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CHAPTER I
INTRODUCTION
The industrial engineer has long been concerned with
a study of the motions made by workers at an industrial
work station.

From the time of Gilbreth's original descrip-

tion of elemental motions, to the present day, improvements
in efficiency have been made mostly by eliminating unnecessary elements of motion.

Since all the elements of a

task cannot be eliminated, studies have been made of factors
which influence the efficiency of fundamental elements of
motion.

This thesis describes an investigation of some

factors affecting two of these fundamental elements—Move
and Position.
Purpose and Scope
The purpose of this study was to investigate the
influence of the following factors on the time required
to complete Move and Position elements:
1.

The direction from which a component was moved

toward the assembly area.
2.

The complexity of the task, as determined by

the degrees of freedom of the components.
3.

The degree of rotational motion imparted to the

components.

A secondary purpose of this study was to investigate,
by means of electromyograms, the nature of some of the
muscular activity underlying the observed behavior.
There are several systems in use today which define
elemental motions. Each system describes motions differently and uses different terminology.

In order to avoid

semantic confusion, the following terms are defined as
they were used in this study.
Move—An element of motion referring to the act
of taking an object grasped in the hand and/or fingers
from one location to another.
Position—An element of motion referring to the
motions made to bring the salient features of two or more
mating parts into the proper orientation prior to assembly.
Assemble—An element of motion describing the movement necessary to bring positioned parts into the desired
resting place.
Preposition—A term which refers to the practice
of standardizing the orientation of parts in the storage
area.

This is not a motion.
In a typical assembly task, a vrorker reaches for a

part, grasps it, moves and positions it, and finally
assembles it with a mating part.

This study was limited

insofar as the Reach and Grasp elements vrere not considered
in the experimental task.

These elements were not included

so that the interdependence between the Move and Position
elements would not be obscured by the elements which normally preceed the move. This wdll be discussed in greater
detail in Chapter II.
The experimental task was considered a small component assembly task because the components could be
easily held and manipulated by the fingers.
Related Research
The Move element has received more attention from
researchers than has the Position element.
One of the earliest studies of move time was done
by Barnes (2). By studying the time required to push a
carriage over various distances, Barnes found that the
speed of a move was not constant but depended on the length
of the movement.

He found that a move of five inches

averaged 100 time units, whereas a move of 15 inches
averaged 125 time units. If the speed of the movement
was constant, the 15-inch movement should have taken 300
time units. McCormick (9) , commenting on this study says:
This lack of linear relationship between
distance and time probably can be attributed to three factors: One of these is
the reaction time. . . . Whether the
movement is short or long does not affect
the time that it takes to get the movement underway. . . . In the second place,
with longer distances, the rate of movement may be greater, for there is more
distance in which to pick up steam.

In the third place, movement time may
be attributed in part to secondary or
corrective movements. These are the
movements following the major travel
component of the hand (the primary
movement), during which the hand or
fingers are making adjustments in, or
corrections to, the final positioning.
The time required for these secondary
or corrective movements is not particularly related to the length of the
total movement.
In other words, the speed of a Move element is a
function of the distance moved and perhaps of the motions
which follow the move.
Briggs (3), using the number of hits on a target
during a 20 second trial as his independent variable,
studied the accuracy of movements directed toward and
away from the body.

He found that movements aw^ay from the

body were the most accurate.

Briggs also varied the

direction of approach to the target and found that positioning was most accurate following moves along lines at
an angle of 60

to the frontal plane of the body.

The

frontal plane of the body is the plane which is normally
parallel to the edge of the work surface.
Whereas Briggs studied moves to and from a point
located near the worker at the edge of the table, Schrrddke
and Stier (11) studied moves made across the center of a
circle which was located away from the edge of the table.
By fitting a curve to the points for which they had data,
they theorized that moves should be fastest along a line

at an angle of approximately 55° to the frontal plane of
the body.

The accuracy of the movement was not directly

involved since subjects were always required to touch
targets at the end of the Moves.
Commenting on studies by Brovm and Slaten-Hammel (4)
and Brown, Webben, and Norris (5), in which moves of
different lengths were made in forward and backv/ard and
left and right directions, McCormick says:
In one-handed positioning movements
there is a moderate advantage in terms
of speed, in using inward or outward
movements rather than lateral movements.
Right to left movements are somewhat
faster than left to right. . . . While
the differences for the different directions are reasonably consistant, the
differences are not great. Thus the
speed of inward or outward or right to
left movements may be more than outweighed by other factors.
It, therefore, appears that in and out and left and right
directions are factors which influence Move times.
The Work Factor system of predetermined elemental
motion times (10) has described the most detailed elements
of any elemental time system, and is therefore best suited
for analysing and describing intricate tasks. The Work
Factor system describes two factors as influencing Move
time:

the factors of weight and resistance and the nature

of the area toward which the move is made.

According to

the Work Factor system, "The greater the vreight or
resistance involved in a motion, the slower the rate at

which it is likely to be performed and the more time
required."

Work Factor also'notes that if the move is

one made toward an indefinite location, such as a tossing
motion, the required time is shorter than if the move is
made toward a definite location.
Movements can be made along straight lines or along
curved paths. Movements along curved paths are usually
ballistic movements. According to Barnes (1), a ballistic
movement " . . . is a fast, easy motion caused by a single
contraction of a positive muscle group v/ith no antagonistic
muscle group to oppose it."

Therefore, if a movement is

made along a straight line, it must be controlled by
antagonistic muscle groups and will, necessarily, be slower
than a ballistic move covering the same distance.
Studies dealing with factors v/hich influence the
times of the Position element are fevr.
One study, by Wall (13) , vras conducted using the
degrees of freedom of the components and the tolerance
between the plug and target as factors to determine the
effect of these factors on the Position element.

