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INTRCDUCTIOH

The ability of man to lift and handle .heavy loads distinguishes him
strongly from most other vertebrates., One of the most important problems of
work physiology is to determine whether a man's work may be considered as
normal or an overlecad, In manual material handling, man is limited by both
his skeleto-muscular system and his cardio-respiratory system., Man's skeleto=
muscular system limits the amount of weight that he can handle at infrequent
intervals, Man's cardio-respiratory system, on the other hand, limits the
amount of weight if the task is frequent., In spite of the practical impor-
tance of the subject of human weight lifting, and in spite of the sporadic
attention which tﬁe subject has received over a long period of time,
surprisingly little is known about this area, From experiments, facts have
been established as to the maximum 1ifting weight for men, women and boys and,
based on these and subjective judgemént, some rules of thumb exist about
limits which people should be allowed teo 1lift,

An important aspect of the subject of weight-lifting operations is the
risk of structural injury - in particular to the skeletal-musculo structure of
the back, According to a study made by Brown (1958), approximately 25 percent
of handling accidents are due to lifting, Work has been done in investigating
the reason of back injuries, but very little seems to be known about the
forces and torques that cause back injuries.

The six forces and torques involved in the lifting of a weight are the

frontal, lateral and vertical forces and the torques about these three axes.

If safe conditions are to be defined, the nature of these forces and torques

and their relation to the different sizes of human beings must be studied,



In lifting, the greatest force seems to be on the spine. The spinal
colum supports the trunk and head, envelops and protects the spinal cord and
participates in every movement of the limbs, It consists of 25 bony verte-
brae, separated by semi-cartilaginous discs to give the spinal column its
flexibility and mobility. The parts of the spine that are of most interest
are: 1) the vertebral bodies and discs, because they are the primary weight
bearing components, 2) the spinal muscles, because they support the spine, and
3) the abdomen, which, though not a part of the spine, is an aid as it pro=-
vides support to the spine, Other components are the neural arch, articular
processes, transverse processes, and spinous processes which, of course, are
important to the function of the spine but have been reported to be involved
in relatively few injuries due to lifting, Without a doubt the most compli-
cated parts of the ‘back, not only anatomically but with respect to injuries,
are the intervertebral discs,

Two types of lifting are generally used - a "bend" and a "squat"., "Bend"
is defined as bending over from the waist, with the legs kept straight at all
times, lifting the weight, and placing it on a shelf, "Squat" is defined as
lifting by bending the knees and keeping the back relatively straight., A
squat" is the recommended lifting procedure while a "bend" is not recom-
mended, Squatting is recommended because, wiﬁh this technique the trunk
bends from the hips and not from the lumbar vértebrae, the back is relatively
straight and the spinal discs are placed under an even and moderate strain,

Persons with small vertebrae dimensions require a greater amount of
muscular tension for a given lifting activity than persons with large
vertebrae, Therefore, the small-vertebrae persons are subject to greater

amounts of muscle exhaustion and eventual strain,



All load lifting jobs should be well defined in terms of physical demand,
Proper lifting techniques and the selection of the correct individual for the
job are important factors in back disorders, The risk of injury is particu-
larly great when excessive strain is combined with degenerative changes in the
back that are caused by advanced age or pathological disturbances,

Lifting tasks can be subdivided into two categoriés: 1) An average high
energy expenditure level (e.g., lifting a 22 pound load 100 times/shift) which
is limited by cardiac and respiratory organs. 2) Low average energy expendi-
ture level but a high peak load (e.g., lifting a 145 pound load once per -
shift), This type could also be described as not-repetitive, short duration
lifting, The peak load is probably limited by the skeleto-muscular system,
In this thesis, the author studied the second type of lifting with small
loads, In order to analyze the effects of the forces and torques on the
spine when g "1lift" is made and thereby establishing safety standards for
lifts for different percentiles of the population, it is essential to know
how different parameters of the lifting tasks are related to the various

forces and torques,
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LITERATURE REVIEW

Previous work has been done on lifting. Unfortunately, hardly any work
has been done with the same objective as the author!s and therefore little
information is available which is directly relevant, To the best of the
author's knowledge, this research is the only one on lifting involving
torques. However, a literature surwvey consisting of related facis has been
made to enable the reader to obtain a better background and stimulate interest
in this particular field,

Whitney (1958) conducted a study on the maximum lifting force exerted by
a subject under a variety-of liftihg conditions on eight subjects. Whitney's
variables were: reaching distance, bar height, type of grasp, and bending vs,
squatting., For the particular ranges of the variables selected, he concluded
that the most important variable determining the maximum lifting force is the
distance of the feet from the frontal plane including the grasp axis, The
maximum lifting force decreased rapidly with increase of this distance. The
maximum lifting force also decreased with increase of grasp height, but the
influence of grasp height was much less than that of foot placement distance.
Whitney'!s study, however, was not made of an actual lifting task and the force
platform he used was rather insensitive as compared to Hearn's (1968).

Switzer (1962) studied the weight lifting capabilities of human males,
The task was to 1lift a weight from the floor, without strain, to three
different platform heights (18 inches, L2 inches, and 62.5 inches) with three
different positions of lifting, Significant differences were found for plat=-

form heights, with the weight limit decreased with the increased height of



subjects. However, no significant differences in lifting capacity were found
for the three lifting positions,

Snook and Trvine (1965) investigated the maximum weights and work loads
acceptable to male industrial workers while performing lifting, lowering,
pushing, pulling, carrying and walking tasks, For all tasks, subjects were
instructed to adjust their work load to the maximum amount that they could
perform without strain or discomfort, and without bécoming tired, weakened,
overheated, or out of breath, The maximum loads for "1ift" and "lower" were
found for the different heights of the male workers, The maximum weight for
floor level to kmuckle height "1ift" for 90th percentile height was 70.3
pounds and for 10th percentile height was 37.3 pounds, For "lower" the maxi-
mum varied from 36,2 pounds to 87,6 pounds, Similarly, the maximum weight for
knuckle height to shoulder height "1lift" varied from 3l.L pounds (for the 90th
percentile) to 70,9 pounds for (10th percentile), and for "lower" the values
ranged from 39.2 pounds to 70.2 pounds., Values for shoulder height to arm
reach "1ift" ranged between 29,l, pounds to 68.3 pounds, for "lower" it was
28.7 pounds to 59,9 pounds,

Damon (1966) concluded from his study that less powerfully built persons,

however, may be more efficient in performihg_the frequent, repetitive lifting
tasks, where lifting frequency or work load is often the limiting factor.
Stueve (1968) studied the physiological cost of lifting and lowering a 25
pound tote pan, Three orthogonal forces were measured by a force platform for
bending versus squatting., For the lifting procedure studied, Stueve found

that the physiological cost is less in a bending manner than a squatting



manner, He also concluded that the physiological cost for lowering an object
is greater than for lifting it,

Snook (1970) investigated the effect of increasing age on work capacity,
and whether physique has a greater effect on continuous work capacity during
slower, heavier tasks, than during faster, lighter tasks. He concluded that
continuous work capacity does not decrease with age, The idea that physique
has a greater effect on continuous work capacity was supported only by the

results of the yoﬁnger groups of subjects.

Back Injuries,

Since this thesis is concerned at least inferentially with back injuries,
a brief review of the extensive literature on back injuries is in order,

Wayne (1$5L) and Ruseek (1955) made statistical inguiries and established
the high number of back injuries in tasks involving weight lifting, According
to Armstrong (1965), lorris, Lucas, Bresler (1961), and Nachemson (1962),
injuries to the spine in lifting seems to be concentrated on the wvertebral
bodies, intervertebral discs and soft tissue, that is, muscles and liganents,

Since the occurrence of injury to the lower back is so common, it has
given rise to specific safe methods of weight lifting (Ministry of Labor and
National Service, 19LkL), Anderson (1951), Cyriax (1954), and Floyd and Silver
(1955)., It was found that lifting by bending the trunk, with the knees kept
straight, is dangerous compared with the method of 1lifting which involves
flexed knees and an upright trunk ("knee-action"), Floyd and Silver proved

that the "knee-action" method minimizes strains to the posterior ligament of



the spine. Das (1951) found that the relative metabolic efficiencies of the
two methods of lifting varied with the magnitude of weight lifted.

