0.001000 

R 2 I 

0.786 1 

0.711 1 

0.768 1 

0.852 1 

0.803 1 

0.694 1 

0.886 1 

0.859 1 

0.714 1 

0.546 1 

0.728 1 

0.712 1 

The only data set that can be used for model testing was 

the data from Ayoub, et al. (1982b). They developed models 
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to predict maximum capacities of lifting, carrying, and 

pushing/pulling activities. Among these, lifting F-K, and 

carrying 14' were the same as the present study. Two major 

differences between these two sets of data are: 1) the po

pulation used in Ayoub's data was U.S. Airforce airmen as 

opposed to the student population used in the present study; 

and 2) the sample size for Ayoub's data was 571 airmen com

pared to the sample size of 12 students for the present mo

del. The comparison of prediction capability between the 

two models is shown in Table 25. 

Modeling of Combined MMH Capacities 

An objective of this study was to develop models to 

predict combined MMH capacities. Such models of combined 

activities would enhance job design/redesign of MMH 

activities. 

As previously mentioned, body weight can affect the 

relationship between a subject's MMH capacity and his muscle 

strength. Body weight was added to the MMH capacity as one 

dependent variable for the modeling of individual MMH 

capacities used in the previous section. Figure 13 shows 

the capacities for lifting, carrying and a combination of 

lifting and carrying at one handling per minute for each 

subject before body weight was added. Figure 14 shows the 
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TABLE 25 

Comparison of Predictability for the Present Models 
and the Models from Ayoub, et al. (1982b) * 

M 
L 
F 
K 

Model (1) ** (2) (3) 

25.38 

39.32 

0.174 

0.004 

90.92 

155.74 

(4) 

0.899 

1.431 

(5) 

17.56 

11.89 

M 
C 

23.00 

33.33 

0.052 

0.253 

83.05 

128.42 

0.907 

1.237 

18.69 

11.31 

* * 

Model 1 

Model 2 

Models from Ayoub, et al. (1982b) 
Predicted weight handled in lbs. 
Present Models 
Predicted weight handled plus 
body weight in lbs 

(1): Mean absolute error 
(2): Minimum absolute difference 
(3): Maximum absolute difference 
(4): Standard error of mean absolute error 
(5): Percent of mean absolute error 
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Before Body Weight Added (Frequency-l/min.) 
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After Body Weight Added (Freejency=l/min.) 
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same capacities under the same task condition after body 

weight was added. In observing the two figures (Fig 13 and 

14), Figure 14 appears that there is a more consistent rela

tionship between individual and combined MMH capacities. 

Similar findings were also observed for the other two fre

quencies studied. For the same reasons considered in the 

model development of individual MMH capacities, body weight 

was added to both individual and combined MMH capacities, in 

order to examine the relationship between individual and 

combined MMH capacities. 

Three sets of models were developed for combined MMH 

capacities. These are: 

1) To predict the combined MMH capacities from one limiting 

individual MMH capacity, namely, the smaller/smallest 

individual capacity component among all the individual 

components. 

2) To predict the combined MMH capacities from isoinertial 

strength of six foot maximum lift strength on the weight 

lift machine (Tl). 

3) To combine two individual MMH capacities into a combined 

MMH capacity by using fuzzy sets theory. Then the 

combined MMH capacity can be predicted by fuzzy sets 

models. The membership functions for both individual 

and combined MMH capacities were determined according to 

the previous research data. 
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Modeling of Combined MMH Capacities 
Using a Limiting Individual MMH Ca

pacity 

A combined MMH activity is composed of a number of 

individual MMH activities. For example, a combined lifting 

and carrying activity is composed of individual lifting and 

individual carrying activities. The limiting capacity 

usually occurs at the most stressfully individual activity 

or at the weakest limb of the human body to handle the task. 

For instance, as combined lifting F-K, carrying 14' and 

lifting K-S task at a pace of 6/min (LCL6), LKS6 becomes the 

limiting capacity because of the weakest strength for 

lifting K-S height. The application of this principle to 

job design/redesign has been reported by other researchers 

(Ayoub, 1982b; Ayoub, 1982c; Ayoub, et al., 1983). The 

relationship between combined and individual limiting 

capacities has not been developed. 

The limiting activity for each combined activity can be 

observed by mean capacities for both individual and combined 

activities and is depicted in Figure 15. The limiting 

individual capacities for combined activities are shown in 

the Table 26. This table also shows that, regardless of the 

frequency of handling, there is always the same limiting 

activity for certain combined activities. It also shows 

that "lifting" activity was the limiting activity among the 

combined activities in this study. 
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TABLE 26 

Limiting Individual MMH Activity for a Combined MMH 
Act ivity 

1 

Combined Activity 

LCM 

LCLM 

LCLOM 

LCI 

LCLl 

LCLOl 

LC6 

LCL6 

LCL06 

Limiting Activity 

LFKM 

LKSM 

LFKM 

LFKl 

LKSl 

LFKl 

LFK6 

LKS6 

LFK6 

A statistical STEPWISE regression procedure was applied 

to find which individual activity contributed most to the 

combined activities. The results from stepwise regression 

exhibited perfect agreement with the observed limiting 

activity listed in Table 26, in which the limiting 

activities were always the first variable entering the model 

for combined MMH activities, and the second variable failed 
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TABLE 26 

1 Limiting Individual MMH Activity 
1 Activity 

1 Combined Activil 

1 LCM 

1 LCLM 

1 LCLOM 

1 LCI 

1 LCLl 

1 LCLOl 

1 LC6 

1 LCL6 

1 LCL06 

-Y Limit 

for a Combined MMH 

ing Activity 

LFKM 

LKSM 

LFKM 

LFKl 

LKSl 

LFKl 

LFK6 

LKS6 

LFK6 

- J 

A statistical STEPWISE regression procedure was applied 

to find which individual activity contributed most to the 

combined activities. The results from stepwise regression 

exhibited perfect agreement with the observed limiting 

activity listed in Table 26, in which the limiting 

activities were always the first variable entering the model 

for combined MMH activities, and the second variable failed 
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TABLE 26 

Limiting Individual MMH Activity for a Combined MMH 
Act ivity 

I 1 

Combined Activity Limiting Activity 

LCM 

LCLM 

LCLOM 

LCI 

LCLl 

LCLOl 

LC6 

LCL6 

LCL06 

LFKM 

LKSM 

LFKM 

LFKl 

LKSl 

LFKl 

LFK6 

LKS6 

LFK6 

A statistical STEPWISE regression procedure was applied 

to find which individual activity contributed most to the 

combined activities. The results from stepwise regression 

exhibited perfect agreement with the observed limiting 

activity listed in Table 26, in which the limiting 

activities were always the first variable entering the model 

for combined MMH activities, and the second variable failed 
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to show any significant contribution to the model. Hence, 

one limiting individual MMH capacity was used as a predictor 

to predict the combined MMH capacity. The resulting models 

and correponding R^ values and PRESS statistics are shown in 

Table 27. As mentioned in the previous section, PRESS sta

tistics indicate the predictability when another sample size 

of twelve was simulated, while the residual sum of squares 

indicate the degree of fitness (predictability) for the sam

ple which developed the model. For an ideal situation, 

these two statistics should be equivalent. 

Modeling of Combined MMH Capacities 
Using Isoinertial Strength Tl as a 

Predictor 

The principle applied to model the individual MMH 

capacity was also applied to model the combined MMH 

capacities. By comparing different types of strengths and 

different numbers of variables in the models, isoinertial 

strength of 6' maximum lift (Tl) was considered to be the 

best predictor among all others. Prediction models for 

combined MMH capacities with R'' and PRESS statistics by 

using Tl as a predictor are shown in Table 28. 
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TABLE 27 

Prediction Models for Combined MMH Capacities Using a 
Limiting Individual MMH Capacity as a Predictor 

R' Residual SS PRESS 

LCM 1.677 + 0.953*LFKM 0.952 

LCLM = 6.632 + 0.973*LKSM 0.967 

LCLOM = -39.170 + 1.062*LFKM 0.966 

418 

276 

1268 

644 

451 

1726 

LCI = 37.186 + 0.809*LFK1 0.980 

LCLl = -9.243 + 1.022*LKS1 0.963 

LCLOl = 61.109 + 0.685*LFK1 0.915 

194 

216 

635 

253 

270 

1066 

LC6 = -3.187 + 0.969*LFK6 0.941 

LCL6 = 15.678 + 0.883*LKS6 0.932 

LCL06 = 13.798 + 0.867*LFK6 0.920 

392 

360 

436 

572 

548 

681 
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TABLE 28 

Prediction Models for Combined MMH Capacities Using 
Isoinertial Strength Tl as a Predictor ** 

Weight Handled 
plus P 

Body Weight Intercept Tl T1*T1 R"̂  PRESS 

LCM 285.448 -1.642 0.013295 0.913 4005 

LCLM 365.080 -2.545 0.012915 0.885 1636 

LCLOM 278.984 -1.884 0.015105 0.916 5211 

LCI 318.418 -2.312 0.012539 0.947 1066 

LCLl 165.615 -0.009 0.003242 0.854 1210 

LCLOl 307.024 -2.092 0.011167 0.923 880 

LC6 219.210 -1.042 0.007005 0.790 2142 

LCL6 216.539 -0.999 0.006517 0.811 1783 

LCL06 265.731 -1.734 0.009228 0.846 1260 

* Tl : Max. 6' lift strength in lbs. 
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Modeling of Combined MMH Capacities 
Using Fuzzy Sets Theory 

The fundamentals of fuzzy sets theory and its application 

in the field of MMH study have been reported by Karwowski 

(1982) and Hafez (1984). The use of fuzzy sets theory in 

the modeling of combined MMH capacities from individual MMH 

capacities is appropriate because the effect of individual 

actitivities on combined activity is imprecise (fuzzy) in 

nature and, therefore, can be associated with fuzzy sets. 

The idea of modeling combined MMH capacities from 

individual MMH capacities using fuzzy sets theory is to 

combine two individual MMH capacities into a combined MMH 

capacity synergistically, rather than statistically. The 

procedure of applying fuzzy sets theory for the modeling of 

combined MMH capacities from individual MMH capacities is as 

follows: 

Step 1. Select a membership function associated with each 

individual MMH capacity and each combined MMH capacity. 

The membership function is a quantitative form of a 

subjective degree of belief. A n mber of membership 

functions have been proposed. According to Karwowski's 

study (1982), three candidate functions were considered 

as membership functions for psychophysical lifting 

capacity: hyperbolic function, exponential function, and 
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power function. These three functions are shown in 

Figure 16. 

Through an iterative procedure, Karwowski (1982) 

reported that the hyperbolic function was the best 

membership function for psychophysical lifting tasks. 

Hafez (1984) adopted the same function as the membership 

function for psychophysical stress when she combined 

physiological, biomechanical and environmental heat 

stresses into psychophysical stress. Therefore, it is 

reasonable to assume that the hyperbolic function is an 

appropriate membership function for psychophysical 

stress for a lifting activity. It is further assumed, 

in the present study, that the membership function for 

psychophysical capacity for a carrying activity and 

psychophysical capacity for combined activities are also 

hyperbolic functions. 