Wall

found that his infinite degree of freedom plug was the
fastest, his three degrees of freedom plug was the
slowest, and his zero degree of freedom plug fell betvreen.
The degree of freedom concept refers to the number
of possible ways in which a component may be correctly

assembled.

Components with low levels of freedom can be

assembled in only a fevr vrays.

Components v/ith higher

levels of freedom can be assembled in a greater number
of ways-

The original theory underlying the degree of

freedom concept was that components with many degrees of
freedom could be positioned more cjuickly than components
with low levels of freedom because no matter how the components were situated in the storage bin, the components
with more degrees of freedom would be closer to the correct
orientation and would therefore require less manipulation.
Wall's results did not support this theory, although he
did show that the degree of freedom factor has an effect
during the Position element of an assembly task. Wall's
results and the degree of freedom concept will be discussed
in greater detail in Chapter III.
Wall also studied the effect of tolerance on the
Position element.

Tolerance is an expression of the

differences in size between the plug and target.

The most

common expression of tolerance is the ratio between the
area of the plug and the area of the target opening.
Wall found that the time for the Position element was
increased 23 percent by reducing the size of the target
1/32th of an inch.
The experiment described in this thesis employed both
a greater range of degrees of freedom and plugs of different
design from those employed by Wall.

The Work Factor system describes several elements
of motion which could be included in the Positioning
element as it was defined in this study.

These elements

are the element Pre-position and the sub-elements Align,
Index, and Upright.

These last three elements are included

in the Work Factor system under the classification of
sub-elemients of the Assembly element.
Work Factor defines Pre-position as "The act of
turning or orientating an object to a correct position for
a subsequent element of motion" and states that this element
can occur at the storage bin during the grasp, during the
move, or while the component is in contact with a mating
part.
Align is defined as "One or a series of one-inch
Steering Motions which bring the plug and target opposite
each other."

In other words, the axis of the component

must be aligned with the axis of the target.

For example,

the small series of pushes and pulls which are necessary
to slide a circular disk into a circular target are Align
motions.
Upright is defined as a "Motion which puts the plug
and target on the same axis."

Motions of this nature occur,

for example, when putting a pen into a pen holder.

The pen

must be orientated so that the axis running the length of
the pen is coincident with that of the pen holder.

The

upright element did not occur in the experimental task.

Index is defined as a "Rotating motion which brings
the shapes of both Plug and Target into registration."
Align is a motion which is done primarily v/ith the
arm, although in some cases the wrist and fingers are used.
Upright, Index, and Pre-position are movements performed to
rotate a component.

The Index element was investigated

in this study as part of the phase variable. More will be
said concerning the phase variable in Chapter III.

For small

components, these elements are usually performed by the
fingers, although other body members may occasionally be
used.
Another factor recognized as influencing the performance time of Move and Position elements is vrhether the
task can be monitored visually.

If essential elements of

the task cannot be seen, then the vrorker must rely on the
kinesthetic and tactile senses. The loss of the visual
monitor, on which heavy reliance is placed, usually results
in a considerable reduction in speed.

The kinesthetic

senses are those senses which make it possible to know the
location of body members without seeing them.
Electromyograms, which are a record of the electrical .
activity in the muscles, were made of the extensor and
flexor muscles in the forearm.

The fingers are moved by

muscles in the hand and in the arm.

Since it was deemed

impractical to place electrodes on the hand vrhile the hand

10
was involved in manipulation, the muscles in the arm v/ere
selected for study.

According to Wells (14), the muscles

responsible for flexing the fingers are the flexor digitoruir.
profundus and the flexor digitorum sublimis.
are shown in Figure 1.

These muscles

The fingers are flexed by moving

them toward the palm of the hand.
by moving them away from the palm.

The fingers are extended
Extension is done by

the extensor digitorum communis and extensor indicts
proprius muscles. These muscles are shovm in Figure 2.
The advantages of using electromyograms are pointed
out by Karpovich. (8) who says, " . . . with the aid of
electromyography it is now possible to tell what muscles,
or even what parts of muscles participate in a movement."
Karpovich also describes the process by which electric
currents arise in the muscles. He says, " . . . whenever
a muscle is stimulated, the activated part becomes negatively charged with respect to the inactive parts; and
the resulting difference in potential gives rise to an
electric current. . . . "
Summary
Described in this thesis is an investigation of some
factors which influence the time required for the Move and
Position elements of motion.
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Flexor
digitorum
profundus

Figure 1—Flexor muscles of the Fingers
(adapted from (14))
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Extensor
'digitorumcommunis

Extensor
indicis
proprius

Figure 2—Extensor muscles of Fingers
(adapted from (14))
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Previous research has indicated that direction is a
factor which influences move time.

The direction of

approach about a point located in the center of the work
surface was, to the best of the author's knowledge,
studied for the first time in conjunction w^ith an assembly
operation; and the directions of approach suggested as
optimum by previous researchers were tested.
The time required for the Position element is known
to be influenced by the degrees of freedom of the
components.
Components with previously unstudied degrees of
freedom/ and components of different design from those
previously used were tested.
The Work Factor system of predetermined elemental
motion times lists several elements of motion which are
movements requiring rotation of the component.

The degree

of rotation which is imparted to a component was therefore
investigated.
The information obtained from the study of the above
factors should contribute to an understanding of how these
factors influence the times for the Move and Position
elements of motion.
The experimental task as well as the equipment used
and procedures followed are described in Chapter II.

CHAPTER II
EXPERI14ENTAL TASK, EQUIPMENT, AND PROCEDURE
Chapter II describes the task performed, the design
and operation of the equipment, and the experimental
procedure.
Experimental Task
The experimental task consisted of using the right
hand to move a plug from a storage area to a target, to
position the plug for assembly with the target, and to
insert the plug into the target. Although the task is
described as consisting of^ three elements, it is to be
understood that each element is not necessarily independent of the others. The elements Move and Position do not
occur as distinct, easily defined events; but as a move
is in progress, some degree of positioning will sim.ultaneously take place.
At the beginning of the task, the plugs were prepositioned in the storage area either in-phase or out-ofphase.