Thieme (1950) concluded that the low back or lumbar region is the main
area where spinal injuries occur. One study on herniation of intervertebral
discs, often referred to as "slipped disc", indicated that 57 percent of the
herniations occur in the lumbar region, In fact, 89 percent were in the
lowest two lumbar discs which are situated between the L-L/I-5 and L-5/S-1
vertebral bodies, Perey (1957) established that the compressi;e strenzth of
vertebral bodies ranges from about 1180 to 1800 pounds/square inch for the
under forty group and from L20 to 690 pounds/square inch for the over sixty
group,

Morris (1961) demonstrated that, when a subject is holding 200 pounds
with the trunk flexed sixty degrees from the normal standiﬁg position, and
with the arms hanging straight down, the force on L-5/S-1 disc is approxi-
mately 1L0O pounds. Sonoda (1962) estimated that the fracture load for women
is 5/6 of that for men, He also found that no difference in strength per unit
area of the spinal column existed between men and women, This indicates the
difference in strength is due to the difference in surface area of the
vertebral bodies,

Troup (1965) studied back injuries in industry, back pains caused by
lifting or twisting movements, He concluded: 1) Only a small proportion of
low-back disorders can properly be attributed to accidents, 2) Heavy manual
work is a major contributory factor, 3) In men engaged in heavy work, the
prevalence of lumbar vertebral degeneration is higher, low back disability is

more common and causes more incapacity than in those engaged in light work,



Ticheauer (1965) studied the biomechanics of the arm-back aggregate under
different working conditions, The study clearly demonstrated the importance
of horizontal distance between the weight and the spine, and manual 1lifting
from an awkward working position or with poor posture may cuase excessive
force upon the vertebrae even when lifting relatively light loads, He
suggested that lifting tasks should be so designed that the compressive stress
acting at the intervertebral discs of the lumbar spine should be kept well
below 1500 pounds.

Fine (1966) developed a model to predict the compressive force against
lumbrosacral disc, The external forces he considered were the weight of the
ﬁead, neck and arms, weight of the trunk above the lumbrosacral disc, and the
weight of the object lifted, all weights acting through their respective
center of gravity. The resisting interval forces were the intensity of intro=-
abdominal pressure times effective abdominal cross-section, thé tension in the
deep muscles of the back, and the reaction on the lumbrosacral disc, For one
particular person lifting a 90 pound weight, Fine calculated a compressive
force of 1000 pounds on the disc., He also pointed out that a 20 pound part
lifted L0 inches in front of the operator was equivalent to a 59 pound weight
in upright position (700 pounds on the disc).

Chaffin (1967) developed a biomechanicai model to predict 1) reactive
forces and forces on the L-l/L-5 disc and on the L-5/S-1 disc, 2) translation
of the reactive forces to normal (compressive and tangential, shear, forces on
the superior surfaces, of the S-1 and L-5 vertebral bodies and on the inferior
surface of the L=l and L-5 vertebral bodies,

Chaffin and Baker (1970) developed a model of the human body. It assumed

the skeletal muscle system to be analogous to a series of eight solid links



representing the major body segments, The model was restricted to symmetric,
sagittal body-plane activities, This model could evaluate various static
situations, such as when one is holding a weight or pushing or pulling, In
addition, the model could be used to analyze slow moves, such as when lifting
a heavy object, by formulating the input data so as to describe a sequence of
statlic positions, This type of a model represents a rational method for
investigating the many variables that affect the physical strength capability

of any individual required to perform material-handling activities,

Force Platforms,

For years industrial engineers have been concerned with the motions an
individual makes in performing a task as well as the forces exerted during the
motions, Various techniques have been used to study the motions, including
film methods such as cyclegréphic and chronocyclegraphic analysis, Until
about 1949, however, very little had been done toward making an analysis of
the forces exerted by an individual in the performance of a task, One of the
earliest devices for studying these forces was the "Effort Detector" dewveloped
by a Frenchman, Lucein Lauru (1953)., Lauru improved upon his platform in
1957, when he made use of the piezo-electric properties of quartz as a force
detector, The variations in force applied to the quartz produced variations
in electric current in an external circuit connected to the quartz crystal,
This variation of current was then displayed on an oscilloscope; a permanent
record was made by photographing the traces. Lauru did not report evidence
that the proposed measure of bodily movements was in fact a measure of
physiological cost., However, he did irply from his studies that the larger
the force expenditure, the more effort required for the given task (Lauru,

1957).
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Greene (1957) was the first to dewvelop a force platform in the United
States and to take a sophisticated approach to the problem of interpretation
of the results obtained from a device of this type. Greene used linear
variable differential transformers (LVDT) connected to a conventional strip
chart recorder, He supported his triangular platform on three cantilever
beams, The triangular design and the arrangement of the beams enabled three
transducers to sense separately the frontal, vertical and transverse compo-
nents of an applied force. The deflection of a cantilever beam is directly
proportional to the applied force which, in turn, is conwerted into electrical
voltage by means of the LVIT and is recorded on the chart.

Jacobson (1960) made a dynamic evaluation of a force platform, The force
platform had sufficient sensitivity to measure one-half pound force in the
frontal axis and one pound force in the lateral axis, He concluded that this
minimum force sensing capability was unaffected by frequencies of force appli-
cation from 50-200 cpm or by variation in subject weight from 100 to 200
pounds,

In 196l Greene's platform was improved by Barany and Whetsal (Whetsal,
196Li), They used three additional cantilever beams to preload the three beams
acting upward so that the forces acting up as well as those acting down could
be detected, The three additional beams were supported at the tips of a
second triangle rotated 60 degrees with respect to the firsi, making a hexa-
gonal shaped platform.

A major improvement, torque measurement about the three axes, was intro-
duced by Konz and Hearn (Hearn and Konz, 1968), Two extra LVDT'!'s for each
axis were placed on the lower platform with their lines of action located an

equal distance on either side of the torque axis. The lines of these
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transformer cores also lie in a plane which is perpendicular to the associated
axis, The electrical connection of the two transformers is such that any
variation of the position of one transformer relative to that of the other
will give a resulting output. If both cores move along their lines of action
by the same amount, there is no output signal,

Application of Force Platforms,

Several investigations have been carried out on the force platform since
Lauru's work in 1957,

Barany (1963) investigated the nature of individual differences in bodily
forces on subjects performing a simple motor task, He concluded that (i) A
very large portion of the variation in the amount of force exerted per cycle
can be attributed to individual differences. (ii) There was no significant
relationship between any one anthropometric measurement and the average amount
of force exerted for each cycle of the task,.

Barta (1962) investigated the existence of a relationship between the
external force (measured by the force platform) exerted by a worker and time
as the criterion for work measurement, He found that the three components of
external force, measured by the force platform, increased at a rmch greater
rate than the increase in time as the weight handled increased from 0,35 to
12,92 pounds. '

Dunnington (1961) and Hudson (1962) studied the effect of work place"
dimensions on the physical cost as measured by the force platform, The task
contained a variety of motions and simulated a drilling operation. They found
that adjusting the work place to fit the subject's anthropometric measurements
significantly reduced the effort (force expenditure in 1lb, - sec.) to perform

the task.
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Wu, 1965, (also Kenz, 1967) investigated the effect of direction of move-
ment and height of the work station., The seated subject moved a two pound
weight with the right hand from a central point to a peripherial point 15
inches away; five different heights of work station and five different angles
were considered. Physical cost as measured by the force platform was used as
the criterion., Wu found that an optimum vertical distance was at 0.85L, L
being the length of the upper arm of the individuals,

Jeans (1966) studied the physical cost of simultaneous and symmetrical

motions, The subject moved a two-pound weight in each hand between specified
points 18 inches apart. It was concluded that the outward motions of both
hands required more force than the inward motions,

Stueve (1968), as mentioned, studied the physical cost of lifting and
lowering a 25 pound tote pan, The orthogonal forces were measured for bending
versus squatting, For the lifting prccedure studied, Stueve found that the
physiolcgical cost is less in bending mammer than a squatting mammer. He also
concluded that the physiological cost for lowering an object is greater than
for lowering it.

Sankaran (1963) studied the optimum height of a work table for simple arnm
movements while sitting., The criterion used was the physical cost as measured
by the force platform. Ten female subjects were used and five heights (+1.2,
0, -1.2, =2,4, =3.6 inches from the elbow) were studied,

The work table height at three centimeters below the elbow level required
the minimum physical cost while the table level set at nine centimeters below

the elbow required the maxirmm cost, It was found that there was a significant
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difference between the inward and outward movements, the outward having less
cost than the inward for the table heights below the elbow level, But for the
table heights above the elbow lewvel, the inward movements required less

physical cost than the outward movements,



PROBLEM

As can be seen from the literature survey, research has been done in the
field of lifting on back injuries and on forces produced in lifting, but no
experimentation has been done so far which connects both 1lifting forces and
torques preoduced and back injuries resulting thereby finding load limits for
lifting under various conditions without causing back injuries, This research
is a first step toward these relationships since the main aim is to examine the
behavior of the three parameters, distance, weight and angle of turn. These
three parameters are discussed later in this section,

The safe limits for the weights of the load, the distance of the center
of the load from the spine, etcetera, for different conditions of lifting and
for the various ranges of populations, could be found by running an experiment
where values of lifting parameters were increased to the point where the sub-
Jject's back is injured, Of course, this approach of injuring a subject in
order to fing/the upper limit of the safety region is not an ethical zpproach,

A beﬁéér approach would be to make a mathematical equation or a set of
equations in ferms of the three parameters studied here. This would predict
(within a reasonable degree of accuracy) the stress on the I~5 disc for a
particular task, By studying the trend of the values obtained from such
models, the maximum load points for each of tﬁe three parameters could be
found. By applying a reasonable factor of safety to such points, the safety
regions could be established.