Let X represent a subject's MMH capacity plus his 

body weight. Then the membership function u(x) is 

represented by: 

u(x) = 1 for x<R, and 

= R/x for x>R 

where R is the reference value which is described 

in the next step. 
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Figure 16: Proposed Membership Functions (From Karwowski, 
1982) 
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Step 2, Defining a reference point. 

To define a fuzzy set A, a membership value (defined as 

"acceptability") between 0 and 1 must be assigned to 

each object x, which represents its grade of membership 

in A. More specifically, concerning the membership 

function for a lifting activity, there is a membership 

value associated with a certain measured value for psy

chophysical lifting capacity. This membership value in

dicates the degree of acceptance by this person. A mem

bership value of 1 indicates the complete acceptance, 

and a membership value of 0 indicates the complete lack 

of acceptance by a person. A reference value should be 

defined in order to determine that value below which an 

acceptability of 1 can be assigned to an individual. An 

acceptibility of 1.0 means that the probability that the 

subject is able to perform the task safely approaches 

1.0. Therefore, the reference value indicates the 

weight that a person most likely can handle safely. 

The determination of a reference value was referred 

to the recommended MMH capacity from the following 

sources: 

1) A guideline for manual lifting tp.sks (Ayoub, et al. 

1983): A lifting capacity norm in this guide was 

determined from Ayoub, et al. (1978) and Snook 
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(1978). The capacity of a frequency of 0.1 lift/min 

was considered as the same as that for one time maxi

mum capacity. 

2) NIOSH lifting guide (NIOSH, 1981): Action limit (AL) 

is the load that over 75% of women and over 99% of 

men could lift for the prescribed duration of lift

ing. 

3) Snook's data (1978): This data set reported the MMH 

capacity as mean and standard deviation for different 

ranges of lift, different frequencies of lift and 

different box sizes. The box size of 14.2" and the 

capacity for 90% male population were adopted as re

ference values in this study^ 

4) Ciriello and Snook (1983): This data set was report

ed in similar format as Snook (1978) except that it 

did not consider percent of population. In order to 

adjust for 90% male population, a normal distrbution 

was assumed based on mean and stardard deviation of a 

certain capacity. Thus, 

The capacity for 90% male population 

= mean capacity - 1.2816 * standard deviation 

The summary of the above mentioned four data sets which 

relate to the present study and to the selected reference 

values for this study are presented in Table 29. 
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TABLE 29 

Summary of Previous Recommended MMH Capacities and 
the Selected Reference Points for the Study 

(1) (2) (3) (4) Selected 
Ayoub NIOSH Snook Snook Reference 
(1983) (1981) (1978) (1983) Point 

LFKM 65.1 * 50.4 63.8 88.2 Body Wt. + 60 

CM 57.2 102.3 Body Wt. + 60 

LFKl 45.5 47.0 39.6 53.0 Body Wt. + 40 

Cl 41.8 62.7 Body Wt. + 40 

LFK6 39.3 30.2 Body Wt. + 30 

C6 30.8 32.0 Body Wt. + 30 

(1) box size=12 in.; for 90% male and 8 hrs duration 
(2) action limit; for 99% male and 1 hour duration 
(3) box size=14.2 in.; for 90% male 
(4) for 90% male; assumed normally distributed 

(mean cap. - 1.2816 * std. dev.) 
* based on frequency of 0.1 lift/min. 

Because of the lack of past reference data, the 

reference value for combined MMH capacities was determined 

in a conservative way. It was assumed that, for any 

combined MMH activity, a subject was able to operate his 

body weight alone. In summary, the membership functions 
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for lifting, carrying, and combined lifting and carrying 

are shown as follows: 

Freq. ^ one time max 

for lifting and carrying: 

u(x) = 1 for x < body weight+60 

=(body weight+60)/x for x > body weight+60 

For combined lifting and carrying: 

u(x) = 1 for X < body weight 

= body weight / x for x > body weight 

Freq. f_ l/min 

For lifting or carrying: 

u(x) = 1 for x < body weight+40 

=(body weight+40)/x for x > body weight+40 

For combined lifting and carrying: 

uix) = 1 ^^^ X 1 body weight 

= body weight/x for x > body weight 

Freq. .= 6/min 

For lifting or carrying: 

^(x) = 1 for X <_ body weight + 30 

=(body weight+30)/x for x > body weight+30 
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For combined lifting and carrying: 

^^^' = 1 for X < body weight 

= body weight/x for x > body weight. 

As an example, for a 170 pound subject, the membership 

functions for frequencies of one time maximum, l/min, and 

6/min are shown in Figures 17, 18, and 19, respectively. 

Step 2« Combining individual activity capacities into 

combined activity capacities was investigated. An 

objective of this study was to prove that a combined 

MMH capacity can be obtained from two individual MMH 

capacities by using fuzzy sets theory. ' The conjunction 

of two fuzzy sets A and B into a fuzzy set C was 

accomplished through the "Connective D" (Zimmermann, 

1978; Hammacher's 1975) and was expressed as: 

u * u 
A B 

D(u , u ) = 
A B r + (l-r)(u + u - u *u ) 

A B A B 

where u and u are the membership values that 
A B 
correspond to membership functions A and B, 
respectively, and 

r is an arbitrary parameter, r>0. 

The value of Connective D is then the membership value 

for fuzzy set C. Therefore, the capacity for combined 
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Figure 17: Membership Functions for LFKM, CM, and LCM 



162 

• M K M B K m a M 

x ^ p»LJNic - rxaM ^ o « 
L.^»<X O 

L.C X 

m C X 

u 
3 
J 
< 
> 

I 
a 
I 
u 
a 
2 
u 
2 

I I I I I I I I I I I I I I 
\m X 

Figure 18: Membership Functions for LFKl, Cl, and LCI 



163 

M K M B I 

M B M B I 

2 ^ ^ U N i C T X O M r^eam L . ^ K I 

2 ^ ^ U M C T X o i s i pream L . C S 
m C l 

U 
D 
J 
< 
> 

H 
I 
II 
c 
u 
a 
2 
II 
2 

I I I I I I I I I I I I I I 
10 X ^m ^i 

macD^f W T . ^ i _ u a M M M C > ^ ^ . i i s i L_ai 

F i g u r e 19: Membership F u n c t i o n s for LFK6, C6, and LC6 



164 

lifting and carrying activity can be predicted through 

the membership function and the predicted membership 

value of Connective D. in the present study, an r va

lue of 0 was found to produce the best results in terms 

of minimizing the Hamming distance and minimizing the 

Dissimilarity Index (DI). 

Because of the lack of developed methodology and the 

lack of previous data, the combining of three capaci

ties, such as combined lifting, carrying, and lowering, 

was not considered in this study. The well-developed 

methodology, such as Connective D, is not available for 

combining of three membership functions at the present 

time. Hafez (1984) used the product of three member

ship values to combine physiological, biomechanical, 

and heat stress into psychophysical stress. However, 

she failed to show the validation for her data set. A 

weighting method based on the degree of importance of 

each membership was proposed by Yager (1977). However, 

the degree of importance is difficult to determine in 

this study because of the lack of previous data. 

Therefore, the fuzzy sets models in this study were 

only concerned with the relationship between combined 

lifting and carrying activity from individual lifting 

and individual carrying capacities. 
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Ste2 4. Testing the model proceeded as follows. 

The closeness, or similarity, between two fuzzy sets 

can be measured by the Dissimilarity Index (DI) based 

on the distance between two sets (Dimitrow and Cumtch-

ew, 1975), and it can be expressed as: 

D(x ) - ULC(x ) 
j j 

DI = 

n + 2 min {D(x ). ULC(x )} 
j j 

j 

where: D(x ) = Connective D 
j 

ULC(x ) = membership value of combined 
j membership function for 

lifting and carrying 

j = the number of element x in set X, 
j=l, 2, . . . ,n 

n = number of elements in set X. 

The two fuzzy sets are identical if the DI value equals to 

zero. The determination of a value of DI that satisfies the 

similarity between two fuzzy sets should be based on the re

quired or expected precision. 

The fuzzy sets based models wer^ also tested for the mean 

absolute percent error of predicted capacity. Mean absolute 

percent error was computed as the difference between the 
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capacity predicted from the fuzzy sets model and the 

observed capacity from this experiment. The mean absolute 

percentages error were 7.252, 4.208, and 5.204% for the fre

quencies of one time max., l/min, and 6/min, respectively. 

The summary of model validation in terms of Hamming Dis

tance, DI and mean absolute percent error is presented in 

Table 30. The plots of predicted capacity and observed ca

pacity for fuzzy sets models are shown in Figures 20 to 22. 

TABLE 30 

Hamming Distance, Dissimiliarity Index (DI) and Mean 
Absolute Percentage Error for Fuzzy Sets Models 

Hamming 
Distance DI 

Mean 
Absolute 
% Error 

LFKM + CM --> LCM 

LFKl + Cl --> LCI 

LFK6 + C6 — > LC6 

0.4026 

0.3238 

0.4442 

0.0223 

0.0163 

0.0246 

6.345 

4.208 

5.204 
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Comparison of Three Sets of Combined 
MMH Capacity Models 

Three different aproaches have been used for the modeling 

of combined MMH capacities: modeling from one limiting 

individual MMH capacity, modeling from isoinertial 6' max 

strength (Tl), and modeling from fuzzy sets theory. The 

advantages and disadvantages for the models are compared in 

this section. 

The advantage ofJ limiting activity based models is that 

these models had the best fit to the current data set in 

terms of R'̂  values and PRESS values. : If the limiting 

individual MMH capacity is known, the combined MMH capacity 

can be predicted accurately by using the individual MMH 

capacity. The close relationship between combined activity 

and limiting individual activity provides a good framework 

for job design/redesign that involves combined MMH activity. 

In other words, the capacity for combined MMH activity can 

be predicted best if the capacities for individual MMH 

activities are measured under the same conditions as in this 

study. However, in order to have the best predicted 

results, these models should apply only within the range of 

independent variables. The ranges of limiting individual 

MMH capacities in the present study are shown as follows: 
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Activity Maximum Minimum 

(Body weight + weight handled) 

MLFK 

MLKS 

LFKl 

LKSl 

LFK6 

LKS 6 

429.8 

315.9 

332.6 

266.4 

257.3 

264.0 

lbs 265.6 lbs 

234.1 

213.2 

200.8 

182.8 

186.2 

In determining individual capacities it should be noted that 

these models were developed and based on a small sample size 

(12 subjects). Furthermore, the testing procedure for lim

iting individual activities should follow the testing proce

dure used in the present study. 