A plug was in-phase when it vras pre-positioned so

that it was unnecessary to rotate the plug during the
task.

A plug was out-of-phase when rotation was necessary

to achieve alignment. Table 1 describes the elements of
the task for the in- and out-of-phase trials as well as
14
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TABLE 1
DESCRIPTION OF ELEMENTS OCCURRING DURING
THE IN- Al^D OUT-OF-PHASE TRIALS

Description of Task Element

Experimental
element
name

Work Factor
element
name

In-Phase
1.
2.
3.

4.

The plug is removed
from storage

,

Move

Disassemble

The plug is transported
to the tcirget . . . . .

Move

Transport

The axis of the plug is
aligned vrith that of
the target . . . . . . .

Position

Align

The prongs are inserted
into the target
...

Assemble

Insert

Out-of-Phase
1.

Same as 1 above

2.

Same as 2 above

3.

Same as 3 above

4.

The plug is rotated
about its axis . .

Position

Index

The prongs are inserted
in the target
....

Assemble

Insert

5.
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the elements as defined by the Work Factor system and for
the purposes of this study.
At the beginning of the task cycle, the Reach and
Grasp elements had been completed.

The task began when

a plug was pulled out of a socket-like holder.

The motion

required for pulling the plug out of the socket is defined
in the Work Factor system as a Dissasemble element.

This

element was assumed to be constant throughout the experiment and was therefore included as part of the experimental
Move element.
The Insert element defined in the Work Factor system
is the motion of pushing the correctly positioned component into its final resting place.

This element is identical

to the Assemble element defined for this study.

The

Assemble element was assximed to be constant throughout
the study.
It should be noted that during the out-of-phase
trials the Position element was defined as consisting of
the elements Align and Index and that during the in-phase
trials the Position element was defined as consisting of
only the Align element.
The plugs used in the experiment resembled vacuum
tubes, having cylindrical bodies vrith prongs on the bottom.
Four plugs, each vrith a different number of prongs were
used.

Plugs vrere constructed with two, four, five and six
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prongs.

It was thus possible to preposition the plugs so

that the two-prong plug had to be rotated 90°, the fourprong plug had to be rotated 45 , the six-prong plug had
o
to be rotated 30 , and the five-prong plug had to be
o
rotated 180

to achieve the correct position for assembly.

In order to lessen the discrimination requirements
of the task, a number and a dot were placed on top of each
plug.

The number indicated hovr many prongs were on the

plug and the dot indicated how far the plug vras out-ofphase.

The dots were placed so that during the in-phase

trials the dot always pointed toward the target. At the
beginning of the task, with the plug resting in the storage
area, the prongs could not be seen. The use of the dot
and number system meant that the task vras controlled
visually as well as tactilly.

Normally, the movement vras

monitored visually until the plug was brought into contact
with the target. Once in contact with the target, the
plug was controlled primarily by tactile means.
Design and Use of Ecfuipment
An overall view of the equipment is sho\m in Figure 3
The apparatus used in the experiment is shovm in Figure 4.
As can be seen, the apparatus consisted of two wood blocks
connected by a rod.

One of these blocks, hereafter called

the target block, was bolted in the center to the

18

Figure 3. Experimental Equipment
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Figure 4* Experimental Apparatus
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worksurface, which allowed the connecting rod and other
block to rotate around it. The target block was constructed
so that target plates could be inserted and removed.
The second block, called the storage block, was
bolted in the center to the connecting rod.

The storage

block turned in a horizontal plane around the end of the
connecting rod, and could be set at different angular
positions by a pin which ran through the storage block
into the connecting rod.- By adjusting the storage block
to different angular positions vrith respect to the connecting rod, the different in- and out-of-phase positions
could be set. A metal plate designed to hold all the plugs
vras mounted flush on top of the storage block.
The plugs used in the experiment are shovm in Figure 5,
The body of the plugs was made of wood, and the prongs were
made of metal. The ends of the plugs vrere not square
cut, but were rounded off so that they were bullet shaped.
The body of the plugs was hollowed out and filled with
lead shot to add to the vreight and to assure that no plug
was heavier than the others. The dimensions of the plugs
are given in Figure 6.
A target plate was made for each of the plugs. The
number of holes in a plate corresponded to the number of
prongs on the matching plug.
illustrated in Figure 5.

The target plates are

Figure 5. Plugs and Target Plates
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7/8"

1 3/8'

5/16"

\»9

&{

5/8"
Figure 6—Plug Dimensions
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In order to determine the times at which the elements
of motion occured, the time required for the task was
divided into three periods. The first time period vras
called a move period; the second, a position period; and
the third, an assemble period.
The move period began when the plug was removed from
the storage block.

This released a microswitch inside the

storage block and started a timer.

The move period ended

when the hand and plug passed through the beam of a photocell.

The photocell vras held in the path of motion by a

bracket which was attached to the connecting rod 5^ inches
from the center of the storage area. . The bracket held
the photocell 2^^ inches above the level of the target
and storage plates. Ballistic movements of extreme arc
would pass over the photocell. The Move element was
therefore more linear than ballistic.
The end of the Move period v/as the beginning of the
Position period.

The Position period ended when the plug

touched the target. This was accomplished by closing a
circuit in the target plate with the plug.

The prongs of

the plug were connected by a thin wire which lay in a
groove cut in the body of the plug.

The plates, which were

made of aluminum, were cut in half along a line from one
corner to the other and then mounted on a piece of plastic.
The channels left in the plates by this operation were
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filled with plastic wood to give a smooth surface.