The importance of the horizontal distance between the center of load and
the spine has been demonstrated by Whitney (1958), by Tichauer (1$65) and by
Finé (1966), For any lifting task, according to physics, the weight of the

load should also be an important parameter, If the task involves a body turn,



15

- the angle of turn should also play a part in the model, Therefore, in corder
to find the limiting conditions of the stress on the spine with respect to
safety for any average lifting task, parameters of major concern would be the

ne:.ght of the 1oad the dlS uance of the center of the load from t.he ‘spine, and

_the angle of turn of uhe spme (assumlng that. the body turns through the same

angle as the sp:me) Hmrever even before one can think of working on a mathe-
\-———E-"“-—y

matical model from wh:.cn the limiting conditions could be found and thus
employing safety limits, the very firsi step should be to define a.nd mves_ti—

gate tht?_ nature and the behavior of the parameters of a typical lifting job.

fThis is the problem investigated and analysed for this thesis, Asnﬁman-
tioned already, for any lifting job there are three very important and domi-
nating parameters involwved,

The "distance" is the distance from the spine to the center of the ?Jeight
placed in front of 'bhé body, Distance is measured on the horizontal plane and
is maintained positive for 2ll conditions of lift, In this research, it has
been assumed that when standing straight, the spine and the back of the heels
are on the same vertical line, Therefore, the distance of the center of tle
load from the spine would also equal to the distance of the center of the load
‘to the back of the heel, It was the latter distance that was used in the
_ research, .

The "weight" of the load is the weight of the object lifted by the
subject,

The "angle™ of rotation is the amount of turn the spine rotates through
during the task. The rotation takes place clockwise or counterclockwise, The
reference position was when the subject had his face, chest, trunk and toes

pointing straight ahead,
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The three forces involved in a lifting task are; frontal, vertical and
lateral force, The three torques involved are; twist, somersault and cart-
wheel, All the forces and torques act along and about three orthogonal axes,
Figure 1 shows the three orthogonal axes, X, Y, and Z.

The Z axis 1s the vertical axis and is parallel to the spine, There=
fore, it is perpendicular to the plane including the feet of the pérson. The
weight of the load acts along the spine and is therefore parallel to the Z
axis, The force parallel to the Z axis is called the "vertical" force., The
torque about the Z or wertical axis is called the "twist", The twist could be
clockwise or counterclockwise, depending upon the direction of rotation,

The Y axis is the frontal axis, The frontal axis is perpendicular to the
plane passing through the subject's shoulders, Therefore, the frontal axis is
perpendicular to the chest, The force along the frontal axis is called the
"frontal" force, The frontal force can act from the front or back of the sub-
jeet, The effect of such a force would be to move the subject backward or
forward, The torque about the frontal axis is called "cartwheel", The cart-
wheel torque could be clockwise or counterclockwise,

The X axis is the lateral axis, The lateral axis lies in the same plane
as the frontal axis, but is perpendicular to the latter. This force along the
X = axis is called the "lateral" force, Therlateral force is perpendicular to
the lateral plane of the body, The effect of the lateral force would be to
make the subject move sideways. The torque about the lateral axis was called
"somersault", which could also be clockwise or counterclockwise depending upon
the position of the load,

The forces and torques were determined as a function of angle of body

twist, distance from the spine and weight of the load.
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Figure 1, The three orthogonal axes with respect to the body,
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The principal experimental questions investigated were:

Time or Replicate Effect. This was to see if there was a difference in per-

formance between the two repetitions of the task. If the performance improwved,

it would be concluded that there was a learning effect,

Change in Angle, Weight or Distance Effect, The significance of the three

main effects, weight, distance, angle and their interaction were tested for
each of the three forces and the three torgues corresponding to the three
orthogonal axes,

It should be emphasized that this research was a study of 1lifting, not
lifting and carrying, Also, this étudy, by no means was an optimization study
on the three main effects, In other words, the goal was not to determine the
best distance or angle to minimize physical effort, instead it was an attempt
to investigate and explore the nature of the forces and torques in relation-
ship to the parameters already mentioned by choosing values of weights, dis-

tances and angles which are representative of industrial tasks.,
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METHOD

Experimental Arrangement.

The experimental arrangement is shown in Figure 2. The apparatus for the
experiment mainly consisted of the following:

A, Force platform,

B. Three two-channel Texas Instrument Oscillograph recorders,

C. Platform to place the load at the start of lifting,

D, Shelf to place the load at the end of the lift,

E, Standard weights,

F. Tote boxes,

G. Stop watch,

H, Bed,

The force platform used in this experiment was the KSU force platform
(Hearn and Konz, 1968)., The platform was calibrated at the beginning of the
experiment and before each session. The force x time output of the platform
for each of the orthogonal axes and torque x time output for the torques about
each axis obtained was the data used for the research.

Three two-channel recorders were used to record forces on three perpen=-
dicular axes and their associated torques, The force trace originates from an

~ established "zero" or "datum" mark and deviates up or down. The distance
deviated is directly proportional to the force or torgue exerted in the
specific plane, |

Figures 3 and:lf show the strip chart recorder of output during a
lifting and lowering procedure, The pen deflection from the base line can be

measured and, if multiplied by the calibration factor, will give the actual



Figure 2, Experimental set up,
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16 i

Sample output of recorder for somersault torque and vertical
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force or torque, The "base line" or the "datum line" is the line that is
recorded when the subject is standing stili on the platform and is not per=
forming any task, There are three axes and six forces and torques which can
be obtained from the output.

For the vertical axis, if the force line is above the base line, this
means that the force acting downward on the platform is greater than the force
acting upward., If the force line is below the base line, the force acting
downward on the platform is lesser than the force acting upward.

The torque about the vertical axis is "twist", If the twist line is
above the base line this means a wist to the right, and if the twist line is
below the base 1iﬁe, then the twist is to the left,

For the lateral axis, if_the force line is above the base line, more
force is applied by the right side of the subject than is applied by the left
side, If the force line is below the base line, mnfe force is applied by the
left side of the subject than is by the right side,

The torque about the lateral axis is called "somersault", If the somer-
sault torque is above the base line, the torque is being applied toward the
front, if the somersault torque line is below the base line, the torque is
being applied toward the back,

For the frontal axis, if the force line is above the base line, more
force is applied by the front of the foﬁt than is applied by the heel, If the
foree line is below the base line more force applied by the heel than the
front of the foot,

The torque about the frontal axis is called "cartwheel", If the cart-
wheel line goes above the base line, the cartwheel is being applied t&wards

the left hand sidej if the cartwheel line is below the base line, it is being
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applied to the right hand side, In all cases, the physiological cost index

for each of the six axes is represented by the area under the curwve, and the
peak heights represented the peak forces or torques, In this research, the
author'!s interest was not in the area under the curve, but only the peak
heights,

A platform was used to place the tote box on, at the beginning of the
task. The platform has been called "load pla£form" and can be seen on Figure
2, The platform is four inches above the force platform or the plane of the
feet, Three lines have been marked on the platform, The line closest to the
force platform is 16 inches from tﬁe center of the force platform, The other
two lines are 18 inches and 20 inches from the center of the forée platform,

At the end of the task, the load was placed on a shelf, The shelf is in
the form of a high stool as shown in Figure 2, The top of the shelf was 38
inches from the load platform and L2 inches from the top of the force plat-
form. The edge of the shelf was always kept at 28 inches from the center of

the force platform., The tote box was therefore always lifted through a

vertical height of 38 inches.

Tote boxes were used for liffing. Three different tote boxes of 11, 22,
and 33 pounds were used in this experiment. The dimension of each tote box
was 164 x 13 x 6 inches.

A stop watch was used to measure the rest interval between conditions of
1lift,

An ordinary light weight bed was used for the subject to rest on, after

he had finished lifting for one condition.
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Design of Experiment,

As described, the three major variables investigated were

angle or turn of body, degrees,
horizontal distance of weight from back of heels, inches,
weight lifted, pounds,

In the cholce of values of these parameters, attempt was made to make the
task representative of most industrial lifting cases, That is, it was felt
that these were used weights, distances and angles,

Every lift was a combination of the three parameters. FEach combination
was called a "condition", From a pilot study, it was that 15 of the 27
possible conditions would be sufficient in order to study the behavior of the
forces and torques. For example, "condition 1" was a task where the distance
was 18 inches, the angle of turn was L5 degrees, and the weight was 22 pounds,
The 15 conditions of 1lift have been listed in Table 1 and have been repre=
sented on three orthogonal axes in Figure 5,

Five subjects were used in the experiment, Each of the five subjects
served in each of the 15 conditions. Each condition consisted of four lifts,
Therefore, for every replicate, a subject lifted 60 times in order to complete
the 15 conditions, In order to obtain a better average of the forces and

torques, the experiment was run in two replicates.