The advantages of isoinertial strength-based models are: 

1) Combined MMH capacities can be predicted by simple 

strength testing, which can be conducted in less than 5 mi

nutes. 2) The combined MMH capacity can be predicted from 

strength testing directly, and does not require knowledge of 

individual capacities. 3) From the practical view point, 

the isoinertial strength tests are representative of actual 

industrial lifting activities. The disadvantages of 
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isoinertial strength-based models are the ones similar to 

those of limiting capacity-based models, i.e., a small sam

ple size (12 subjects) was used for model development. The 

application of these models should be within the range of Tl 

values in the present study (105-175 lbs). In addition, the 

testing procedure for Tl in this study should be followed in 

order to measure isoinertial strength of Tl. 

Fuzzy sets-based models are appealing because they are 

data set independent. In other words, these models were not 

developed from the experimental sample in the study. These 

models were validated from the present sample as acceptable 

models from the predictability point of view. Therefore, 

the application of these models were no^subject to restric

tions of the range of predictions or the small sample size. 

These models can be applied to job design/redesign. Given 

individual lifting and individual carrying capacities under 

certain frequencies (one time max., l/min, or 6/min), the 

capacity for a combined MMH activity can be determined 

through fuzzy sets models. Fuzzy sets models have two major 

disadvantages: 1) The determination of the membership func

tion for psychophysical capacity as a hyperbolic function 

was based on previous studies (Karwowski, 1982; Hafez, 

1984). Although it is a reasonable approach, the foundation 

to determine the membership function can be improved if 
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there is a methodology available. 2) The reference values 

for the membership functions were determined according to 

methodologies established in the previous studies. Because 

of the discrepencies in the previous recommended data, rela

tively conservative values were selected as reference va

lues. More reliable reference values can be obtained when 

more psychophysical capacity data is generated in the fu

ture. 

The comparison between regression models and fuzzy sets 

models is difficult to make because of different approaches 

utilized for different types of models. The major differ

ence in approach is that the nature of data is set indepen

dently in fuzzy sets models, as opposed to data dependency 

in regression models. In other words, the regression models 

were developed from the experimental sample of this study; 

however, the fuzzy sets models were developed from the 

theoretical point of view and were only tested by the pre

sent data. The objective of modeling combined MMH capacity 

was to predict these capacities from certain known parame

ters without actually measuring the individual capacities. 

Therefore, it seems reasonable to compare the predictability 

for the different models. The comparison of prediction 

error sum of squares for fuzzy sets models and regression 

models is shown in Table 31. 
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TABLE 31 

Comparison of Prediction Error Sum of Squares for 
Fuzzy Sets Models and Regression Models 

(1) * (2) (3) 

LCM 6792 7177 1970 

LCI 2565 1066 253 

LC6 2312 2142 572 

* (1) -- fuzzy sets models 
(2) -- regression model predicted by Tl 
(3) -- regression model predicted by 

a limiting individual MMH capacity 

Discussion 

The experimental results and the comparison of the 

present results to previous data were reported in Chapter 

III. The models for both individual and combined MMH 

capacities using the psychophysical approach were developed 

in Chapter IV. Because of the variables examined in this 

study, such as frequency of handling, different strength 

tests, and heart rate, the relationship between a subject's 

physical condition and his capacity of MMH activities, and 

the relationship between the individual MMH activities and 



175 

the combined MMH activities were further examined. The 

comparison of different testing machines and the stressful

ness for four individual MMH activities are presented in 

this section. m addition, the effects of the frequency of 

handling and heart rate on individual MMH activities are 

also discussed. in closing, some general comments on com

bined MMH activities are made. 

Comparison of Different Strength 
Testing Machines 

Four testing machines were used in order to test three 

types of stengths: isometric, isokinetic, and isoinertial. 

Isoinertial 6' maximum strength (Tl), tested on the 

incremental weight lifting machine, proved to be the best 

predictor of the different types of MMH capacities examined 

in this study. The weight lifting machine was modified by 

2.5 lb increments instead of the 10 lb increments used by 

Ayoub, et al. (1982b). The test of Tl was obtained by the 

subject lifting weight repetitively until he reached his 

maximum capacity. The maximum strength was reached by a 

dynamic exertion, similiar to industrial lifting activities. 

The test is less stressful than the maximum static exertion 

for the static strength test. 
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Isometric strength tests produced the next best results 

in terms of predictability. Isometric strength tests have 

produced many MMH capacity models in the past (Poulsen, 

1970; Knipfer, 1974; McDaniel, 1972; Ayoub, et al., 1978; 

Garg, et al., 1980; Mital and Ilango, 1983; Plott, 1983). 

The test procedure has been standardized (Chiffin, 1975; 

Chiffin et al., 1977) and, therefore, the test results can 

be compared with each other. As the subjects in this study 

commented, isometric strength tests were the most stressful 

among all three types of strength tests. 

The test of Tl was accomplished within 5 minutes. The 

time required for isokinetic strength tests on Cybex and 

Mini-Gym were less than the times for static strength tests. 

The weight lifting machine had ready-to-go features once it 

was set-up; however, the Mini-Gym or Cybex needed some at

tached accessories and adjustments for each subject prior to 

each test. The immobility of Cybex makes it impractical for 

use in field study. 

The Cybex isokinetic system has the highest cost and the 

greatest accuracy among all four testing machines used in 

this study. Cybex can be used for many different purposes 

and is not limited to the tests conducted in this stuiy. 

For example, it can be used to test the torques generated 

from different limbs of body under different angles of 
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movement. Therefore, although the Cybex machine is not 

suitable for the field because of its high cost and immobil

ity, the machine can be used when accurate measurements are 

desired in the laboratory. The cost and mobility of the 

other three types of testing machines are very compatible. 

The use of each machine depends upon the objectives of the 

user. From the safety standpoint, the isokinetic strength 

tests on Cybex and Mini-Gym are considered the safest tests. 

The velocity of movement was controlled by the testing 

equipment. The drop of the handle accidently during the Cy

bex test did not cause any injury to the subject because the 

gravitational force was applied only after overcoming the 

constant speed controlled by the machine. Although isoki

netic strength did not prove to be the most suitable for 

predicting MMH capacities in this study, these isokinetic 

strength variables have succeeded in doing so in the past 

(Aghazadeh, 1982; Pytel and Kamon, 1981; Kamon el al., 

1982). Further studies of the effects of speed variations 

on isokinetic strength testing and capacity modeling are 

needed. The safe testing methods of the isokinetic devices 

makes them very desirable for employee strength testing. 

Furthermore, the portability of Mini-Gym is appealing if an 

appropriate speed control device can be attached so that the 

reliability of the test is increased. 
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Comparison of Stressfulness for 
Different MMH Activities 

According to the survey conducted by Drury, et al. 

(1982), the most commom MMH activities in industry are 

lifting, lowering, and carrying, in that order. It was 

pointed out by Ayoub, et al. (1983) that "lifting" is the 

most stressful activity among all MMH activities. However, 

a quantitative comparison for different MMH capacities has 

never been made. In the present study, four individual MMH 

activities--lifting F-K, lifting K-S, lowering K-F, and 

carrying 14 feet — were examined under three frequencies, 

i.e., one time maximum, one handling per minute, and six 

handlings per minute. The mean capacities for all 

individual capacities under a certain frequency condition 

are shown in Table 16, and the graphical presentation for 

the these data are shown in Figure 15. For all three 

frequencies, lifting K-S happened to be the most stressful 

activity as indicated by the smallest capacity. The 

capacity for lifting K-S was limited by the arm strength 

from knuckle to shou'der height, and it was assisted 

relatively less by other body parts when compared to other 

MMH activities in this study. This situation is shown also 

in the static strength test data; arm strength had the 

smallest strength value among all the strengths tested. It 
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îs concluded that, in order to reduce the risk of injury, 

lifjting K-S should be avoided as much as possible. It also 

means that if a task has to be conducted, such as lifting 

K-S, the weight of load should be less than that for other 

tasks, such as lifting F-K, lowering K-F, or carrying for 14 

feet. 

The graphical presentations for four individual MMH ca

pacities models under three frequency levels are shown in 

Figures 23, 24, and 25. These figures indicate that lifting 

K-S was shown to have the smallest predicted capacity for a 

given strength value. For the frequency of one time maxi

mum, lowering capacity and carrying capacity are higher than 

that for lifting capacity; and they are closer to lifting 

F-K capacity, while much lower than lifting from K-S capaci

ty. For the frequency of one handling per minute, the high

est capacity occurred at the lowering activity, and lowest 

capacity occurred at lifting K-S activity. Carrying capaci

ty and lifting F-K capacity interacted upon the strength va

lues. For the frequency of six handlings per minute, the 

decreasing order of stressfulness of individual MMH activi

ties was: lifting K-S, lifting F-K, carrying for 14 feet, 

and lowering K-F. 

In summary, it was shown that the lifting activity was 

the most stressful activity among the MMH activities 
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examined in this study. it is recommended here, for the 

purpose of job design/redesign, that the risk of injury can 

be reduced if a task can be changed from a more stressful 

activity to a less stressful activity, i.e., changing a task 

from carrying an object for 14' to lowering the object from 

knuckle to floor level and providing a conveyor to carry the 

object for the 14 foot distance. Similar design principles 

have been reported by other authors (Ayoub, 1982; Ayoub, 

1983). The present study provides the experimental founda

tion for this principle. 

Effects of the Frequency of Handling 

It has been mentioned in Chapter II that the frequency of 

handling is a critical task variable in MMH activities. The 

weight handled decreases with an increase in the frequency 

of handling. The selected frequencies of MMH activities in 

this study were one time maximum, l/min, and 6/min. 

According to Ayoub, et al. (1983),fthe lifting capacity for 

the frequency of less than 0.1 lift/min is very close to the 

one time maximum capacity. For low frequency handling, an 

operator's strength becomes dominant and the time period 

between two handlings allows him to recover to the resting 

state. For high frequency handling, such as 6 lifts/min, 

the time break between two handlings is too short to allow 
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the operator enough time for recovery of muscle exertion. 

The frequency of one handling per minute is between one time 

maximum and six handlings per minutes in terms of recovery. 

The muscles get partial recovery between two handlings but 

not complete recovery. Therefore, one time maximum capacity 

represents the capacity for very low frequency (less than 

0.1 handling/min), and 1 handling/min and 6 handlings/min 

represent an infrequent and a frequent handling in MMH ac

tivities. 

The relationship between frequency of handling and the 

psychophysical lifting capacity has been reported by several 

researchers. Snook (1978), Ayoub, et al. (1978), and Asfour 

(1980) found from their psychophysical studies that the 

weight lifted decreased linearly with an increase in the 

frequency of lift. Ayoub, et al. (1983) utilized data sets 

from Ayoub, et al. (1978) and Snook (1978) to model the 

lifting capacity based on the frequency of lift. A nonli

near relationship (an exponential function) was reported 

between the frequency of 0.1 and 1 lift/min, and a linear 

relationship was reported between the frequency of 1 and 12 

lifts/min. 

The mean capacity plus body weight versus frequency for 

four individual MMH activities in this study are shown in 

Figure 26. It is worthy to note that the difference between 
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the mean capacity for the frequency of one time maximum and 

the mean capacity for the frequency of one per minute is 

larger than the difference between the capacity between the 

frequency of one and six handlings per minute. The mean ca

pacities for frequencies of one and six handlings per mi

nute, in terms of percent of the capacity for the frequency 

of one time maximum are shown in Table 32. 