Each

half of the plate vras thereby insulated from the other.
Thus, when two prongs touched the plate, one on either side
of the diagonal cut, a circuit was closed, ending the
Position period and beginning the Assemble period.
The Assemble period was ended when the prongs of the
plug depressed a microsvritch in the target block.
The microswitches, photocell, and plates and prongs
worked together to start and stop timers which recorded
times in milliseconds.

The events vrhich marked the

beginning and end of the time periods are summarized in
Table 2.
TABLE 2
DESCRIPTION OF TIME PERIODS

Event

1.

Plug removed from storage
block releasing depressed
microswitch

Timer Action

Name of
Time
Period

Timer 1 starts
Move

2.

Hand and/or plug pass
through photocell beam

Timer 1 stops
Timer 2 starts
Position

3.

Two prongs touch, one on
either side of dividing
diagonal

Timer 2 stops
Timer 3 starts
Assemble

4.

Prongs push through holes
in target plate
depressing microswitch

Timer 3 stops
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The work surface was a flat piece of plywood painted
grey.

Holes were drilled into the wood to locate the six

positions for the storage area.

The head of a bolt, pro-

truding from the bottom of the storage block, fitted in the
holes and held the storage block in the correct position.
Each position was numbered.

The numbers of the positions

can be seen in Figure 4.
The center of the target plate was 12^^ inches from
the edge of the work surface. At position 4, which was
the farthermost position from the subject, the storage area
was 20^ inches from the edge of the work surface.
A chair of adjustable height was used to assure that
each subject's elbow was two inches above the work surface.
The height of the work surface relative to the worker has
been found to influence the speed of performance.

Ellis (6),

who varied worksurface height at intervals between 18.9 inches
below the elbow to 7.9 inches above the elbow for a block
turning task, found that performance was fastest at
2.8 inches below the elbow.

Steps were therefore taken

to control worksurface height as a variable.
Experimental Procedure
After measuring the length of the upper arm and
forearm of a large group of women, five right-handed
women having similar arm measurements v^ere selected as
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subjects.

The arm measurements and other personal data of

the subjects is given in Table 3.
TABLE 3
PERSONAL DATA OF SUBJECTS

Subject

1.
2.
3.
4.
5.

Upper Arm
Length
(inches)
13.4
13.2
12.6
14.5
12.25

Forearm
Length
(inches)

Age

11.7
12.3
11.6
12.6
13.4

18
19
19
19
20

Height

Weight

5'2"
5'1"
5*1"
5' 6^"

5'4"

105
110
100
138
100

The variability in arm dimensions was kept as low as
possible because the size of the arm may possibly influence
the speed of movement.
As it has been found that the manipulative performance of women is adversely influenced by the onset of the
menstrual period, subjects were scheduled so that no
testing was done on the four days proceeding or the first
day of the menstrual period.
During the first experimental session the subject
was familiarized with the equipment and its operation.
The in- and out-of-phase concept was explained and demonstrated.

Subjects were also instructed in the method of

holding and manipulating the plug.

The method of holding
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the plug is illustrated in Figure 7.

The plug is grasped

from the top vrith the first three fingers and the thumb,
and the wrist is flexed approximately 15 . Care vras taken
to assure that this method of holding and manipulating
the plug was always used.

The component was rotated

around a vertical axis.
Subjects vrere told to assemble the plug in the target,
"as fast as possible."

No other information concerning

the nature of the variables or the expected results was
given to the subjects until the experiment was over.
The experiment was divided into two sections. In
each section the subjects ran through the 144 combinations
of the factors. The first section was regarded as a
training experience, during which the subjects became
familiar with the task and the experimental procedure.
Performance times were checked to assure that performance
had reached a consistant level and learning was no longer
taking place before proceeding to the second section.
second section was the test section.

The

Only the data from

the second section was used in the analysis of results.
Each session lasted an hour or less in order to
avoid effects due to fatigue and boredom.

Each subject

was scheduled for the same hour of the day, on either
Mondays, Wednesdays, and Fridays, or on Tuesdays, Thursdays

28

Figure 7» Method of Gripping Plugs
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and Saturdays. Altogether the subjects each worked six
hours on the experiment.
At the beginning of each session, the chair was
adjusted to the proper height and placed in such a position
that the target area vras in front of the mid-point of the
body and that the body was between three and four inches
from the edge of the work surface.

Before the taking of

data began, subjects ran through several trials to serve
as a "warm-up."
A trial was conducted as follows:
1.

The experimenter read the next position of the

storage area and the number of prongs on the plug.
2. While the experimenter was recording the timer
readings and resetting the timers, the subject moved the
storage area into position and picked up the plug.
3.

The experimenter then told the subject whether

the trial was in- or out-of-phase, the setting for the
storage area, and the direction in which the dot must
point to achieve the proper prepositioning for the trial.
4.

Once the settings had been made, the subject

inserted the plug in the storage area, obseirved the position of the dot and began the trial at her discretion.
Upon completion of the test section, electrodes
were placed on the forearm of the subject near the elbow
on the extensor and flexor muscles of the fingers.
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Electromyograms were then made vrith a Beckman Type R
Dynagraph of several trials for various combinations of
the factors.
The experiment took place in Room 115 of the
Industrial-Textile Engineering building on the Texas
Technological College campus.

This room provided an

environment which was constantly illuminated and relatively free of distractions.
Chapter III discusses the factors and their levels
and the statistical design of the experiment.

CHAPTER III
EXPERIMENTAL DESIGN
Chapter III contains a discussion of the variables
chosen for use in this experiment and of the statistical
design.
Independent Variables
The independent variables used in this experiment
were of two types:

those which were of interest in them-

selves, and one variable which was used so that its effect
could be isolated from the effect of the other variables
in the analysis of variance.
The independent variables of interest in themselves
were direction of approach, degrees of freedom, and phase.
The other variable was subjects.
Direction of Approach
The direction from which a component is moved toward
the assembly area has not, to the best of the author's
knowledge, been studied in conjunction with an assembly
operation.