Experimental Procedure,

The experiment was set up and perfoz"med in the Human Engineering

Laboratory at the Kansas State University,

The experimental set up was as shown in Figure 2, A weight of 170 pounds
(weight of the heaviest subject) was placed on the force platform and the

calibration of the force platform was then made for the one hundred seventy
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TABIE 1

List of Fifteen Conditions of Lift,

Tondition Distance Ingle Telght
(inches) (degrees) (pounds)
1 18 L5 22
2 20 0 11
3 20 90 11
h 20 90 33
5 20 0 33
6 16 0 11
7 16 90 11
8 16 _ 90 33
9 16 0 33
10 18 0 22
11 20 | L5 22
12 18 90 22
13 16 L5 22
1 18 L5 " L

15 18 L5 33
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pounds, standard weight., Each subject was weighed and when he stood on the
force platform, additional weigh@s were placed on the platform to bring the
total weight on the platform to 170 pounds, This eliminated the requirement
of adjusting the transformers for each individual subject's weight, By cali-
bration witﬁ known weights, the scale factors, which give the amount of force
in pounds/millimeter of deflection on the output paper for the force axes and
the torque in inch-pounds per millimeter of deflection on the output paper for

the torque axes, were determined for each axis,

The subject was told the purpose of the experiment., He was asked to com-
plete a data sheet giving information about himself, Measurements of height,
weight, upper arm length, forearm length and forearm circumference were taken
(Table 2),

Next, the task was definéd and explained to the subject, At first, the
task was shown on the television screen with the help of a pre-recorded video
tape., The subject was then oraily instructed about the same task and any of
his questions were answered,

At the beginning of every 1lift, the tote box was placed on the load plat-
form and directly in front (O degrees) of the subject, The center of the tote
box would be on one of the three lines (1670r 18 or 20 inches to the center of
the box from the back of the heels), The shiell was placed at 0, L5 or 90 degrees,
The weight of the box, the distance of the box, the angle of the shelf
depended on the condition of 1ift that was being performed., For all lifts the
subject had to squat, that is, he started with his feet together, then bent
his knees while keeping the back as straight as possible, grasped the box with
both hands, straightened up while he kept his back straight as 5? lifted

i
(Figure 6) and placed the box on the shelf at O degrees (Figure 7) or at 90
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TABIE 2

Anthropometric Measurements of Subjects,

Subject 1 Sibject 2 oubject 3 oubject L Subject 5

Age 23 26 28 2l 23

Height 5' 9 3/um 51 93" Stgr  gr1or 5rogRe
Weight 162 1bs, 150 lbs. 170 lbs. 152 lbs. 152 lbs,
Elbow height Ll L33 Lén Ll R
Forearm length gan 13" 13" 111 10in
Forearm circumference 12 1130 12in - o9am 10"
Upper arm length 1oz" 3 13" 110 13"

Upper arm circumference 104" 105" 134in oM 11




Figure 6, The initial stage of lifting with bent knees,
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Figure 7. The end of 1lift and tote box being placed at O degrees,



3

noe——

—

i
!




3l

degrees (Figure 9 ) depending on the condition, The box would then be taken
from the shelf and then be replaced on the load platform by an assistant. The
subject was also instructed to lift without a jerk., He was required to lift
with an action that was smooth and steady so that there was as little impéct

as possible in order to minimize impact acceleration on the discs, The speed

of "1ift" was self-paced, as is generally the case in industrial lifting.

Therefore, the subject worked according to his own "rhythm", such that he per=-
formed without strain or discomfort, weakened, overheated or out of breath.
The five subjects performed the tasks for the 15 conditions as listed in
Table 1, The subjects repeated each lift four times at each condition, and
rested standing ten seconds between lifts and three minutes lying down between
conditions, The rest intervals were intended to counterbalance the effect of
fatigue, All sessions began at least one hour after eating. Cne subject was
run per day. Each subject completed the whole set of lifting over two days.
On the first day, the subject performed the 15 lifting conditions (Replicate
1), and on the second day performed its replicate (Replicate 2), that is, the
sequence of the conditions was reversed, For the individuzl subjects, these
two days may h;we been successive days or over a period of ten days, The
average of the trials of the first and second day was used as the criterion,
‘The routine of the experiment has been designed to randomise all the variables

as far as practicable, Table 3 shows the random sequence used,

Subjects.

Five male students from Kansas State University acted as subjects,
Switzer (1962) demonstrated that stature affects weight lifting capacity.

Subjects were chosen between L0-80 percentile (5' 8" - 5! 93") of male heights



Figure 8, Tote box being placed at 90 degrees.
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Experimental Sequence of lst Session for Subjects,

37

Tabject Condition
15 8 L 3 13 2 7 5 11 12 1 1 6 10
2 1 12 13 1 3 15 5 2 6 11 L 7 8 10
3 9 1, 10 5 i 7T 6 8 13 1 B 1 kh 3
L 13 5 1 7 12 11 1 8 4 15 3 6 10 2
5 2 11 L 9 10 1 1 7 13 15 2 8 5 3
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in the United States, Subjects were chosen so that they satisfied the height
condition and also had an average build besides being capable of lifting with-
out injuring themselwves., No student under 18 was chosen as a subject, All

subjects were paid for their contribution by the hour.
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RESULTS
After the experiment was éompleted, the output charts from the recorders
were read, These readings in millimeters were converted into pounds and inch-
pounds, These readings of forces and torques for every subject are listed in

Table I through Table ‘9.

Lateral Force,

Replicate Effect. The replicate effect was studied by comparing the two

replicates of lateral force for each subject, by means of a sign test. The
result of the sign test (Table 10)_showed that the difference between the two -
replicates was nonsignificant and they come from the same statistical popula-
tion, This could also be interpreted as an absence of a significant learning
effect over the two replicates.

Weight, Distance and Angle Effects, The 15 'conditions! of 1ift hawve been

located on three orthogonal axes in the form of a cube as shown in Figure 6,
The average for each of the 15 conditions and for each face of the cube has
been shown in Table 11, For example, the average peak lateral force for
condition one was 6.77 pounds and the average force for the plane ABCD was
4.8l pounds. |
The effect of the change in parameters was calculated by taking the
difference between each two opposite faces of the cube (Figure 5) and dividing
it by the mean lateral peak force, The mean lateral peak force was 5.93
pounds,
Angle effect.
Difference = Average of plane AGFD - Average of plane BCEH
= |L.83 - 7.06]
= 2,23
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TABLE 10

Results of Sign Test {« = .05) for Replicate Effect.

Number of Number of Critical KNumber Conclusion
Pairs Compared Differences of Differences

Lateral 75 30 28 Non significant
Vertical 75 30 28 lr n
Frontal 73 i 35 25 i n
Cartwheel 70 * 31 26 " oy
Twist 7 27 27 L "
Somersault 73 * . ' 27 25 n u

* For the frontal f orce, the actual number of pairs compared were 75, since
there was a tie in two pairs, the number of pairs compared was reduced to 73,
The same reasoning is applied for the 70, 7h and 73 pairs compared for cart-
wheel, twist and somersault, respectively.
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599 15 l"s
BT t
Weight 1,11,13
(pounds) 22}' 101 ° +12
11+ - : ]
2,6 1k 3,
0 L5 90
Angle of turn (degrees)
Figure 9., Experimental conditions analysed at various levels of weight and
angle of turn (with distance axis collapsed),
2 1
20-. ,3c 1‘.1 15
Distance 1310:12
(inches) L ¢ 1
16+ . . ’
65 ( 13 8,9
11 22 33

Weight (pounds)

Figure 10, Experimental conditions analysed at various levels of distance and
weipght (with angle axis collapsed).



TABLE 11

AVERAGE FORCES

CCNCITICN

1

@ ~ 0w o W N

10
11
12
13
16
15
APCC
BCEH
ctFGH
ADFG
ABGH

CREF

(FCLACS)
LATERAL  VERTICAL
6.77 51.68
4ot 46.83
4.79 45.45
863 56456
5¢47 53.42
4.28 47.05
5.81 43.53
8465 55.32
5.27 55.76
4.67 52,63
6.01 50.09
7.42 5C.1C
6.21 5C.8C
4.85 45.43
6.76 52.72
4.84 4e .46
7.06 5C.19
6.95 54,75
4.83 51.33
5.87 5C.47
6404 5C.4S

FRONTAL

17.94
18.28
14.81
15.29
23.175
19.C0
13.10
i5.14
23.45
23.26
16.72
11.£5
16.54
13. 89
I7.79
15.€1
13.99
19.Ce
21.54
17.27

1744

ANC TCRCUES (INCH PCUNDS) FCF

CARTWHZZL

584,76
162,12
517.92
595.92
220.92
153.3¢
493.08
596+2¢€
243.72
182.5z2
56064
564424
532.92
519.84
565444
317946
553.48
444445
202.72
415.7¢

409.27

L8

ALL CCNCITICHS AHD FACES ON THE

SCMZRSAULT

653,00
556.76
678.08
892.12
RP6.38
516.38
561.39
62465
650.62
7Cl.71
T41.04
65265
S7T7<36
26769
779.98
SSC-00
683.99
77676
67337
7°8.88