The prediction models for lifting F-K, lifting K-S, 

lowering K-F, and carrying for 14 feet under three frequency 

conditions are depicited in Figures 27, 28, 29, and 30, 

respectively. It can be noted that the reduction in MMH 

capacity from frequency of l/min to frequency of 6/min is 

dependent upon a subject's strengthTv For lifting F-K, 

lowering K-F, and carrying activities, the reduction is 

minimum when the subject's strength of Tl is about 140 lbs. 

The reduction becomes larger when the Tl value either goes 

higher or goes lower. However, for the activity of lifting 

K-S, the reduction in capacity from frequency of 1 to 6 

decreases with the increases in strength Tl values. 

Effects of Heart Rate 

Heart rate is a physiological index for physical work. 

It has been used with other physiological indices, such as 

oxygen consumption and blood pressure, to indicate the 
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TABLE 32 

Comparison of the Capacities for the Frequencies of 
One and Six per Minute to the Capacity of the 

Frequency of One Time Maximum 

% of the capacity 
for the frequency of 
one time maximum 

LFKl 

LKSl 

LOWl 

Cl 

LFK6 

LKS6 

L0W6 

C6 

77.88 

87.05 

82.65 

77.42 

68.52 

80.70 

74.25 

67.44 

Range (12 subjects) 
Max. Min. 

87.99 

93.79 

97.12 

88.92 

82.96 

87.46 

88.92 

80.81 

67.86 

82.98 

70.25 

63.09 

59.87 

74.99 

63.08 

58.77 

physiological cost for a certain task. Mean heart rates for 

each activity and the comparison of them to the data from 
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Ciriello and Snook (1983) are shown in Table 19. In gener

al, the mean heart rates in this study were higher than 

those for Ciriello and Snook (1983). The major reason was 

that a short work duration (one hour) was involved rather 

than an eight hour work day. Comparing the mean heart rate 

data with the physiological strain and work duration catago

ries in Table 3, the mean heart rate for the activities at 

the frequencies of one handling per minute and six handlings 

per minute were catagoried as moderate and heavy work, re

spectively. The mean heart rate values corresponding to 

each MMH activity for frequencies of 1 and 6/min are depict

ed also in Figure 31. 

Summary of Combined MMH Activities 

This study is the first to examine capacities for 

combined MMH activities. These types of activities are 

prevalent in industry (Ayoub, 1982a, 1982b). The modeling 

of combined MMH capacities has been reported in the previous 

sections. 

There were several carrying activities that were timed by 

a stopwatch. The walking speed had a range of 2.14 to 2.65 

miles/hour with an average speed of 2.32 miles/hour. Most 

of the past studies on MMH of carrying activities had the 

subjects walking on a treadmill (Givoni and Goldman, 1971; 
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Pandolf, et al., 1977; Morrisey and Liou, 1984) at a 

controlled speed. Mital and Ilango (1983) conducted a psy

chophysical study on load carriage. They reported that the 

subjects were trained to walk at a speed of 3 miles/hr. 

However, the actual walking speed was not reported. 

For a certain handling frequency, the difference in the 

length of resting period for the individual and the combined 

MMH activities was obvious. This difference did not affect 

the capacity for the frequency of one time maximum; however, 

it became very significant for the frequency of 6/min. It 

was apparent that, for the frequency of 6/min, a combined 

activity had very little resting time. Consequently, there 

was very little time for physiological recovery of muscle 

fatigue. The subjects also made similar comments on this 

continuous type of work, and the lack of sufficient recovery 

time. They felt that it was difficult to adjust the weight 

in the box so that they could keep a balanced physiological 

condition. They commented also that it was more stressful 

doing a combined activity than doing an individual activity 

at a frequency of 6/min. This situation was reflected in 

heart rate readings in which the average heart rate for 

combined activities was higher than those for individual 

activities at the same frequency. Physiological limitation 

plays a more important role in conducting combined 
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activities at a faster pace. ^ it is apparent that strength 

and physiological capability have mixed influence on MMH ca-

• ^ \ pacities. For low frequencies of handling, such as one time 

maximum or 0.1 handling/min., the subject's strength is the 

dominant factor because of the complete physiological recov

ery obtained from the long resting period. As the frequency 

becomes faster, the physiological capability is more impor

tant. Fortunately, the psychophysical approach used in this 

study assumed that the subject integrated all the stresses 

and responded with the weight he was willing to handle. The 

effects of strength and physiological capabilities on MMH 

capacities under different frequencies was not examined in 

this study; however, the effects merit future study. 



CHAPTER V 

SUMMARY, CONCLUSIONS AND 
RECOMMENDATIONS 

Summary 

The objectives of this study were to develop prediction 

models for both individual and combined MMH activities and 

to examine the relationship between individual and combined 

MMH activities. MMH capacity has been defined as the 

maximum weight the subject was willing to handle plus his 

body weight for a period of one hour under the task 

conditions specified in this study. The prediction models 

for the capacities of individual MMH activities were 

developed based on isoinertial 6' maximum strength or 

isometric back strength: 

Using isoinertial 6' max strength (Tl): 

LFKM = 356.739 - 2.553*T1 + 0.016771*T1*T1 

LKSM = 414.771 - 3.287*T1 + 0.015620*T1*T1 

LOWM = 489.177 - 4.363*T1 + 0.023455*T1*T1 

CM = 227.392 - 0.416*T1 + 0.008979*T1*T1 

LFKl = 524.934 - 5.398*T1 + 0.024312*T1*T1 

LKSl = 170.011 + 0.011*T1 + 0.003089*T1*T1 

LOWl = 485.968 - 4.318*T1 + 0.019925*T1*T1 

Cl = 439.464 - 3.664*T1 + 0.016714*T1*T1 

LFK6 = 68.751 + 1.301*T1 - 0.001296*T1*T1 

196 
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LKS6 = 122.595 + 0.426*T1 + 0.001768*T1*T1 

L0W6 = 10.966 + 2.430*T1 - 0.004843*T1*T1 

C6 = 43.863 + 1.700*T1 - 0.002544*T1*T1 

The average R^ for the above models was 0.867, and the aver

age PRESS statistic was 3694. The residual plots and pred

icted capacities versus actual capacities are shown in Ap

pendix G. These models were shown in Chapter IV to be the 

best among all the models. The isoinertial strength test of 

Tl was demonstrated to be a simple, reliable, and represen

tative of industrial lifting activities. The test was less 

stressful than maximum static exertions for the static (iso

metric) strength tests. 

Using isometric back strength (BACK): 

LFKM = 220.521 + 0.551*BACK + 0.001612*BACK*BACK 

LKSM = 216.004 + 0.205*BACK + 0.001024*BACK*BACK 

LOWM = 256.946 + 0.125*BACK + 0.003328*BACK*BACK 

CM = 185.525 + 1.237*BACK - 0.000545*BACK*BACK 

LFKl = 225.868 - 0.309*BACK + 0.00 3379*BACK*BACK 

LKSl = 168.961 + 0.511*BACK - 0.000406*BACK*BACK 

LOWl = 305.050 - 1.102*BACK + 0.005956*BACK*BACK 

Cl = 229.632 - 0.101*BACK + 0.002122*BACK*BACK 

LFK6 = 147.690 + 0.639*BACK - 0.000658*BACK*BACK 

LKS6 = 134.547 + 0.810*BACK - 0.001501*BACK*BACK 

L0W6 = 182.777 + 0.497*BACK - 4.553566*BACK*BACK 
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C6 = 145.732 + 0.746*BACK - 0.001000*BACK*BACK 

The average R^ for the above models was 0.731, and the aver

age PRESS statistic was 5130. These models produced the 

next best models. The test procedure for isometric back 

strength was standardized. Isometric strength tests were 

the most stressful among the three types of strength tests. 

However, the back strength test provided information con

cerning the strength capability for the back extensors, 

which are the body parts involved in most back injuries 

which occur in industry. 

Three sets of models were developed for the combined MMH 

capacit ies: 

Models based on a limiting individual MMH capacity: 

LCM = 5.208 + 0.953*LFKM 

LCLM = 6.632 + 0.973*LKSM 

LCLOM = -39.170 + 1.062*LFKM 

LCI = 37.186 + 0.809*LFK1 

LCLl = -9.243 + 1.022*LKS1 

LCLOl = 61.109 + 0.685*LFK1 

LC6 = -3.187 + 0.969*LFK6 

LCL6 = 15.678 + 0.883*LKS6 

LCL06 = 13.798 + 0.867*LFK6 
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Models based_on the isoinertial 6J maximum strength (Tl): 

LCM = 199.231 - 0.283*T1 + 0.008285*T1*T1 

LCLM = 365.080 - 2.545*T1 + 0.012915*T1*T1 

LCLOM = 278.984 - 1.884*T1 + 0.015105*T1*T1 

LCI = 318.418 - 2.312*T1 + 0.012539*T1*T1 

LCLl = 165.615 - 0.009*T1 + 0.003242*T1*T1 

LCLOl = 307.024 - 2.092*T1 + 0.011167*T1*T1 

LC6 = 219.210 - 1.042*T1 + 0.007005*T1*T1 

LCL6 = 216.539 - 0.999*T1 + 0.006517*T1*T1 

LCL06 = 265.731 - 1.734*T1 + 0.009228*T1*T1 

Models based on fuzzy sets theory: 

Predicted combine MMH capacity = body wt. / Connective D. 

where Connective D is computed as: 

u * u 
A B 

D(u , u ) = 
A B ( u + u - u * u ) 

A B A B 

where u and u are the membership values that correspond 
A B 
to membership functions of A and B, respectively. 

The comparison of advantages and disadvantages for the above 

three models were discussed in Chapter IV. 

Psychophysical capacity data collected in this study 

provided information about the maximum voluntary MMH 
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capacities for one hour duration, such as would be 

encountered for intermittent work or emergency services. 

The models proposed in this study can be used for job de

sign/redesign that involve both individual and combined MMH 

activities, such as packing operators and some assembly op

erations. The models also provide information about the re

lationship between an individual's strength and his capaci

ties in MMH tasks. Therefore, the models are also useful 

for pre-employment screening and strength training programs. 

Conclusions 

The following conclusions were drawn and based on the 

present study: 

1. Three types of strength tests, isometric, isokinetic, and 

isoinertial, that use four testing machines, static 

strength testing machine, Mini-Gym, Cybex, and 

incremental weight lifting machine, were measured for 

twelve subjects in this study. Isoinertial 6 foot 

maximum lift strength (Tl), tested on the weight lifting 

machine, proved to be the best predictor for the 

individual MMH activities examined in this study, i.e., 

lifting F-K, lifting K-S, lowering K-F, and carrying for 

14 feet. Each activity was conducted under three 

different frequencies: one time maximum, one handling 

per minute, and six handlings per minutes. 
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2. Combined MMH capacities can be predicted through three 

methods: using a limiting individual MMH capacity, using 

the isoinertial 6' maximum strength, or using fuzzy sets 

theory to combine two individual MMH capacities into a 

combined MMH capacity. The models predicted by a limit

ing individual MMH capacity showed the best results in 

terms of R'̂  values and prediction sum of squares error. 