It vras felt that this is an important consider-

ation because the only principle of workplace design
referring to the location of storage areas states that
the storage area should be as near to the assembly area
31
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as possible and that the storage area should be inside
the normal work area.
Briggs (3) studied the effect on accuracy of moves
tov/ard and away from the body.

The movements away from

the body began at the edge of the work surface and ended
at the target in the central portion of the work surface.
For tovrard-the-body moves, the situation was reversed so
that the move began in the central portion of the work
surface and ended at the edge. He also varied the directions along which the moves \\^ere made.

He found that the

movements avrray from the body were more accurate and that
o
moves along a line at an angle of 60 to the frontal
plane were the most accurate.
In many cases the accuracy with vrhich a movement
may be made is a function of the speed of the movement.
Speed may be sacrificed for accuracy and vice versa.

It

may be that storage locations v.liich make accurate movements possible are not those locations vrhich permit the
fastest movements.

Speed and accuracy are both desirable,

but it may not be possible to design tasks vrhich maximize
both these qualities simultaneously.

In such circum-

stances, it would be desirable to know which positions
possess the advantage of speed and which are best for
accuracy.
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Movements to and away from the edge of the work
surface are rare in assembly operations because there is
usually a large collection of previously assembled components to which the moves must be directed.

This assembly

takes up space and is naturally situated away from the
edge of the vrork surface.

It would therefore be desirable

to know about moves which are done around a point located
away from the edge of the work surface.
Such a situation was studied by Schmidke and
Stier (11) . Schmidke and Stier had subjects move between
tvro points located opposite each other on the circumference of a circle. The moves did not stop at the center
of the circle, but were macle along a diameter of the
circle.

Since the subjects were always required to touch

small circles which represented the targets, the accuracy
requirements of the task were constant.

The moves vrere

made along diameters which ran toward and away from the
subject, from left to right, and at an angle of 45

to

these two lines. A curve was then fitted to the mean
times of the moves along each axis.
in Figure 8.

This curve is shown

The curve shows that, theoretically, the

fastest moves should occur along an axis of approximately
55° to the frontal plane of the body and that the slowest
moves should be along cin axis perpendicular to the axis
of fastest moves. These results are in general agreement
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Figure 8—Curve of Move Times
(adapted from (11))
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with those of Barnes (2). Schmidke and Stier attribute
these results to the use of different arm segments along
the two axes.

They note that moves along the fastest

axis are done primarily with the foreainn, while the slov/est
moves are done with the forearm and the upper arm.
This experiment was designed to test the Schmidke
and Stier axes in conjunction with the elements of motion
which usually occur after the move is completed.

The task

was such that the moves were made to the center of the
circle, and movements vrere made on the axes in question.
The directions of approach were implemented by
starting the task cycle at one of six locations. The
starting locations were called positions, and each was
numbered.

The numbers of the positions are shown in

Figure 4 on page 19. Position one was directly in front
of the subject—between the subject and the target.
Position two was located to the subject's left on a line
at an angle of 60

from the line between position one

and the target.

The other positions were separated from
o
the preceding and following by 60 respectively. This
arrangement puts positions three and six on the axis of
Schmidke and Stier's longest times, and puts positions
two and five on the axis of slovrest times.
Positions three, four, and five required moves
toward the body; and positions one, two, and six required
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moves av7ay from the body.

Moves from left to right

occurred at positions tvro and three; moves from right to
left occurred at positions five and six.
Degrees of Freedom
A degree of freedom is an alternative vray in which
a component may be assembled.

If it makes no difference

which end of a pen is inserted into a pen holder, there
are two vrays in which the pen can be inserted; and no
matter which method of assembly is chosen, there will
always be an alternative.

In this case, the operation is

said to possess one degree of freedom.

Degrees of freedom

are calculated by subtracting one (1) from the number of
• available alternatives. If it was required that the pen
be inserted with the point in the penholder, then the
operation consists of zero degree of freedom.

The amount

of manipulation required to insert the pen under these
circumstances would depend on the original orientation
of the pen.

If the point of the pen vras originally

pointing toward the pen holder, the time required to
position and assemble the pen would be the same as th:^
time for the one degree of freedom assembly operation and
would depend mainly upon the size of the pen and the hole
in the pen holder as vrell as the shapes involved.

However,
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if the pen point was originally pointed away from the pen
holder, the pen would have to be rotated through 180°.
The degree of freedom variable is a precision factor
because as the degrees of freedom decrease the amount of
rotation; and therefore, manipulation is likely to increase.
An infinite degree of freedom movement would require no
rotational motion. A three degree of freedom motion would
require at most a 60

rotation if a possible assembly

point is not passed. A two degree of freedom movement
would require 90°, etc.
In the process of positioning a component, a worker
must perceive the original orientation of the component,
decide what must be done, and implement the decision.

The

perception of the original orientation of a component is
often complicated when the components are randomly
arranged in the storage bin or when the component or
assembly point cannot be seen. One method of reducing
these problems is to preposition the parts.

Prepositioning

means that all components are placed in storage in a
standard position.

This practice makes it possible for

an experienced worker to always perform a task by repeating
the same motions. This motion is learned, and the worker
does not need to look at what he is doing.

In order to

eliminate some of the problems of perception and decision,
the dot and number system, and prepositioning of components.
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described in Chapter II, were used in this experiment.

All

of these problems v/ere not completely eliminated, because
the prongs could not all be seen at any time during the
task.
The primary interest in the degree of freedom
variable in this study was the problems which arise due
to the different arrangements of prongs and the amount of
rotary manipulation required by the different degrees of
freedom.
The degree of freedom concept has appeared in studies
by Simon and Smader (12) and by V7all (13).
Simon and Smader studied an assembly operation in
which washers were taken from a storage bin and placed on
upright pegs.