548 <08

TWIST
20246
65+36
183.78
24127
7452
5824
175.32
2z29.24
S9.54
73«15
191.27
20354
345.91
15408
214441
129.35
207.63
167.7¢C

Te«06

Cuse
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Therefore, change in angle effect from O degrees to 90 degrees

2.23/5.93 x 100

37.6 percent
Weight effect,
Difference = Average of plane ABCD = Average of plane EFGH
ju.8h - 6.95]
= 2.11

Therefore, change in weight effect from 11 pounds to 33 pounds

= 2,11 x 100
5.93

='35,6 percent
Distance effect,

Difference

Average of plane AGHB - Average of plane CDEF
lf)voh = 5-8ﬂ

.17 percent

Therefore, change in distance effect from 16 inches to 20 inches

= ,b17 x 100
5.93

= 2,8 percent
Thus, changing the angle from O degree to 90 degrees changed the force by 38
percent, changing the weight from 11 pounds to 33 pounds changed the force by
36 percent and changing the distance from 16 inches to 20 inches changed the
force by only 3 percent, These figures indicate that the distance effect was
very small and therefore negligible as compared to those of weight and angle,
Since the distance effect was negligible, the analysis of lateral force was
reduced to the two variables of weight and angle of turn as shogn in Figure 9,

It was now possible to have several estimates of certain points, For example,



0 degrees and 11 pounds could be estimated from conditions two and six, 1In

the following analysis, the means vwere used if more than one estimate was

available.,

An analysis of variance (Table 12) showed that the main effects of
subject, angle and weight were significant (& = ,05) as well as all
interactions,

Next, a series of sign tests were performed on each factor -~ lewel by
level (Table 13), The fifteen pairs (five subjects at three levels of angle)
indicated that the O degree (mean = 1,80 pounds) and the L5 degree forces were
significantly different from the 90 degree forces (mean = 7.11 pounds). Thus,
the mean force at O degrees is less than at L5 degrees and L5 degrees is less
than 90 degrees, Similarly, the weight effect was also checked (Table 1h).

It was found that the 11 pounds (mean = L.8l4 pounds) forces were significantly
different from the 22 pounds (mean = 6,1l pounds) forces and 33 pounds (mean =
6.92) forces. However, the difference in forces between the 22 and 33 pounds
of load was not statistically significant. Thus the force required for 11
pounds was significantly different than for those of 22 pounds and 33 pounds

of load,

Vertical Force,

Replicate Effect, The replicate effect was studied by comparing the two

replicates of vertical force for each subject, by means of a sign test, The
results of the sign test (Table 10) showed that the difference between the
two replicates were nonsignificant., It was concluded that there was no

significant learning effect,
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TABLE 12

AVERAGE VALLES PY SUBJFCTS CF LATERAL FORCE WITH 2ESPECT TO
CEGRE=ZS CF TURAS

Q@ CEGRESS 45 DEGRESS 90 CIGRE:
SUBJECT 1 5.90 % 9.14 : 11.33
SUBJECT 2 5e12 5el4 5.9%
SUBJECT 3 S 62 5.50 , BabT
SUBJECT 4 5.75 Be 67 ©12.37 .
SUSJECT 5 4ok 5437 6.80
SUBJECT 1 B,24 #% 6.81 _ 9.27
SUBJECT 2 4,72 5.91 ~ 5.66
SUBJECT 2 4,87 ' 6.06 699
SUBJECT 4 £+93 Te2T 9.08
SUBJECT 5 k2 5¢62 6.12
SUBJECT 1 Go54 HhE 4.47 5.57
SUBJECT 2 4418 ' 5.07 BabT
SUBJECT 2 5.C7 5.87 &+65
SUSJECT 4 4.41 ' 4.87 5.68
SUBJECT & 3,69 4,01 4.92
VEAN 4.20 5.98 711
* T2TAINEC PY AVECRAGIMG fyZR COMGITICN S 4MG 9.

L3 CRTAINEC FRCY CONDITICHE 10

CEg CHTAINED PY AVFPAGIMG OVER COMLITICM 2 AME £



TLBLE 14

AVERAGE VALLZS CF LATZRAL FCSRCzS kITH RISFECT

CIFFZRENT LCACS.

11 sCUMCS
SUBJECT 1 5.57 =%
SUBJECT 2 2,67
SUBJECT 2 6.65
SUBJECT 4 5.68"
SUBJECT & 4493
SUBJECT 1 447 %
SUBJECT 2 5.07
SURJECT 3 587
SUBJECT 4 44.87
SUBJECT 5 4.01
SUBJECT 1 4,54 ik
SURJECT 2 4.18
SUBJEGCT 23 5.07
SUDBJECT 4 4e41
SU3JECT 5 3.69
MEAN - 4 .84
% OBTAINEC 2y IY=REGING
'3 CETAINED 2y AVCRACING
xxx ORTAIRNED Y AYTRAGING

22 POUNLCS

9.27
5.&€

6259

CvsR CCHDTITIOAN
cvor countrion

CY=R CONDITIGN

53

TC

22 pPOUIGS

11.33
£+02
667

12.37

6+80

ANC T

AN 5.
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Weight, Distance and Angle Effects, The average for each of the fifteen

conditions and for each face of the cube corresponding to the vertical force
has been shown in Table 11,
The effect of the change in parameters was determined by the same method
as used earlier, The meéﬁléertical peék force was 50°60 pounds,
Angle effect,
Difference = Ave;age of plane AGFD - Average of plane BCEH
= {51.33 - 50.10]
=11
Therefore, change inrangle effect from 0 degrees to 90 degrees

= 1,1, x 100
0.60

= 2,2 percent
Weight effect,
Difference = Average of plane ABCD - Average of plane EFGH
= |16.16 - 51.75]
= 8,29
Therefore, change in weight effect from 1l pounds to 33 pounds

= 8,29 x 100
50.60

= 16,) percent
Distance effect,
Difference = Average of plane AGHB - Average of plane CDEF
= |50.k9 - 50.47]
= ,02
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Therefore, the change in distance effect from 16 inches to 20 inches

= .02 x 100
50.60

= ,0l percent

Thus, changing the angle from O degrees to 90 degrees changed the forece by 2,2
percent, changing the weight from 1l pounds to 33 pounds changed the force by
16,4 percent and changing the distance from 16 inches to 20 inches changed the
force by only ,0L percent, Therefore, a change in weight has the greatest
effect, The effect of changing the distance and the angle has very negligible
effect compared to the welight. Therefore, distance and angle were neglec£ed
thus reducing the analysis of vertical force to one variable of weight only,

An analysis of variance (Table 15) showed that the subject and weight
effects were significant (= .05). All other effects and the corresponding
interactions were significant, Therefore, as far as the vertical force is
concerned, besides the subject variation, it is the weight of the load that is
of primary importance,

Since the effect of the distance and angle was negligible for the
vertical force, a sign test was applied to check the weight effect (Table 16).
It was found that between the 11 pound forces (mean = 1,6.97 pounds) and the 22
pound forces (mean = 51,53 pounds) there was no significant (A = .05)
difference, Similarly, there was no significant difference between the 22
pound forces and 33 pound forces (mean = 5k, 30 pounds), Significant

difference was present between the 11 pound forces and the 33 pound forces.
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TABLE 16

AVZRASE
RESPECT

SUBJECT
SUBJECT
SUBJECT
SUBJECT

SUBJEC

SUBRJECT
SUBJECT
SUBJECT
SUBJECT

SUBJECT

SUBJZCT
SUBJ=CT
SUBJECT
SUBJECT

SURJECT

FMEAN

VALLES

s

\n

11 PCUNDS

4228
2672

60«96

FF %w:3TICAL FCREZS ¥ITH
TC CIFFCRNT LOACS.

<2 PCUMNDS

41.92
32.20
6472
71568

40.00

45.92
32469
6037
6610

493.20

PCUNRES

50.08

£.48

70.G6

51.72

7C.C0

44 .48

49-25
41 .04
64 .20
66 T4

50.92

54.20

57



58

Frontal Force,

Replicate Effect. The replicate effect was studied by comparing the two

replicates of frontal force for each subject, by means of a sign test., The
result of the sign test (Table 10) showed that the difference between the two
replicates were nonsignificant (¢ = ,05),

tleight, Distance and Angle Effects, The average for each of the fifteen con-

ditions and for each face of the cube corresponding to the vertical force has
been shown in Table 11,

The effect of the change in parameters was cdetermined by the same pro-
cedure shown earlier, The mean frontal peak force was 17.53 pounds., The
results have beenAgiven below,

Change in angle effect from O degrees to 90 degrees

= 7.55 x 100
17.53

= 3 percent
Change in weight effect from 11 pounds to 33 pounds

= 3,27 x 100
17.53

= 18,65 percent

Change in distance effect from 16 inches to 20 inches

.07 x 100
17.53

=, percent
By studying the magnitude of the effects, it is quite evident that the change
in angle has the most sewere effect on the frontal force, The change in dis-
tance effect is L ?ercent which is very small compared to the change in angle

effect of L3 percent and the change in weight effect of 18,65 percent. Since
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the distance effect was neglected, the analysis of the frontal force was
reduced to two variables of weight and angle of turn as shown in Figure 9.