The fuzzy sets models produced reasonable results. The 

advantage of fuzzy sets models is that the nature of the 

models are data set independent. That means these models 

were not developed from the current data set, and only 

tested by the present data. 

3.\Isoinertial strength testing is recommended as the most 

promising single screening test. This type of strength 

test involved both static strength to overcome the iner

tial resistance and dynamic strength to move the weight 

to a pre-assigned location. It is a simple, reliable, 

economical, and easily applied test. That is representa

tive of actual industrial lifting activities. 

4. In all frequencies of handling, the capacity for lifting 

K-S was shown to be the most stressful activity in terms 

of the smallest capacity when compared to the other 

capacities examined in this study. Lifting K-S was 

limited primarily by the arm strength, which was the 

weakest limb tested in this study. 
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5. Considerations of three types of MMH activities, lifting 

F-K, lowering K-F, and carrying for 14 feet, indicated 

that the stressfulness of the activities are in the fol

lowing decreasing order: lifting F-K, carrying for 14 

feet, and lowering K-F, respectively. 

6. The difference between the mean capacity for the frequen

cy of one time maximum and the mean capacity for the fre

quency of one per minute was larger than the difference 

between the frequencies of one handling per minute and 

six handlings per minute. For a high frequency of han

dling, such as 6 handlings per minute, the time break 

between two handlings was too short to allow the operator 

to have enough time for total recovery. 

7. Mean heart rate data for combined MMH activities were 

generally higher than those for individual MMH activi

ties. Because of the shorter resting time allowed for 

the combined MMH activities, the physiological stresses 

for combined MMH activities were higher than those for 

individual MMH activities. 

8. A short work period (one hour) was the time focus in this 

study. The mean MMH capacities generated in this study 

were generally higher than those found in the literature. 

However, the mean heart rate data were in accordance with 

the recommendations found in the literature for 

physiological stress for short work duration. 
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Recommendations for Future Study 

This was the first study to examine capacities for 

combined MMH activities. In order to have a better job 

design/redesign involving both individual and combined MMH 

activities, further studies are needed for the purpose of 

implementation. Based on the results of this study, the 

following suggestions are offered for future research: 

1. The relationship between the strengths and MMH capacities 

of female subjects is needed. Such data would also allow 

combined male/female models to be developed. 

2. Investigation of combined MMH activities under the 

various frequencies (e.g., 0.1, 2, 4, 9, and 12 

handlings/min) is needed. 

3. Investigation of the combination of lifting activity with 

different distance of carrying activity is needed. 

4. Investigation of the effects of strength requirements and 

physiological capability on the MMH capacities under both 

low and high frequencies of handling and physiological 

recovery is needed. 

5. Investigation of the relationship between dynamic 

strenths (e.g., isoinertial and isokinetic strengths) and 

other MMH capacities (e.g., lifting under different 

ranges, carrying for different distances, and push/pull 

activities) is needed. 
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6. More psychophysical data on MMH capacities for short wor-̂  

duration (e.g., one hour) are warranted. 

7. Further investigation on the application of fuzzy sets 

theory to the MMH study is needed. This investigation 

should include a methodology to determine membership 

functions and reference values, and to combine two or 

more individual MMH capacities into a combined MMH capac

ity. 
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APPENDIX A 

PERSONAL DATA AND CONSENT FORM 

Name: D^^^. 

Name and phone number of individual to be contacted in case 

of emergency: 

Name and phone number of physician and physician's hospital: 

CHECK IF SUSCEPTIBLE TO: 

Shortness of Breath: Dizzyness: Headaches: 

Fatigue: Pain in arm, shoulder, or chest: 

IF SO, EXPLAIN: 

Are you currently taking any type of medicine? If so, 

explain: 

Have you had or do you now have any problem with your blood 

pressure? 

If so, explain: 

In the last six months, have you had any tped of surgery or 

serious illness? If so, explain; 
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In the last six months, have you had any back pain, 

particular in the lower back? If so, explain: 

Have you had or do you now have a hernia? 

Corrective date: 

Have you had your normal amount of sleep within the past 24 

hours? 

Have you had your normal amount of food within the past 24 

hours? 

PLEASE READ CAREFULLY 

I have truthfully answered the questions to the best of 

my knowledge, pertaining to my personal data. I hereby give 

my consent for my participation in the project entitled: 

Modeling of individual and combined manual materials han

dling activities. I understand that the person responsible 

for this project is Dr. J. L. Smith (806)-742-3410. He or 

his authorized representative (806)-742-3543 has explained 

that these studies are part of a project that has the objec

tive of assessing the psychophysical and physiological res

ponses to lifting, lowering, carrying activities and several 

combination of these activities. 

Dr. J. L. Smith or his representative has agreed to 

answer any inquiries I may have concerning the procedures 
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and has informed me that I may contact the Texas Tech 

University Institutional Review Board for the Protection of; 

Human Subjects by writing them in care of the office of Re

search Services, Texas Tech University, Lubbock, Texas 

79409, or by calling (806)-742-3884. 

He or his authorized representative has (1) explained the 

procedure to be followed and indentified those which are ex

perimental; and (2) described the attendant discomforts and 

risks. 

(1) Briefly these procedures are: a) a four-hour familiari

zation session; b) 26 anthropometric measurements; c) a set 

of strength/stamina test for maximum voluntary strength 

(self-limiting); d) measurement of maximum oxygen uptake on 

bicycle ergometer by using submaximum technique; e) to add 

weight to the box until I reach but not exceed my maximum 

physical ability to do the task under specific conditions. 

(2) The risks have been explained to me as follows: Muscle 

strain or sprains, pulled tendons, back pain or sprain, or 

hernia. There are also possible changes such as abnormali

ties of blood pressure or heart rate, or ineffective "heart 

function", and in rare instances "heart attacks", or 

"cardiac arrest", strokes, or pulmonary embolism. 

If this research project causes any physical injury to 

you, treatment is not necessarily available at Texas Tech 
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University or at the Student Health Center, or any program 

of insurance applicable to the institution and its personel. 

Financial compensation must be provided through your own in

surance program. Further information about these matters 

may be obtained from Dr. J. Knox Jones, Jr., Vice Presedent 

Administration Building, Texas Tech University, Lubbock, 

Texas 79409. 

I understand that I will not derive any therapeutic 

treatment from participation in this study. I understand 

that I may discontinue my participation in the study at any 

time I choose without prejudice. 

I understand that all data will be kept confidential and 

that my name will not be used in any reports, written or un

written. 

SIGNATURE OF SUBJECT: DATE: 

Signature of Project Director 

or his authorized representative: 

Signature of Witness to Oral Presentation 



APPENDIX B 

SUBJECTS' ANTHROPOMETRIC DATA 

SI S2 S3 S4 

height (cm) 
weight (lbs) 
sitting ht. (cm) 
functional reach (cm) 
acromial ht. (cm) 
tibiale ht. (cm) 
ankle ht. (cm) 
elbow ht. (cm) 
wrist ht. (cm) 
shoulder-elbow len. (cm) 
forearm-hand len (cm) 
biacromial breadth (cm) 
bideltoid breadth (cm) 
hand len. (cm) 
foot len. (cm) 
neck cir. (cm) 
shoulder cir. (cm) 
chest cir. (cm) 
waist cir. (cm) 
buttock cir. (cm) 
thigh cir. (cm) 
calf cir. (cm) 
biceps cir. (flexed) (cm) 
forearm cir.(flexed (cm) 
wrist cir. (cm) 
abdominal depth (cm) 
knuckle height (cm) 

1 7 5 . 1 
1 6 7 . 0 

9 2 . 2 
7 4 . 4 

1 4 5 . 1 
4 9 . 4 

6 . 5 
1 1 2 . 1 

8 6 . 1 
3 6 . 3 
4 7 . 0 
4 4 . 3 
4 8 . 3 
1 9 . 7 
2 5 . 1 
3 7 . 5 

1 2 1 . 0 
1 0 4 . 4 

7 8 . 0 
9 6 . 0 
5 8 . 8 
3 5 . 8 
3 7 . 0 
3 2 . 0 
1 8 . 0 
1 9 . 3 
7 9 . 5 

1 8 3 . 4 
1 8 8 . 3 

9 2 . 3 
7 7 . 4 

1 5 1 . 4 
5 0 . 5 

5 . 4 
1 1 7 . 3 

9 1 . 1 
3 6 . 4 
4 9 . 0 
4 3 . 2 
4 8 . 7 
1 9 . 2 
2 6 . 4 
4 2 . 5 

1 1 9 . 3 
1 0 1 . 5 

9 7 . 9 
9 7 . 0 
6 0 . 2 
39.:^ 
3 4 . 4 
3 2 . 2 
1 7 . 6 
2 0 . 1 
8 2 . 5 

1 7 8 . 3 
1 5 7 . 3 

8 9 . 3 
7 3 . 4 

1 4 3 . 4 
5 1 . 4 

6 . 7 
1 0 7 . 8 

8 1 . 5 
3 8 . 3 
5 0 . 8 
4 4 . 9 
4 9 . 9 
2 0 . 6 
2 7 . 2 
4 0 . 8 

1 2 1 . 3 
9 1 . 9 
7 5 . 0 
8 9 . 0 
5 1 . 9 
3 8 . 3 
3 3 . 8 
2 9 . 9 
1 6 . 7 
1 9 . 3 
7 4 . 7 

1 6 9 . 2 
1 5 8 . 0 

8 8 . 5 
7 6 . 8 

1 3 8 . 8 
4 8 . 5 

5 . 8 
1 0 6 . 3 

7 4 . 0 
3 3 . 7 
4 6 . 0 
3 8 . 6 
4 4 . 3 
1 6 . 6 
2 4 . 0 
3 9 . 7 

1 1 6 . 0 
9 4 . 8 
8 4 . 0 
9 7 . 7 
5 5 . 5 
3 6 . 5 
3 2 . 5 
2 6 . 0 
1 7 . 0 
2 0 . 4 
7 4 . 6 
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(cm) 

height (cm) 
weight (lbs) 
sitting ht. (cm) 
functional reach 
acromial ht. (cm) 
tibiale ht. (cm) 
ankle ht. (cm) 
elbow ht. (cm) 
wrist ht. (cm) 
shoulder-elbow 
forearm-hand len (cm) 
biacromial breadth (cm) 
bideltoid breadth (cm) 

(cm) 
(cm) 
(cm) 

cir 

len. (cm) 

hand len. 
foot len. 
neck cir. 
shoulder (cm) 
chest cir. (cm) 
waist cir. (cm) 
buttock cir. (cm) 
thigh cir. (cm) 
calf cir. (cm) 
biceps cir. (flexed) (cm) 
forearm cir.(flexed 
wrist cir. (cm) 
abdominal depth (cm) 
knuckle height (cm) 