Records were made of "grasp manipulation

time," "loaded travel time," and "assembly manipulation
time" for trials in which either side of the washer could
be placed up and for trials in which a side identified by
a dot had to be placed up.

They found that, as a result

of decreasing the degrees of freedom, "grasp manipulation
time" increased 7.7 percent, "loaded travel time" increased
12.3 percent, and "assembly manipulation time" increased
15.1 percent. A decrease in the degrees of freedom had
caused an increase in the times for the preceding motion
elements as well as the motion elements themselves.
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The Wall study vras done using cylindrically shaped
plugs as shvron in Figure 9. 'Wall designed plugs for zero,
three, and infinite degrees of freedom.

The plugs vrere

moved from a storage bin wherein they lay in random order,
and they vrere dropped through a traget hole the same shape
as the plug. Wall measured times for Reach, Grasp, Move,
Position, and Assemble elements. During his Move period,
he found that the zero degree of freedom plug vras the
slowest and that the infinite degree of freedom plug was
the fastest. During his Positioning period. Wall found
that the infinite degree of freedom plug vras the fastest,
the three degree of freedom plug v/as the slowest and the
zero degree of freedom plug was in between.
The study described in this thesis used plugs vrhich
have zero, one, three, and five degrees of freedom to
expand the range of possible degrees of freedom v/hich have
been studied.
Phase
The plugs were prepositioned in the storage area so
that they were either in-phase or out-of-phase.

For the

in-phase trials, the plugs vrere prepositioned so that it
was not necessary to rotate them for assembly.

For the

out-of-phase trials, the plugs were prepositioned so that
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Figure 9—Plugs Used by Wall (13)
(adapted from (13))
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it was necessary to rotate them half of the maximum
possible angle for assembly.
The phase factor was introduced into the experiment
in an attempt to isolate the differences in times between
those elements of positioning which are rotational and
those elements v/hich are not.

The out-of-phase starting

positions are shovm relative to the targets in Figure 10.
Subjects
The subjects used in this experiment were righthanded, had similar arm lengths, and vrere in good health.
Women were used as subjects because a large number of
small component assembly tasks in industry are performed
by women.
Replications
The number of combinations of the levels of the
direction of approach, degrees of freedom, and phase
variables was 48. Each subject performed each combination
three times in the test section of the experiment.

The

experiment was therefore replicated three times, although
each of the 48 combinations was done 15 times.
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Dependent Variables
Time and Time Periods
Time was used as the dependent variable in this experiment.

In an attempt to determine the part of the cycle in

which the elements of the task occurred, the task was
divided into three time periods.

The first period was a

move time. The second time period was considered a positioning time, although it was known that all of the
Positioning elements v/ould not occur during this period.
The third period was considered an assembly period, although
some elements defined as Positioning elements were known
to take place in this period.
Electromyograms
Electromyograms were also taken of the extensor and
flexor muscles in the forearm near the elbow for qualitative
evaluation of the muscular activity underlying the observed
bebavior.
Statistical Design
The experimental variables and their levels are sho^vn
in Table 4.
This is a 6x5x4x3x2 factorial design with all factors
completely randomized in the order of appearance.
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TABLE 4
FACTORS AND LEVELS

Factor

Symbol

Direction of
Approach to
Target

Degrees of
Freedom

Fixed

D

Fixed

Fixed

Phase

Random

Subjects

Replications

Type

R

Random

Level

Level Code

0

1

60°

2

120°
o
180
240°

3

5

310°

6

0

1

1

2

3

3

5

4

4

In Phase

1

Out of Phase

2

1

1

2

2

3

3

4

4

5

5

1

1

2

2

3

3
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Table 5 is the Estimated Mean Scjuare table for use
in determining the correct application of the F-ratio test
involved in the Analysis of Variance technicjue which will
be used to determine the significance of the variables in
this experiment.

From Table 5 it can be seen that the

subjects variable and all interactions vrith the subjects
variable are tested against the error mean square. All
other variables and their interactions are tested against
their interactions with the subject variable.
The model for the experiment v/as
X

ijklm

=

u + A. + D, + AD. -I- S, + AS_,, + DS .. + ADS. .,
i
j
ij
k
ik
jk
ijk
4 P^L •«• M?i_i + DPji + -^Pijl + SPio. + ASPij^
4 DSP^^^ 4 ADSP.^.3^^ + ^m(ijkl)

where
u = Effect due to random chance
Aj^ = Direction of approach variable
Dj = Degrees of freedom variable
S, = Subjects variable
^l

= Phase variable

E^ = Error term = Replications and all inter"^
actions of the replication
factor.
All other terms = Interactions of the basic variables.
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TABLE 5
ESTIMATED MEAN SQUARE

{EMS)

TABLE

6

4

5

2

3

F

F

R

F

R

i

J

k

1

m

^i

0

4

5

2

1

5

2

+40 cr^2 ^8 ^ ^ 2

D.
J
AD. .

6

0

5

2

1

3

2

+^° <^D^ -^^2 ( r ^ 2

0

0

5

2

1

15

<re^

Sk

6

4

1

2

1

4

CTe^ 4-48 (J~g2

^ i k

0

4

1

2

1

20

(Te^ +S ^^AS

DS

6

0

1

2

1

12

-.2

^^ijk

0

0

1

2

1

60

fli^ * 2 « - A D s '