An analysis of variance for the frontal force (Table 16b) showed all main
effects of subjects, weight and angle to be significant (K= ,05), The angle
X weight and subject x weight interactions were also significant, Hence, for
the frontal force, besides the effect of subject variation, the angle and
weight are significantly important variables and there is also an internal
relationship between the angle and weight,

From the sign tests performed on each factor - level by level (Table 17),
it was found that the O degree forces (mean = 21,83 pounds) was significantly
different than the L5 degree forces (mean = 16.03 pounds) and the L5 degree
force was significantly different than the 90 degree forces (mean = 13,6l
pounds), It could also be concluded that the mean force at O degrees is more
than at L5 degrees and 45 degrees is more than 90 degrees, The weight effect
was similarly checked (Table 18)., It was found that the 11 pound forces
(mean = 15.L9 pounds) and the 22 pound forces (mean = 17,10 pounds) were not
significantly different, also the difference between the 22 pound forces and
the 33 pouhd forces (mean = 19,6%) were not significantly different, But the
11 pound forces and the 33 pound forces were significantly different, the mean

Tfor the 33 pound load was larger than that of the 11 pound load,

Somersault Torque.

Replicate Effect. The sign test was made on the two replicates. The results

of the sign test (Table 10) showed that there was no significant difference
between the two replicates and therefore it was possible to conclude the

absence of learning effect,
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TABLE 17

AVERASE VALLSS PF FRONTAL FLRCES

WwlTH

RESPECT TC CIFFERENT ANGLES OF TUIMa

SUBJECT
SUBJECT
SUBJECT
SUBJECT

SUBJECT

SUBJECT
SUBJECT
SUQJECT
SUBJECT

SUBJECT

SUBJECT
SUBJECT
SUBJZCT
SUBJECT

SUBJECT

30.56
2C. €2
22.00
24,42

19.74

2C0.71
12.36
16.46
2C. 20

14427

2l:83

m

45

21.04
18.5C
17.74
18.568

13.00

2162
12.88
15.15
19.67

11.7¢C

16.8¢€
1242
12.78€
1724

10.18

16.02

1

S0

19.35
12.37
17.62
14.27

12.49

12.12
14.93

9.00

15462
10.93
14356

12.96



TABLE 18

AVERAGES
RESPECT

SUBJECT
SUBJECT
SUBJECT
SUBJECT

SUBJECT

SUBJECT
SUBJECT
SUBJECT
SUBJECT

SUBJECT

SUBJECT
SUBJ=CT
SUBJECT
SUBJ=CT

SUBJECT

MEAN

VALLZS CF FRLCH

[¥Y)

\n

11 pPcUNES

15.62
r10-93
14.36
18.96

9f93

16+86
1242
12.78
1724

1C.18

2Ca71
1236

19+ 4€

FC2CES wWITH
TC CIFFZIRINT LCALS.

poOUNIDRS

13.30

17.62
14.27

24 .98

31.14
25.30
22+ 31
24 .12

15.06

19.¢69
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Weight, Distance and Angle Effects, The average for each of the 15 conditions

and for each face of the cube corresponding to the vertical force has been
shown in Table 11.

The effect of the change in parameter was determined by the same pro-
cedure as done for earlier cases, The mean peak somersault torque was 680,68

inch~pounds.

Change in angle effect from O degrees io 90 degrees

5,62 x 100
350,68

= ,735 percent
Change in weight effect from 1l pounds to 33 pounds

= 186,76 x 100
0.

= 27,5 percent
Change in distance effect from 16 inches to 20 inches

= 162,80 x 100
650,68

= 23,8 percent

The maximum effect occurred for the change in weight from 11 pounds to 33
pounds; however in this case the least effect of .735 percent was caused by
the change of body turn from 0 degrees to 90 degrees, and comparatively the
effect of body turn for the somersault could therefore be neglected, In other
words, the somersault torque remains essentially constant irrespective of the
body turn, Therefore, the analysis of the somersault torque reduced to two
variables of distance and weight as shown in Figure 10,

The analysis of variance for the somersault torque (Table 19) showed the

weight, distance and subject effects to be significant, No interaction was

significant,
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From the sign tests performed on each factor - level by lewvel (Table 20),
it was found that the somersault torgues for the 11 pounds of load (mean =
591.33 inch-pounds) and the 22 pounds of load (mean = 662,02 inch=-pounds) were
not significantly different. However, the torque for the 33 pound load (mean
= 777.30) was ( = .05) significantly different from the torques for the 11
pounds and 22 pounds of load, the distance effect was similarly checked by
means of a sign test (Table 21); The results showed that the torque for the
16 inch distance (mean = 592,96 inch-pounds) was significantly different than
the torque for the 18 inch distance (mean = 681,78 inch-pounds), and the 20
inch distance torque (mean = 755.92 inch-pounds) was significantly different

than the 18 inch distance torgue, |

Cartwheel Torque.

Replicate Effect., The replicate effect was studied by applying a sign test.

The result of the sign test (Table 10) showed that there was no significant
difference ( = ,05) between the two replicates.

Weight, Distance and Angle Effects. The average for each of the fifteen con-

ditions and for each face of the cube corresponding to the vertical force has
been shown in Table 11, |

The effect of the change in parameter was determined by the same pro-
cedure shown earlier. The mean peak cartwheel torque was L00,%l inch-pounds.
The results have been given below.

Change in angle effect from O degrees to 90 degrees

= 350,76 x 100
,00.9L

= 87.7 percent
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TABLE 21

AVERASE VALLZS Ry SLBJZCTS CF SCMURSAULT TCRGLZS wWITH
RESPECT FC CIFFERENT TISTANCES.

16 INCFES 18 INCHES 20 IMCHES

SUBJECT 1 852,62 1146442 1184.37
SUBJECT 2 614446 696.94 780445
SURJECT 2 564.56 670.56 770.22
SUBJECT 4 556.71 594.¢0 TTHa15
SUBJECT & 684,42 " 792.¢0 934423
SUBJECT 1 $57.C0 993.30 1004.52
SUBJECT 2 486 .42 569.5a 620.40
SUBJECT 3 5C0.94 551.322 693.94
_ SUBJECT 4 478.50 565. 62 589.38
SUBJECT 5 463.98 656 .46 792.00
SUBJECT 1 720.72 960456 863.94
SUBJECT 2 470.53 467+94 510.51
SUBJECT 3 528,66 591.26 BATs 4B
SUBJECT 4 4€5.16 502426 459,013

SUBJECT 5 488.73 . 465.6¢& 706420

MEAN £92+5¢ 66l 7t 755.92 -
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Change in weight effect from 11 pounds to 33 pounds

= 64,99 x 100
L00.9%

= 16,3 percent
Change in distance effect from 16 inches to 20 inches

= 5,87 x 100
1,00, 9L,

= ,147 percent
Therefore, for the cartwheel torque, the change in angle or turn effect and
the weight effect are very dominant, whereas the effect of distance is rela-
tively negligible, Therefore, the analysis of the cartwheel torque was

reduced to the two variables of weight and angle of turn as shown in Figure 9,

An analysis of variance for the cartwheel torque (Table 22) showed the
angle and subject effects to be significant ( = .,05). The subject x angle
interaction was also significant.,

From the sign tests performed on each factor - level by level (Table 23),
it was found that the torque at O degrees (mean = 199,36 inch-pounds) was
significantly different than those for L5 degrees (mean = 58,2l inch-pounds)
and 90 degrees (mean = 555,28), Also, there was no significant difference
between the torque for L5 degrees and 90 degrees, A similar analysis in terns
of weights showed (Table 24} that there was no significant difference between
the 11 pound (mean = 1,03.06 inch-pounds) torque and the 22 pound (mean =
435,40 inch-pounds) torque., Also there was no significant difference between
the 22 pound torque and the 33 pound (mean = L57.35 inch-pounds) torque.
However, the mean cartwheel torque at 33 pounds was much larger than for 11

pounds.,
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TABLE 23

AVERAGE VALLES CF CARTWHEIL TCRGUZS KITH

CIFFERENT ANGLES CF TURN.

C CEGREEZS
SUBJECT 1 226.50
SUBJECT 2 228430
SUBJECT 3 289,20
SUBJECT 4 168.60
SUBJECT 5 219.00
SUBJECT 1 181.80
SUBJECT 2 232.20
SUBJECT 2 181.20
SUBJECT 4 154.80
SUBJECT 5 162.60
SUBJECT 1 175.80
SUBJECT 2 205.E0
SUBJECT 2 224.70
SUBJECT 4 153.60
SUBJECT 5 156.30
MEAN 169.36

45 DEZCGRZES

346.2C
573.¢&C
712.2C
6444 L0

5%0.2C

353.4C
559.£0
6€63.45C
£32.:0

5E8.¢6C

275. %0
558.€C
£56.2C
588. £C

620.4C

C48.24

RESPCT

o

589.20
637.C0O
61170

66990

399.C0
631.20
687.60
534.00

56940

334.20
529.20
548 .40
587.40

52830

555.28
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TABLE 24

AVERAGE VALLES BY SUBJECTS CF CARTWHEEL TCRQUES wWITF RESPECT
1C CIFFEREMT LCALCS.