(cm) 

173 
174 
91 
74 
143 
45 
5 

108 
86 
30 
38 
31 
36 
18 
22 
37 
110 
117 
92 
109 
62 
38 
33 
25 
16 
22 
81 

S5 

6 
1 
8 
6 
6 
4 
2 
9 
3 
9 
1 
0 
3 
5 
1 
8 
2 
5 
0 
2 
7 
5 
5 
0 
8 
1 
2 

177 
196 
95 
68 
142 
47 
6 

112 
87 
33 
47 
45 
51 
19 
26 
47 
128 
107 
87 
103 
62 
40 
40 
33 
18 
21 
81 

S6 

9 
2 
5 
6 
1 
8 
8 
9 
8 
4 
4 
3 
3 
0 
5 
6 
2 
4 
7 
8 
8 
6 
0 
3 
7 
9 
1 

174 
147 
92 
73 
144 
51 
8 

108 
87 
37 
50 
42 
43 
19 
25 
36 
109 
93 
80 
93 
43 
34 
31 
24 
17 
19 
79 

S7 

8 
0 
3 
6 
3 
9 
8 
5 
3 
8 
3 
3 
2 
3 
8 
8 
0 
8 
5 
5 
5 
5 
5 
5 
1 
5 
,4 

182 
146 
97 
79 
151 
53 
8 

114 
86 
36 
48 
35 
51 
19 
24 
36 
108 
86 
79 
93 
51 
36 
30 
20 
17 
18 
80 

S8 

4 
6 
5 
5 
8 
6 
0 
0 
1 
2 
7 
3 
4 
0 
1 
5 
4 
5 
3 
0 
0 
0 
0 
5 
5 
5 
0 
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(cm) 

height (cm) 
weight (lbs) 
sitting ht. (cm) 
functional reach 
acromial ht. (cm) 
tibiale ht. (cm) 
ankle ht. (cm) 
elbow ht. (cm) 
wrist ht. (cm) 
shoulder-elbow len. (cm) 
forearm-hand len (cm) 
biacromial breadth (cm) 
bideltoid breadth (cm) 

(cm) 
(cm) 
(cm) 

cir 

hand len. 
foot len. 
neck cir. 
shoulder (cm) 
chest cir. (cm) 
waist cir. (cm) 
buttock cir. (cm) 
thigh cir. (cm) 
calf cir. (cm) 
biceps cir. (flexed) 
forearm cir.(flexed 
wrist cir. (cm) 
abdominal depth (cm) 
knuckle height (cm) 

(cm) 
(cm) 

166 
134 
89 
68 
135 
47 
6 

106 
82 
33 
44 
39 
46 
18 
23 
37 
111 
91 
78 
89 
61 
34 
32 
27 
16 
18 
76 

S9 

1 
0 
4 
0 
2 
8 
8 
1 
9 
2 
9 
9 
7 
4 
8 
2 
0 
5 
4 
7 
2 
4 
0 
0 
7 
3 
3 

174 
145 
91 
75 
144 
48 
7 

109 
86 
37 
48 
42 
46 
19 
27 
37 
114 
96 
78 
98 
51 
36 
32 
26 
17 
18 
78 

SIO 

5 
3 
4 
3 
2 
5 
7 
4 
7 
0 
3 
3 
7 
7 
2 
7 
0 
5 
0 
7 
5 
0 
0 
8 
2 
6 
7 

178 
148 
90 
76 
149 
53 
7 

115 
89 
39 
49 
42 
45 
20 
26 
35 
110 
91 
74 
88 
55 
32 
31 
27 
16 
18 
81 

Sll 

3 
7 
7 
2 
2 
2 
2 
3 
2 
1 
4 
1 
6 
4 
7 
3 
0 
4 
3 
3 
2 
2 
5 
0 
3 
4 
9 

174 
152 
89 
75 
144 
48 
5 

108 
85 
35 
45 
40 
45 
17 
23 
36 
116 
89 
80 
92 
51 
38 
32 
26 
16 
20 
77 

S12 

7 
6 
5 
3 
7 
9 
5 
4 
9 
1 
5 
1 
2 
2 
4 
0 
0 
9 
2 
2 
5 
0 
0 
0 
5 
1 
7 



APPENDIX C 

ILLUSTRATIONS FOR STRENGTH/STAMINA 
TESTS 
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Figure 32: Strength Test on Weight Lifting Machine at Floor 
Height 
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Figure 33: Strength Test on Weight Lifting Machine at 
Knuckle Height 
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Figur e 34: 
Streng 
Height 

th Test on weight Lifting 
Machine at Elbow 
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Figure 35: Strength Tes 
^ Foot Height 

t on Weight Lifting Machine at Six 
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Fiaure 36: Strength Test o Figure JD. .^^^ Height 
on weight Lifting Machine at 
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Figure 37: Stamina Test of Seventy Pounds Hold at Elbow 
Level 
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Figure 38: Stamina Test of 80% of Tl Hold at 165 Degree of 
Elbow Angle 
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P i , . . e 39: S t r e n . t . Test on Mini-Oy. at PIoo. Hei.Ht 
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iqure 40: Strength Test on Mini-Gym at Knuckle Height 
Fig 
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Figure 41: Strength Tes 
t on Mini-Gym at Shoulder Height 
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Figure 42: Strength Test on Cybex at Floor Height 
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Figure 43: Strength Test on Cybex at Knuckle Height 
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.. strength Test on Cybex at Shoulder Height 
Figure 44: StrengT,ii 



APPENDIX D 

SUBJECTS' STRENGTHS DATA AND MMH 
CAPACITIES DATA 

Key 

ID — subject ID 
Tl — isoinertial maximum 6 foot lift strength (lbs.) 
T2 -- isoinertial elbow height lift (lbs.) 
T3 -- 70 lbs elbow height hold (min.) 
T4 -- isoinertial K-S lift (lbs.) 
T5 -- hold 80% of XI at 165 degree elbow angle (min.) 
T6 — isoinertial knuckle height lift strength (lbs.) 
T7 — one hand grip strength (kg) 
PWC -- physical work capacity (ml/min) 
APWC -- adjusted PWC (ml/kg-min.) 
CYl -- Cybex F-K lift strength (lbs.) 
CY2 -- Cybex F-S lift strength (lbs.) 
CY3 -- Cybex K-S lift strength (lbs.) 
MGl — Mini-Gym F-K lift strength (lbs.) 
MG2 — Mini-Gym F-S lift strength (lbs.) 
MG3 — Mini-Gym K-S lift strength (lbs.) 
BACK -- isometric standing back strength (lbs.) 
ARM -- isometric arm strength (lbs.) 
COM -- isometric composite strength (lbs.) 
SHO -- isometric shoulder strength (lbs.) 
LEG -- isometric leg strength (lbs.) 
STAE -- static endurance (min.) 
DYNE -- dynamic endurance (min.) 

241 



242 

ID Tl T2 T3 T4 T5 T6 T7 PWC APWC 

1 145.0 205 1.223 110 1.253 205 52.3 2544.06 33.5146 
2 175.0 205 0.865 140 0.469 205 62.5 4181.05 48.8492 
3 145.0 185 1.005 135 0.874 205 64.5 4969.75 69.5070 
4 135.0 185 0.843 125 0.906 205 45.0 3566.90 49.6657 
5 120.0 135 0.318 100 0.984 165 44.5 2611.99 33.0063 
6 172.5 205 0.987 135 0.677 205 69.7 3953.80 44.3341 
7 125.0 170 0.556 120 0.699 180 63.5 2405.03 35.9936 
8 105.0 150 0.214 95 0.323 165 56.7 2772.24 41.6026 
9 125.0 165 0.730 80 0.671 205 39.5 3625.03 59.5154 
10 117.5 195 0.666 110 0.579 205 55.1 3749.19 56.7669 
11 105.0 140 0.680 80 0.591 195 43.2 2371.23 35.0821 
12 115.0 175 0.289 90 0.545 205 43.3 3241.30 46.7291 

ID CYl CY2 CY3 MGl MG2 MG3 

1 112.10 146.30 57.90 128.5 163.30 115.00 
2 146.60 176.30 78.20 173.3 191.30 99.70 
3 124.00 139.21 53.68 102.7 142.30 86.70 
4 149.20 156.20 67.10 135.0 136.00 103.00 
5 133.16 130.26 32.90 119.5 113.70 54.00 
6 101.40 167.40 48.40 122.7 182.00 73.30 
7 105.30 117.10 56.60 118.0 123.00 98.00 
8 107.60 98.16 52.10 115.7 124.00 85.00 
9 97.20 105.50 48.60 101.7 123.00 104.00 
10 143.40 147.60 54.50 154.3 165.30 101.70 
11 135.79 143.42 55.00 122.3 146.00 76.30 
12 138.40 110.27 43.69 116.0 137.75 85.67 
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ID 

1 
2 
3 
4 
5 
6 
7 
8 

BACI-

1 5 3 . 
2 3 0 . 
1 7 7 . 
1 1 5 . 
1 0 2 . 
1 6 5 . 
1 0 6 . 

6 2 , 

r 

.0 

.7 

.3 

.0 

.7 

.0 

.0 

. 3 

ARM 

9 7 . 3 
1 1 5 . 0 
1 1 2 . 5 

7 2 . 0 
5 2 . 3 
9 6 . 3 
7 4 . 0 
5 8 . 0 

COM 

2 9 1 . 3 
4 0 2 . 0 
2 9 9 . 0 
1 9 9 . 7 
1 5 9 . 0 
2 9 7 . 0 
1 9 4 . 0 
1 3 0 . 3 

SHO 

1 2 5 . 0 
2 0 2 . 5 
1 7 9 . 7 
1 4 8 . 5 

9 5 . 0 
1 6 5 . 3 

8 9 . 7 
6 5 . 5 

LEG 

3 3 7 . 5 
4 3 5 . 0 
2 6 8 . 7 
2 3 2 . 0 
2 0 4 . 3 
3 5 6 . 3 
2 7 9 . 3 
1 3 1 . 7 

STAE 

4 . 3 2 7 
2 . 9 7 5 
1 . 8 2 9 
4 . 2 4 1 
1 . 7 5 5 
2 . 6 5 5 
2 . 2 0 4 
3 . 9 4 9 

DYNE 

2 . 4 6 5 
1 .918 
1 .577 
2 . 0 9 3 
1 .172 
1 .737 
1 . 5 2 1 
1 .596 

9 9 7 . 0 8 3 . 5 2 7 6 . 5 127 .3 293 .7 3 .752 1.752 
10 1 3 5 . 3 8 4 . 3 2 0 8 . 0 185 .0 291 .0 5 .117 4 . 1 2 1 
11 9 6 . 3 7 3 . 3 188 .0 101 .0 205 .7 5 .994 3 .450 
12 9 3 . 0 8 7 . 0 1 8 3 . 5 108 .0 258 .5 3 .845 1.874 

ID LFKM LKSM LOWM CM LCM LCLOM LCLM 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

1 9 7 . 
2 4 1 . 
1 8 0 . 
1 6 2 . 