Pi

6

4

5

0

1

1

tfe^

-H20 0 - p 2

424 0 ^ p 2

^ i l

0

4

5

0

1

5

(Te^ +20 < r A p 2

+4 Q ^ g p 2

DPj^

6

0

5

0

1

3

(Te^ 4 3 0 c r D p 2

46C7^3p2

ADP. .ijl

0

9

5

0

1

15

<rj

, r-

SP

6

4

1

0

1

4

<re^

424

0

4

1

0

1

20

^ 2

6

0

1

0

1

12

0

0

1

0

1

60

1

1

1

1

1

480

TOTAL

719

jk

kl

^ ^ k l
^^Pjkl
ADSP. ., ijkl
^(ijkl)

Degrees
of
Freedom

EMS

+ 1 0 c r ^ 2 42

'^'

'^DS'

A

^^^ADP
CPgp^

4-4 G ~
^
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_ . 2 4-6 cr-~
^
DSP

^e'

<re^

^

0^^2

^
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2

,

^
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The analysis of variance was done on an I.B.M. 7040
computer at the Texas Technological College Computer Center
using the source program, "Analysis of Variance for
Factorial Design—Version of Dec. 13, 1963," written by
the Health Sciences Computing Facility, UCLA.
An analysis of variance was done on each of the three
time periods and the total times.

CHAPTER IV
ANALYSIS OF RESULTS
Chapter IV contains a discussion of the significant
factors and their interactions.
The results of the analysis of variance are summarized
for each time period in Table 6.

The complete tables are

shown in Appendix.
It will be noted that some of the factors and interactions having significance at the 5 percent level in some
time periods v/ere significant at the 1 percent level in the
total time period.

Each of these factors had a time period

in which it vras significant at the 1 percent level. These
factors v/ere actually significant at a higher level than
1 percent.

This extreme variation, spread through the

other time periods, vras enough to influence the significance of the total time.
Only those factors which were significant at the
5 percent and 1 percent levels are discussed.

Hovrever, it

should be kept in mind that lower levels of significance
must often be considered when working with people.
The significant factors vrill be discussed first,
followed by a discussion of the significant interactions.
The findings of this study are to be considered valid
only within the restrictions of the experiment.
All time values are expressed in milliseconds.
48
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TABLE 6
SUMT^ARY OF SIGNIFICANT EFFECTS

Factor

Move

Position

Assemble

Total

A Direction
of Approach

a
5

*^

*

5

S Subjects

1

1

1

1

D Degrees
of Freedom

*

5

5

5

P Phase

5

5

1

1

AS

5

5

5

1

AD

1

*

1

1

AP

*

*

5

*

SD

*

*

1

*

SP

*

*

*

*

DP

1

5

5

1

ASD

*

*

*

*

ASP

*

*

ADP

i7

*

*

*

SDP

*

*

*

*

ASDP

*

*

*

*

^ h e numbers denote the level of significance.
^* = Not significant at 5 percent or 1 percent level.

50
Sicpiificant Variables
Direction of Approach
The Direction of Approach variable was significant
only in the Move Period.
The mean time for each position is shovm in Figure 11,
plotted on axes which correspond to the lines along which
the moves were made.

In order to emphasize the differences

between the means, 700 milliseconds have been subtracted
from each.

The origin of the graph represents the location

of the target and has a time value of 700 milliseconds.
Since each move was made over the same distance, means
near the origin represent moves vrhich vrere faster in terms
of speed than those farther avray from the origin.
A Duncan Multiple Range Test, as described by Hicks
(7) , was run on the six positions to determine which
positions v/ere significantly different.

The test showed

that position one was significantly different from
positions three, four, and five and that position three
was significantly different from position six.
At position one, the move began with the cirm bent so
that the hand was close to the body.

At positions three,

four, and five, the arm had to be extended almost to the
limit of its reach in order to grasp the plug. When the
arm is extended in this manner, the muscles in the back
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and shoulder must support a greater load; and in order to
ease the strain on these muscles, the trunk must lean
forward.

At the start of moves from positions three, four,

and five, the first body segment moved is not the arm, as
would be the case of moving from position one, but the
trunk as it straightens to a more erect posture.

The

introduction of the trunk movement at positions three, four,
and five may explain the differences betvreen these positions
and position one.

The position most distant from the

subject was still within the normal v/ork area and could
be reached v/ithout leaning the trunk forT,'/ard. The leaning
was apparently a natural attempt to reduce the strain
on 'the muscles. The leaning of the trunk is offered only
as an explanation for the results of this experiment, and
it should not be assumed that this is more than a theory.
Moves from position three were the slovrest. In order to
reach this position, it was not only necessary to lean
forv/ard but the trunk may have had to be slightly rotated.
This may also have added to the time.
The significant differences betvreen positions three
and six, which according to Schmidke and Stier (11) should
lie on an axis of slovrest moves, indicate that the Schmidke
and Stier curve was primarily influenced by the move from
position three, not by the move from position six.
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The axis of fastest moves should have been formed by
positions two and five. The techniciue of contrasts, also
described by Hicks, vras used to test the hypothesis that
the fastest and slowest axes vrere different.
esis v/as rejected.

This hypoth-

It was therefore concluded that in an

assembly task such as this, the fastest and slowest moves
do not occur on the two axes indicated by Schmidke and
Stier.
Positions one, two, and six vrere positions from vrhich
moves vrere made away from the body.

Moves tovrard the body

were made from positions three, four, and five. Previous
researchers have not classified the tov/ard-and avray-fromthe-body moves by groups, but have only dealt vrith moves
along a line perpendicular to the edge of the v/orksurface.
Moves from positions two and three were left-to-right
moves. Moves from positions five and six were from right
to left. Previous researchers have only worked with these
moves along a line parallel to the edge of the worksurface.
These distinctions should be borne in mind for the follovring
discTUssion.
The contrast technicjue was used to test the hypothesis
that the moves toward the body vrere different from the
moves avray from the body.

This hypothesis v/as rejected.

It was therefore concluded that in tasks such as this, the
general concept of differences between away-from and toward-

54
the-body moves is not correct.