11 PCULNCS 22 PLLACS 33 PCUNCS

SLBJECT 1 334.2C 366,CC 422,.7C
SULBJECT 2 £26.2C €31.2¢C £85.2C
SLBJECT 2 £48.4C €87.60 €87.CC
SLEJECT 4 567.40C 534.CC €l11.7C
SLBJECT & 528.30 5€G.4C ££G,.SC
SLBJECT 1 275.4C 352.4C 246.2C
SLBJECT 2 £58.¢€0 £56.60 513.6C
SLEBJECT 2 556.2C €62.4C 712.2C
SUBJECT 4 5€8,6C €32.2C €44.4C
SLEJECT 5 €2C.4C EEL.EE £5G.EC
SUEJECT 1 115.E8C 1€1.€C 226.5C
SLBJECT 2 2C558C 23Z.20 228.3C
SLEBJECT 3 224.1C 1€1.2C 2859,2C
" SLEBJELT 4 152460 154,8C 158.€C
SLEJECT =5 15620 l€z.¢&C 19,58
VEAN 4C2.C6 435.4C 457.35
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Twist Torque,

Replicate Effect. The result of the sign test made on the two replicates

showed that there was no significant difference between the two replicates and
it was concluded that there was no significant learning effect,

Weight, Distance and Angle Effects, The average for each of the 15 conditions

and for each face of the cube corresponding to the turn torque has been showm
in Table 11.

The effect of the change in parameters was determined in the same pro-
cedure as done for earlier cases., The mean peak turn torque was 151,60 inch-
pounds,

Change in angle effect from O degrees to 90 degrees

= 135,57 x 100
151,60

= 89.L percent

Change in t-:eight effect from 11 pounds to 33 pounds

it

41,35 x 100
151,60

27.3 percent
Change in distance effect from 16 inches to 20 inches

= 27.19 x 100
151,60

= 17.9 percent
The magnitude of the three effects were large and unlike the other cases no
parameter was neglected. Therefore, for the enalysisr of turn torque 2ll the
three parameters are important and the situation has been represented by a
cube as shown in Figure 5, TIn this case, it was not possible to have several

estimates of one point,
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The sign test was performed on each factor. However, it was only
possible to compare the opposite walls of the cube since no middle plane was
available,

Tables 25, 26, and 27 show the values of averages in terms of different
parameters for the differenti conditions on the walls of the cube, It was
found that there was no significant difference between the twist torques for
16 inches (mean = 137,97 inch-pounds) and the turn torques for 20 inches (mezn
= 1),2,98 inch-pounds), Uith respect to the weight, there was a significant
difference between the twist torque for 11 pound load {mean = 121,93 inch-
pounds) and the 33 pound load (mean = 158,52 inch-pounds)., Similarly, with
respect to the angle, the twist torque for the 0 degrees was significantly
different (mean = 71.79 inch-pounds)} than the 90 degrees twist torque (mean
= 208,65 inch-pounds), Therefore, the mean torque when facing straight and
not involving a body turn is less than the mean torque when thé body is turned
thrqugh 90 degrees,

The analysis of variance test (Table 28) showed that all main effects and
their intergctions, excepting those of angle x subjectAand angle x distance x

. subject interactions, were concluded nensignificant,



TARLE 25

AVERAGE
RESPECT

SURJECT
- SUBJECT
SUBJECT
_SUBJECT

SUBJECT

SUBJECT
SUBJECT
SUBJECT
SUBJECT

SUBJECTT

SUBJECT
SUBJECT
SUBJECT
SUBJECT

SUBJECT

SUBJECT
SUBJECT
SUBJeCT
SUCBJECT

SUBJECT

MEAN

VALLES ARy SLBJECTS £F TRIGT TO2QLLE UITE

TC CIFFZRZNT
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[¥8]

\n

DISTAMNCES.

53.64
53.64
T4.16
€7.32

4248

183.24
119.16
195448
212440

1€6.32

79.5¢
59.40
1CE.5¢
7632
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TARLE 26

AVERASZ VALLES rY SLAJECTS Cr TWIST TOCROUES WITH
RELSPECT TC CIFFTRIAT LCALS.

i1 =~rLaLs . 3% PCUAMLS
SUBJECT 1 €£3.72 # §1.00 #=
SUBJECT 2 €4.40 ECes4tE
SUBJECT 3 55,00 7740
SUBJECT 4 | 62. L4 57.24
SUBJECT 5 £1.00 96448
SUBJECT 1 165.24 224484
SUBJECT 2 15C. 48 249.42
SUBJECT 3 203.40 253.C8
SUBJECT 4 g 228.24 236.16
SUBJECT 5 166.56 243.C0
SUBJECT 1 53.64 79.56
SUBJECT 2 53.64 59.40
SUBJECT 2 g 74. 16 106456
SUBJFCT 4 67.22 76432
SUBJECT 5 42,48 122448
SUBJECT 1 1°23.24 220432
SUBJECT 2 119.16 215.72
SUSJICT 2 195.4% 15756
SURJECT 4 ' 212.‘40 228.24
SUBJZCT & 166+ 32 230440
FLAN 121.493 15852

 POBTAINEC FRCY CCANITICH 2.
#e CLTAINGD Fary CCACITICY 2.



TABLE 27

AVERAGE VALLZZ TY SUPJECTS CF TWIST TLROLZSE WITH
RCSPZCT TC CIFFZRINT ANGLIS NOF TURN.

@ CICREES 90 PEGPITS
SUBJECT 1 81.00 * 224.b4 %%
SUBJECT 2 60448 245,48
SUBJECT 3 77.40 " 253.08
SUBJECT 4 57.24 22€.1€
SUBJECT 5 9€.48 242.00
SUBJECT 1 79.56 220432
SUBJECT 2 59.40 279.72
SUBJECT 3 1C&.56 167.56
SUBJECT 4 6+32 228.24
SUBJECT 5 123.48 _ 23C.4C
SUBJECT 1 53.64 182,24
SUBJECT 2 53.64 ' 119.16
SUBJECT 2 : 7416 195.48
SUBJECT 4 67432 ' 2i2.4C
SUBJECT 5 42 +48 16£.32
SURJECT 1 €3.72 165424
SLBJECT 2 64440 15C 4 €
SUBJECT 2 55.08 2¢3.4C
SUBJECT 4 62 .64 ; 336424
SuRJECT £ £1.00 15656
FEAM ' 71.79 2CF &5
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DISCUSSICN

In order to evaluate the implications of the experimental results, a few
important points will be discussed in this section, Consideration will be
given to the statistical analysis made on the variables studied and will be
followed by specific comments made concerning each phase of the findings
associated with the characteristics of this experiment.

Studying carefully the‘autput as measured by the force platform, it was
noticed for some cases that for the same task the forces and torques among
subjects vere not very much alike, instead there were large differences. For
example, in the somersault torqgue (Table 7), for condition three, the values
for subject one for replicate one and two are 540.5L and Lh5.50, respectively,
whereas subject four had 907.50 and L78.50 for replicate one and two,
respectively., Such differences could be attributed either to the possibility
that the record_er was picking up "static" from the surroundings or because of
individual differences., From the analysis of variance for each of the forces
and torques excepting the twist torgue, subject variation was found to be sig=-
nificant suggesting the latter explanation, In spite of the fact that sub-—r
Jects were asked to avold jerky movements, there were cases where light jerky
movements were present, Since the jerky motions record more peak forces and
torques, these differences in motions_could be responsible for subject varia-
bility., Differences in body size as reflected in anthropometric measurerents,
especially the length of the leg and arm might affect the force applied, The
way a subject shifted his weight on the verious parts of the body, while 1ift-
ing, may have caused some differences in the forces and torques, Since this

study is the first of its kind because of its specific objectives and because
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of the restricted ranges along with the fact that there is the presence of
individual differences, no generalizations can be made at this stagé.

The fact that there were no replicate effects has been supported by
statistical tests. The absence of replicate effect can also be seen if Table
L to Table § are closely studied, For example, in the lateral force (Table
L),. for condition three, subject one has 5,52 and 5,19 pounds for replicate
one and two, respectively, which shows replicate one and two were very close.