9 1 . 
2 0 5 . 
1 7 3 . 
1 3 3 . 
1 4 2 . 
1 5 1 . 
1 3 8 , 
1 1 4 , 

.5 

.5 

.3 

. 1 

.5 

. 1 

.0 

.2 

. 5 

.0 

.6 

. 5 

1 0 1 . 0 
1 2 7 . 6 
1 1 0 . 8 
1 1 4 . 0 

6 8 . 0 
1 1 6 . 6 

8 9 . 0 
9 2 . 2 

1 0 0 . 1 
1 0 2 . 7 

9 9 . 6 
9 5 . 5 

2 3 3 . 
2 7 0 . 
1 9 0 , 
1 6 1 , 

9 7 . 
2 1 0 . 
1 9 4 . 
1 5 2 . 
1 6 8 , 
1 6 7 , 
1 5 7 , 
1 2 9 , 

.3 

.0 

.5 

.4 

.0 

.5 

.5 

.2 

.3 

.6 

. 1 

.6 

2 2 6 . 
2 4 9 . 
2 0 0 . 
1 6 3 . 
1 0 0 . 
2 0 9 . 
1 7 1 . 
134 . 
149 , 
194 , 
1 4 1 , 
146 , 

,7 
,8 
.0 
.6 
.8 
.0 
.4 
.5 
.0 
.7 
.3 
.9 

1 9 1 , 
2 1 7 . 
1 6 7 . 
1 4 2 . 

8 2 . 
194 , 
154 , 
1 2 5 , 
1 3 3 , 
139 , 
115 , 
110, 

.0 

.2 

.0 

.5 

.2 

. 1 

.5 

.0 

.0 

.3 

.0 

.3 

1 9 0 . 0 
2 2 2 . 8 
1 6 4 . 7 
1 5 0 . 3 

7 9 . 1 
1 9 8 . 7 
1 2 9 . 0 
1 2 1 . 5 
1 2 2 . 0 
1 3 1 . 0 
1 0 3 . 6 

8 8 . 0 

1 0 4 . 
1 2 0 . 
1 0 7 . 
1 1 2 . 

6 5 . 
120 , 

9 7 , 
8 6 , 
96 , 

1 0 1 , 
97 , 

104 

,6 
,5 
.0 
.6 
.6 
.0 
.0 
.9 
.0 
.7 
.6 
.0 
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ID LFKl LKSl LOWl Cl LCI LCLOl LCLl 

1 80.35 68.85 114.20 81.40 75.95 72.85 68.25 
2 144.25 74.20 178.85 129.00 117.15 92.85 70.80 
3 105.50 85.60 135.20 114.00 94.35 81.75 81.30 
4 8 3 . 5 0 7 5 . 1 5 96 .30 9 0 . 2 5 79 .10 8 4 . 7 5 7 2 . 6 5 
5 5 9 . 6 0 4 8 . 2 5 8 9 . 2 0 7 0 . 3 5 53 .65 44 .50 39 .50 
6 1 1 1 . 6 0 7 0 . 1 5 1 0 5 . 7 5 101 .15 8 8 . 0 5 81 .90 6 6 . 2 5 
7 9 1 . 9 5 7 4 . 3 5 113 .90 9 6 . 8 5 84 .80 74 .50 6 2 . 1 5 
8 7 6 . 0 0 5 5 . 7 0 1 0 7 . 1 5 8 9 . 6 5 6 2 . 3 5 6 8 . 9 5 5 4 . 2 5 
9 7 9 . 1 5 6 6 . 8 0 1 2 5 . 0 5 100 .50 76 .65 74 .40 6 2 . 8 5 

10 7 7 . 8 5 6 0 . 5 0 8 7 . 7 5 107 .95 7 6 . 5 5 57 .80 5 4 . 3 5 
11 8 2 . 1 5 6 2 . 1 0 1 0 5 . 0 5 90 .10 6 9 . 0 5 66 .80 53 .00 
12 7 2 . 9 0 6 5 . 8 5 106 .20 8 0 . 3 0 65 .00 57 .65 7 0 . 7 0 

ID LFK6 LKS6 L0W6 C6 LC6 C L C L 0 6 / L C L 6 

1 6 0 . 2 5 5 0 . 4 0 9 6 . 1 5 68 .60 4 3 . 6 5 41 .50 4 5 . 0 5 
2 6 9 . 0 0 4 8 . 8 0 100 .80 7 5 . 3 5 6 1 . 1 5 53 .50 44 .00 
3 8 4 . 9 0 6 5 . 5 5 1 1 7 . 4 5 8 5 . 1 5 64 .80 54 .65 5 5 . 2 5 
4 7 3 . 1 5 6 7 . 0 0 8 2 . 6 0 8 1 . 9 0 61 .20 49 .60 50 .50 
5 4 6 . 2 5 3 7 . 6 5 6 6 . 9 5 4 8 . 0 5 39 .35 30 .80 2 7 . 2 5 
6 5 4 . 8 5 6 7 . 8 0 8 5 . 6 0 63 .00 52 .75 46 .90 4 9 . 4 5 
7 5 9 . 6 0 4 7 . 8 0 9 1 . 5 0 66 .70 4 3 . 2 5 4 3 . 5 5 43 .00 
8 4 2 . 0 5 4 1 . 2 0 7 0 . 1 0 42 .20 31 .75 3 3 . 8 5 34 .00 
9 4 8 . 7 5 5 3 . 1 5 1 0 0 . 8 5 59 .10 4 0 . 1 5 37 .70 35 .80 

10 5 2 . 2 0 4 8 . 0 5 6 8 . 9 0 54 .50 4 7 . 1 5 4 0 . 7 5 4 0 . 2 5 
11 4 8 . 4 5 3 7 . 5 0 6 3 . 5 5 5 4 . 4 5 4 8 . 1 5 4 3 . 6 5 4 1 . 7 5 
12 53 45 4 7 . 0 5 8 0 . 1 5 5 9 . 1 5 4 0 . 0 5 3 6 . 2 5 3 7 . 4 5 



APPENDIX E 

THE RANDOMIZED SEQUENCE FOR THE 
EXPERIMENT 

KEY 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

— 

"̂  — 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

lifting 
lifting 
lifting 
lifting 
lifting 
lifting 
lift ing 
lifting 

F-K, 
F-K, 
F-K, 
F-K, 
K-S, 
K-S, 
K-S, 
K-S, 

lowering K-F, 
lowering K-F, 
lowering K-F, 
lowering K-F, 
carrying 14', 
carrying 14', 
carrying 14', 
carrying 14', 
lifting 
lifting 
lift ing 
lifting 
1 ifting 
lift ing 
lifting 
lifting 
lifting 
lifting 
lifting 
lifting 

F-K + 
F-K + 
F-K + 
F-K + 
F-K + 
F-K + 
F-K + 
F-K + 
F-K + 
F-K + 
F-K + 
F-K -t-

1/min, Replicat 
l/min, R2 
6/min, Rl 
6/min, R2 
l/min, Rl 
l/min, R2 
6/min, Rl 
6/min, R2 
l/min, Rl 
l/min, R2 
6/min, Rl 
6/min, R2 
l/min, Rl 
l/min, R2 
6/min, Rl 
6/min, R2 
carry 
carry 
carry 
carry-
carry: 
carry: 
carry: 
carry: 
carry] 
carry] 
carry] 
carry] 

ing 
ing 
Lng 
ing 
mg 
ing 
mg 
mg 
mg 
Lng 
mg 
mg 

14' 
14' 
14' 
14' 
14' 
14' 
14' 
14* 
14' 
14' 
14' 
14' 

1 

t 

t 

t 

+ 
+ 
+ 
+ 
+ 
-(-

+ 
+ 

ion 1 (Rl) 

l/min, Rl 
l/min, R2 
6/min, Rl 
6/min, R2 
Lifting K-S, 
lifting K-S, 
lifting K-S, 
lifting K-S' 
lowering K-F, 
lowering K-F, 
lowering K-F, 
lowering K-F, 

l/min, 
l/min. 
6/min, 
6/min, 
l/min 
l/min 
6/min 
6/min 

Rl 
R2 
Rl 
R2 
, Rl 
, R2 
, Rl 
, R2 
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Subject Seguence 

51 15, 18, 24, 11, 4, 6, 26, 27, 5, 8, 19, 3, 14, 1 
21, 10, 20, 16, 25, 17, 2, 23, 13, 9, _12, 28, 22, 7 

52 16, 25, 24, 13, 6, 9, 8, 21, 3, 15, -, 14, 1, 28, 20 
2, 5, 27, 23, 19, 22, 11, 10, 4, 26, 18, 17, 12 

53 14, 25, 16, 7, 5, 1, 23, 6, 3, 10, 20, 22, 4, 11, 
28, 19, 21, 15, 27, 2, 9, 17, 26, 12, 13, 24, 8, 18 

54 6, 20, 27, 17, 23, 19, 26, 22, 9, 7, 24, 12, 2, 5, 
I, 25, 4, 18, 8, 15, 10, 21, 28, 13, 11, 3, 16, 14 

55 25, 21, 17, 14, 28, 24, 13, 1, 23, 12, 8, 16, 26, 
19, 3, 5, 27, 15, 6, 7, 18, 4, 9, 11, 10, 2, 20, 22 

56 4, 17, 22, 12, 16, 5, 18, 23, 13, 11, 7, 14, 28, 9, 
26, 10, 3, 25, 2, 24, 21, 19, 6, 20, 8, 15, 27, 1 

57 14, 1, 20, 24, 27, 22, 21, 28, 23, 2, 8, 17, 26, 15 
II, 16, 7, 3, 10, 6, 25, 4, 18, 19, 12, 5, 13, 9 

58 24, 11, 6, 26, 25, 19, 20, 3, 10, 7, 8, 5, 18, 23, 
14, 28, 12, 13, 27, 21, 9, 4, 22, 1, 15, 16, 17, 2 

59 5, 4, 27, 13, 16, 2, 12, 9, 28, 23, 6, 24, 18, 14, 
15, 22, 7, 20, 8, 19, 11, 10, 1, 26, 21, 3, 25, 17 

510 3, 1, 19, 11, 27, 12, 16, 9, 28, 8, 22, 2, 20, 15, 
18, 4, 25, 17, 7, 23, 26, 21, 10, 5, 13, 14, 6, 24 

511 1 2 19, 8, 13, 26, 21, 4, 7, 14, 3, 28, 11, 9, 6, 
22, 27, 18, 16, 5, 23, 20, 15, 10, 25, 24, 17, 12 

S12 
7 25 16, 24, 20, 26, 19, 4, 9, 28, 18, 10, 21 

; i; 11, 6, 23, 15, 14, 13, 22, 17, 27, 5, 2, 12 



APPENDIX F 

INSTRUCTION OF PSYCHOPHYSICAL 
APPROACH FOR SUBJECTS 

The objective of this study is to determine the weight 

handling ability of induviduals in a representative work 

situation. It is am experiment to find reasonable 

quantities that normal healthy persons can handle under 

different Manual Materials Handling activities at one and 

six handlings per minute. These activities are lifting from 

floor to knuckle height (F-K), lifting from knuckle to 

shoulder height (K-S), lowering from knuckle to floor height 

(K-F), carrying for 14', combined lifting F-K and carrying 

for 14', combined lifting F-K, carrying for 14' and lifting 

K-S; and combined lifting F-K, carrying for 14' and lowering 

K-F. 

THIS IS NOT A TEST TO DETERMINE YOUR MAXIMUM WEIGHT 

LIFTING CAPACITY. I repeat, THIS IS NOT A TEST TO DETERMINE 

YOUR MAXIMUM WEIGHT LIFTING CAPACITY. Rather, it is a study 

to find reasonable quantities — I repeat, reasonable 

quantities that individuals can handle repetitively under 

the specified conditions. 

We want you to imagine that you are loading a truck 

during a normal working day, getting paid for the amount of 
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work that you do. in other words, the more weight you 

handle the more money you make. You are expected to work 

continuously at least 1 hour, as hard as you can, without 

straining yourself or without becoming unusually tired, 

weakened, overheated, or out of breath. 

ONLY YOU WILL ADJUST THE WORKLOAD. If you feel that you 

can work harder without getting overloaded, add more weight 

to the box. If you feel you are working too hard and could 

not keep up the rate for an hour period, you should remove 

some weight from the box. Remember, only you will adjust 

this workload. 

DO NOT BE AFRAID TO MAKE ADJUSTMENTS. You have to make 

enough adjustments so that you get a good feeling for what 

is too heavy and what is too light. You can never make too 

many adjustments, but you can make too few. 

REMEMBER THIS IS NOT A CONTEST. 

EVERYONE IS NOT EXPECTED TO DO THE SAME AMOUNT OF WORK. 

WE WANT YOU JUDGMENT ON HOW HARD YOU CAN WORK WITHOUT 

BECOMING UNUSUALLY TIRED. 

TAKE IT EASY. 

Remember to adjust the weight, when necessary, so that 

the box represents the maximum weight that you would be 

willing to handle at this pace, height and distance. 



APPENDIX G 

RESIDUAL PLOTS AND PREDICTED VS. 
OBSERVED CAPACITIES FOR THE SECOND 
ORDER POLYNOMIAL MODELS USING Tl AS 

A PREDICTOR 
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PREDICTED VS. OBSERVED VALUES 

PLOT OF PLFKM*LFKM SYMBOL USED IS * 

* • 

• * 

P 400 + 
R 
E 
D 
I 
C 350 + 
T 
E 
D 

V 300 + 
A 
L 
U 
E 

250 + 

250 300 350 400 450 

LFKM 

RESIDUALS VS. PREDICTED VALUES 

PLOT OF RLFKM*PLFKM SYMBOL USED IS * 

* * 

* 

R 
E 
S 
I 
D 
U 
A 
L 

25 + 

* * 

0 +• * • . 

-25 + • * 

2^5 325 375 425 

PREDICTED VALLJE 



PREDICTED VS. OBSERVED VAL'JES 

PLOT OF PLKSM*LKSM 

P 
R 
E 
D 
I 
C 
T 
E 
D 

300 + 

275 

V 
A 
L 250 
U 
E 

SYMBOL USED IS * 

idh 

225 + 
_+ + + + + -
220 240 260 280 300 

LKSM 

251 

RESIDUALS VS. PREDICTED VALUES 

PLOT OF RLKSM*PLKSM SYMBOL USED IS * 

R 
E 
S 
I 
D 
U 
A 
L 

20 

0 

-20 

1 

1 
1 
1 * 
1 • • 

1 * 
1 * 
+ 

240 

* 

260 280 

PREDICTED 

300 

VALUE 

* * _ 

320 



PREDICTED VS. OBSERVED VALUES 

PLOT OF PLOWM*LOWM SYMBOL USED IS ̂  

252 

P 
R 
E 400 + 
D 
I 
C 
T 
E 350 + 
D 

V 
A 
L 300 + 
U 
E 

250 + 

* • 

* • 

• • 

•- + + + -• 

250 300 350 400 450 

LOWM 

RESIDUALS VS. PREDICTED VALUES 

PLOT OF RLOWM*PLOWM SYMBOL USED IS * 

R 
E 
S 
I 
D 
U 
A 
L 

40 + 
I 
I 
I 

0 +-
* * 

* * * 

•40 + 
- + - • 

270 
- + -• 

330 390 450 

PREDICTED VALUE 
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PREDICTED VS. OBSERVED VALUES 

PLOT OF PCM*CM SYMBOL USED IS * 

p 
R 400 
E 
D 
I 
C 
T 350 
E 
D 

V 
A 300 
L 
U 
E 

250 

+ 

+ 

1 * 
1 * 
+ * 

1 • * 

+ 

1 

270 

• 

* 

• 

330 

• * 

390 450 

CM 

RESIDUALS VS. PREDICTED VALUES 

PLOT OF RCM*PCM SYMBOL USED IS * 

R 
E 
S 

40 + 

U 
A 
L 

0 + — *_*_• *. 

• * 

-40 + 

270 330 390 450 

PREDICTED VALUE 



254 

PREDICTED VS. OBSERVED VALUES 

PLOT OF PLFK1*LFK1 SYMBOL USED IS * 

P 325 
R 
E 
D 
I 300 
C 
T 
E 
D 275 + 

V 
A 
L 250 + 
U 
E 

• * 

225 H- ^ # 

• • 

- + - • 

200 
• - + -

250 300 

LFKl 

350 

RESIDUALS VS. PREDICTED VALUES 

PLOT OF RLFK1*PLFK1 SYMBOL USED IS * 

R 
E 
S 
I 
D 
U 
A 
L 

20 + 
I 
I • • 
I ^ 

0 + - - * - - * 
->«lr 

- 2 0 + 

225 250 275 300 325 

PREDICTED VALUE 
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PREDICTED VS. OBSERVED VALUES 

PLOT OF PLKSl^LKSl SYMBOL USED IS * 

P 260 
R 
E 
D 
I 
C 240 
T 
E 
D 

V 220 
A 
L 
U 
E 

200 + 

* • 

* * 

200 220 240 260 280 

LKSl 

RESIDUALS VS. PREDICTED VALUES 

PLOT OF RLKS1*PLKS1 SYMBOL USED IS * 

R 
E 
S 
I 
D 
U 
A 
L 

0 +• * *. 

-20 + 

-40 + 

200 220 240 260 280 

PREDICTED VALUE 
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PREDICTED VS. OBSERVED VALUES 

PLOT OF PL0W1*L0W1 SYMBOL USED IS * 

p 
R 325 
E 
D 
I 
C 
T 300 
E 
D 

V 
A 275 
L 
U 
E 

250 

1 
+ 

1 
1 
1 
1 
+ 

1 
1 

1 
+ 

1 
1 
1 
1 * 
+ 

1 

225 

• 

• * 

* 

* * 

* • 

\ 

275 
+ -

325 375 

LOWl 

RESIDUALS VS. PREDICTED VALUES 

PLOT OF RL0W1*PL0W1 SYMBOL USED IS * 

R I 
E 30 + * 
S I 
I I 
D I "̂  
U 0 +--**-^ *• 

A I 
L I 

I * 
-30 + 

250 275 300 325 350 

PREDICTED VALUE 
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PREDICTED VS. OBSERVED VALUES 

PLOT OF PC1*C1 SYMBOL USED IS * 

P 
R 300 + 
E 
D 
I 
C 
T 280 + 
E 
D 

V 
A 260 + 
L 
U 
E 

240 + 

* 

220 240 260 280 300 

Cl 

RESIDUALS VS. PREDICTED VALUES 

PLOT OF RC1*PC1 SYMBOL USED IS * 

R 
E 
S 
I 
D 
U 
A 
L 

20 

0 +•*_*. 
lit 

-20 + 

240 260 280 300 320 

PREDICTED VALUE 
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PREDICTED VS. OBSERVED VALUES 

PLOT OF PLFK6*LFK6 SYMBOL USED IS * 

* • 

P I 
R I 
E 240 + 
D I 
I I 
C I 
T I 
E 220 + 
D I 

I * * 
V I * 
A I 
L 200 + * 
U I 
E I * * 

180 + 

180 200 220 240 260 

LFK6 

RESIDUALS VS. PREDICTED VALUES 

PLOT OF RLFK6*PLFK6 SYMBOL USED IS * 

R 
E 
S 
I 
D 
U 
A 
L 

30 

0 

- 3 0 

1 
+ 
1 
1 
1 
4. •-

i 
1 
1 
1 

180 

* * 

* 

* * 

* 

200 220 240 

if * 

260 

PREDICTED VALUE 



259 

PREDICTED VS. OBSERVED VALUES 

PLOT OF PLKS6*LKS6 SYMBOL USED IS * 

P 
R 240 + 
E 
D 
I 
C 
T 220 + 
E 
D 

V 
A 200 + 
L 
U 
E 

180 + 

* * 

• • 

* • 

180 200 220 240 260 

LKS 6 

RESIDUALS VS. PREDICTED VALUES 

PLOT OF RLKS6*PLKS6 SYMBOL USED IS * 

R 
E 
S 
I 
D 
r T 

U 
A 
L 

20 

0 

- 2 0 

1 
+ 

1 
1 
1 

4. 1 t -

1 
1 
1 
+ 

180 

• 

* 

* 

* 

200 

• 

* 

220 

• 

* 

240 260 

PREDICTED VALUE 
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PREDICTED VS. OBSERVED VALUES 

PLOT OF PLOW6*LOW6 SYMBOL USED IS * 

* 

P I 
R 275 + 
E I 
D I 
I I * * 
C I 
T 250 + * 
E I 
D I * * 

* 

V I * 
A 225 + 
L I 
U I ** 
E I 

I 
200 + 

210 230 250 270 290 

L0W6 

RESIDUALS VS. PREDICTED VALUES 

PLOT OF RLOW6*PLOW6 SYMBOL USED IS * 

R I 
E 20 + 
S I 
I I 
D I * * 
U 0 +-* * * *-
A I * 
L I 
S I 

-20 + 
210 230 250 2-̂ 0 290 

PREDICTED VALUE 
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PREDICTED VS. OBSERVED VALUES 

PLOT OF PC6*C6 SYMBOL USED IS * 

P 
R 250 
E 
D 
I 
C 
T 225 + 
E 
D 

V 
A 200 
L 
U 
E 

175 + 

• * 

-H 

190 
• - + - • 

210 
• - + - • 

230 250 270 

C6 

RESIDUALS VS. PREDICTED VALUES 

PLOT OF RC6*PC6 SYMBOL USED IS * 

R 
E 
S 
I 
D 
U 
A 
L 
S 

25 + 
I 
I • * 
I • * • 

0 + * *. 
* •. 

-25 + 

190 210 230 250 270 

PREDICTED VALUE 