A summary table (Table 29) has been made which gives the mean forces and
torques for the major experimental parameters, As can be observed, the verti-
cgl forces were much larger than the frontal and latersl forces, Such a
finding seems reasonable since for a lifting task it should be the vertical
component of force that should be most dominant, The lateral forces were the
smallest of the three forces, This would suggest that whatever the lifting
job may be, whether it involves any body turn or not, it should be the werti-
cal force that must get a greater consideration and it may be the vertical
force that will determine the limiting conditions, For the three torques, on
the average the somersault torques are the largest and fhe twist torgues are
"the smallest, However, though the relative magnitude of the twist torque is
the lowest, still it is not known whether a torque of such magnitude on the
spine is harmful or not,

As would be expected, for the ranges studied in this experinent, the
effect of weight for all the forces and torques was consistently strong and
significant. Therefore, for any model of 1ifting, weight should be the pri-
mary variable for all the three forces and three torques, Considering the

vertical force, it was only the weight that had any considerable effecﬁ, the

-~

cffeet of angle of turn and the distance of the load (for the range studied)
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was very small and negligible. Thus, for a wvertical force acting through the
center of the spine, it would be the magnitude of that force only that would
matter in determining the safe limits, Since the force is balanced and also
since distance and angle of turn (resulting in torgue) are insignificant, the
stresses and strzins to which the spine is subjected are reduced to a minimum,
It is for this reason that the subjects were instructed to keep their backs as
straight as possible while lifting., This indirectly reflects the reasoning
behind Jonock!s (196L) conciusion that the most efficient way of transporting
heavy objects is by balancing them on the head, since stresses and strains on
the spine are reduced to minimum under such loading, Since the findings of
the present study have shown that along the vertical direction, the magnitude
of the centrally balanced load is all that matters and that the effects of
distance and angle (resulting to torques) are negligible, it suggests that the
vertical force is not a threat as far as torques are concerned and therefore
heavy vertical loads could be lifted (within limits) provided proper lifting
techniques are used. The upper limit for such loads could be found by more
experimental studies.

The present study has also showed subject variability, This suggests
that for the same 1lifting conditions, one subject could experience a greater
stress than the other, Therefore, methods must be devised to determine the
stress and find out under what conditions and for what anthropometric measure-
ments the stresses become critical, This calls for more research where

subjects should be selected with different arm lengths, leg lengths or height

and more lifting tasks should be designed with larger ranges of parameters.
Once the limitations are found then, accordingly the appropriate man should be

selected for the job and then proper training in lifting should be given to
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him, Training in lifting is essential, as this could reduce back injuries,
reduce lost time and increase efficiency. With heavier loads, workers tend tc
to shift from lifting with the legs to lifting with the back, Therefore,
heavy loads should always be used for training, and periodic checking is
necessary to detect shifts to back lifting; The lateral and frontal forces
show a common pattern of behavior, For both these forces, angle and weight
effects were strong, whereas an increase in distance within the range studied
did not have an appreciable change in the forces, The change in the lateral
and frontal forces for an increase of distance from 16 inches to 20 inches was
three percent and five percent, respectively.

Far the cartwheel torque, the effect of two varizbles of angle and weighi
were also very sirong. As the angle of turn increased, the mean peak torgue
increased sharply between O degrees (200 inch~-pounds) and LS degrees (550
inch-pounds). However, there was no appreciable incresse in mean peak torque
from hS_degrees to 90 degrees., Therefore, the stress on the spinal colum
increases rapidly between O and li5 degrees, At this stage, the sudden high

increase of torque from 0 to L5 degrees and a low increase from L5 to 90

[1H]

- degrees is unexplainable, But it could be concluded that if a job involwed
1ift with L5 degrees turn and another with $0 degrses turn, the cartwheel
torque would not be dangerously different and larger at 90 degrees. Of course,
it would be safer if there was mo turn involved at 211, The weight effecis
also show an increase of torque with the increase of weight, However, the
increase in torgue is not so sudden as in the case of turn,

For the somersault torque, both distance and weight were the stronger
parameters, This is eﬁpected since the somersault effect created, largely
depends on the distance of thé weisht from the spine znd on the w ight; there=-

fore, the larger the weight and distance, the greater is the torque,
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regardless of the degrees of turn. From the analysis, it was concluded that
the torque remained essentially constant witﬁ the increase in angle of turn.
The increase in torque from 16 to 10 and 18 to 20 inches were gradual and
fairly constant, The increase of torque from lifting a 1l pound load to a 22
pound load was not significant and therefore it would not make much difference
in somersault torque whether a 1l pound load or é 22 pound load was being
lifted, the stress conditions would not change significantly.

The twist torgque was unique in nature., All the three variables of dis-
tance, weight and angle of turn were dominant, The most dominant of them
being the angle of turn, the change in angle effects from O degrees (mean = 70
inch-pounds) to 90 degrees (mean = 200 inch-pounds) being 90 percent, Once
again, it would be wiser not to design a Jjob with such a large angle of turn,
Though distance effect was conspicuous, bul there was no significant difference
in torques from 16 inches to 20 inches, In other words, as far as the twist
torque is concerned, a job designed with a distance of 20 inches is as safe as
a job with a distance of 16 inches under the same loading condition used in
this study.

The effect of angle of turn was significant for cartwheel and twist
torques, Also noted earlier, the distance effect was significant in some
cases, This latter finding is in agreement with Ticheauer (1966) who
demonsirated the importance of horizontal distance between the weight and
spine., However, he did not analyse the effect of distance individually on
each of the six forces and torgues,

As for the magnitude of the forces and torgues for each task obtained
from the force platform, nothing can be concluded about whether the magnitudes

were too high or low., There is no way of finding this out at the present
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stage, However, the subjects did not complain of fatigue or pain and so the
author feels that the wvalues of torques and forces were not high but within
limits, Also, according to Woodson and Conover (196l), the heaviest load of
33 pounds for the type of lifting used in this study was well below the
recommended limits (75 pounds).

Incorrect lifting, repeated lifting, loss of balance while lifting are
frequently the reasons of accident and permanent back injury. Good movement
makes the work easier and cén prevent strain, The basic factors of 1lift are:
correct placement of feet, keeping a straight back, bending the knees, assuring
proper hold (palmar grip), and 1lifting with legs, Turning with the load
should be accomplished with the feet, This study was not an optimization
study on distances, weights and angles of turn, The aim was not to find the
best distance or weight or angle for least stress; on the contrary, it was an
investigation on the behavior of these three variables within a certain range
of values, The author feels that this study could be and should be extended
to a large scale experiment by choosing a wider range of values and having

more levels in each variable,



CONGLUSIONS

The study undertaken in this thesis provides information for lifting

tasks with respect to the three parameters of distance, weight and angle of

turn in terms of all possible forces and torques.

1,

2.

7.

.

Experimental results showed large individual differences,
Statistical tests concluded the absence of replicate

effect.

For the wertical force, only weight was a significant con-
tributor. Angle of turn and distance were not,

For the frontal force, lateral force and cariwheel torques,
both the angle effect and the weight effect were important,
Distance was negligible in all three cases,

For the somersault torgque, weight and disténce effects were
equally important., The angle effect was negligible,

The twist torque showed all three parameters to be effective.
As would be expected and as it can also be observed, for the
ranges studied in this experiment, the effect of weight for all
the forces and torques was consistently strong and significant.
For the three forceé, the distance effect was found negligible
for the range of distances, weights and angles studied in this
experiment, However, distance effect might become significant
if a larger range of distance was studied,

The average cartwheel torque showed an extremely sharp rise
from O degrees to L5 degrees, On the other hand, there was

no appreciable increase from L5 degrees to 90 degrees. There-

fore, if a job involved a 1ift with LS5 degrees turn and another
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job with a 90 degree turn, the cartwheel torque would not
be dangerously different and 1érger at 90 degrees. How-
ever, it would be safer not to have any body turn at all,
The findings on the twist torque were also interesting,
A1l three variables were concluded effective, The most
dominant effect being the change in angle effect, Omce
again, it would be wiser not to design a job with such a

large angle of turn,

The present study could have useful implications. In order to do this,

an elaborate and exhaustive study of the parameters is essential, Since no

previous studies with exactly the same aim have been done and since the

86

present study is only exploratory, additional experimentation is recommended

in this area.
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ABSTRACT

‘A force platform was used to study the behavior of three paraméters,
distance, weight and angle of turn for a typical lifting task, The distance
of the weight from the spine was 16, 18 or 20 inches. The weights used were
11, 22 or 33 pounds. The angles of turn selected were 0, L5 or 90 degrees,
For this study, fifieen combinations of these conditions were selected, Five
male subjects performed the tasks four times and on two occasions,

It was concluded that for all the three forces (lateral, vertical and
frontal) and the three torques (cartwheel, somersault and twist) there was no
significant learning effect, For the lateral force, the change in weight and
angle effect were 36 percent and 38 percent, respectively; the distance effect
was negligible, The vertical force showed a change of 16,4 percent for an
increase in weight from 11 pounds to 33 pounds, The frontal force showed a
change of L3 percent from O degrees to $0 degrees and a change of L3 percent
from O degrees to 90 cegrees and a change of 16 percent from 11 pounds to 33
pounds, The effect of distance was negligible, For the twist torque, all the
three variables had large effects, A change in angle from 0 degrees to 90
-degrees caused a change of 89 percent, a change in weight from 11 pounds to 33
pounds caused a change of 27 percent and a change in distance from 16 to 20
inches caused a 17 percent change in this torque, The present study has

various practical implications and further research and study is needed.