It must be noted, however,

that the av/ay-from-the-body move from position one was
faster than the tov/ard-the-body moves.

It may therefore

be true that movements avray from the midpoint of the body
are faster than moves tov/ard the body.
The hypothesis that left-to-right moves were different
from right-to-left moves was tested by the contrast technique, and the hypothesis \^ras rejected.

This finding adds

v/eight to McCormick's statement that the small differences
between the left-to-right versus right-to-left moves may
be outweighed by other factors. In the case of the experimental task, these differences were apparently overshadovred
by the motions made to manipulate the component.
Since moves from position one v/ere faster than moves
from other positions, a study of other factors bearing on
the merits of position one as a storage area would seem
worthwhile.
Moves from position three v/ere the slowest, and the
location of storage areas at this position should be
avoided for right-handed operators.
Degrees of Freedom
The degrees of freedom variable was significant in
the Position and Assemble periods.
will be discussed first.

The position period
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Figure 12 shows the means of the four plugs plotted
against time.

<

A Duncan's Multiple Range Test showed that the zero
degree of freedom plug was significantly different from
the one and three degree of freedom plugs, and that the
three degree of freedom plug v/as significantly different
from the five degree of freedom plug.
During the positioning period, the zero degree of
freedom plug was the fastest and the three degree of freedom plug was the slowest.

The one and three degree of

freedom plugs are not significantly different, nor are the
zero and five degree of freedom plugs.
Figure 13 shows the degree of freedom of the plugs
plotted against time for the Assembly period.
Comparing Figures 12 and 13, it will be seen that from
the fastest to the slowest plugs the relative speeds are
reversed during the Assembly period.

The fastest plugs

in the Position period become the slov/est plugs in the
Assembly periods.
The results of Duncan's Multiple Range Test v/ere the
same as those for the Positioning period.
A possible explanation for the reversal in relative
speeds during the two periods is that the subjects understood how the two- and four-prong plugs had to be oriented
and could begin orientation during the Position period.
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They may have felt that the five- and six-prong plugs
could not be readily orientated and that a trial and error
procedure should be used.

In the total time, shown

graphically in Figure 14, the one and three degree of
freedom plugs v/ere the quickest.

If it v/ere not necessary

to orientate the components, the subjects v/ould move to
the target as cjuickly ,as possible; but since the trial and
error procedure was slower than a well understood and controlled movement, the total time v/as longer.

It was there-

fore concluded that the number of prongs on the plugs
influenced the total time of the movement and the speeds
in the different periods of the cycle, not because it vras
necessary to manipulate one plug more than another, but
because the plugs with relatively few prongs were more
easily understood.

If this is true, then the times would

depend mainly on the number of prongs rather than the
degrees of freedom.

If time depends on discrimination,

then, as the experience of an operator increases and finer
discriminations are learned, the differences betvreen the
degrees of freedom should shrink.
It may also be true that the degrees of freedom
become inversely proportional to time once all elements
of discrimination have been eliminated.

The five- and six-

prong plugs (0 and 5 degrees of freedom) are vridely separated from the two- and four-prong plugs. The difference
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between the plugs in each of these groups is as would be
predicted by the original theory; that is, increasing
the degrees of freedom reduces time.
Wall (13) , v/orking with the degree of freedom concept
and using cylindrical plugs of zero, three, and infinite
degree of freedom, concluded that:
For the element. Position, workpieces
having three degrees of freedom-required
the longest time follovred by workpieces
with zero and infinite degrees of freedom
in that order.*^" 1-6 must be concluded that
for Position in tjie secjuence of elements
studied, a vrorkpiece with no degrees of
freedom is better than one with lovr
degrees of freedom. If the conclusion
is universally valid . . . it would mean
that the worker usually uses secondary
motions or develops a kinesthetic reflex
during the preceding Move to orient a
workpiece with zero degrees of freedom
v/hile this does not occur to a great
extent with workpieces having a low
number of degrees of freedom. . . .
The results of this study confirm that during positioning the zero degree of freedom plug is faster.

The plugs

with fewer degrees of freedom are also "better" than the
zero degree of freedom plug, but the five degree of freedom
plug is not significantly different from the zero degree
of freedom plug; and Wall's conclusion cannot be sustained
in light of these findings.
Phase
The phase Variable was significant in all time periods
The means for tihe in- and out-of-phase trials are shown
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for the Move period in Figure 15, for the Position period
in Figure 16, and for the Assemble period in Figure 17.
As was to be expected, the out-of-phase trials were
always slower than the in-phase trials. During the Move
period the out-of-phase trials were 41.8 percent slower,
during Position period the out-of-phase trials v/ere
9.64 percent slower, and during the Assemble period the
out-of-phase trials were 16.56 percent slower than the
in-phase trials.

The out-of-phase trials influenced the

Move period the most, followed by the Assemble and Position
periods.
If it is assumed that the differences between the
in- and out-of-phase trials are mainly attributable to the
Positioning element of indexing, then it will be seen that
the element does not occur entirely during either the Move,
the Position, or the Assemble, but is spread throughout
all three periods.
Subjects
The Subjects factor was influential in all time
periods and is significant in several interactions. The
subjects were allowed to work at their natural rates,
which were cjuite varied.

The range of mean total times

was from 1449 milliseconds to 2051 milliseconds.

Although

the subjects v/ere not highly experienced in manipulatory
work, there were several levels of natural proficiency.
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Although steps were taken to control the effects of
learning, the experimental data indicated that some learning
occured in the test section of the experiment.
Significant Interactions
Direction of Approach and Degree of Freedom
The interaction between the degree of freedom and
direction of approach variables v/as significant during the
Move and Assemble time periods.
The interaction, as it occurs during the Move period,
is shown in Figures 18 and 19.
The one degree of freedom plug appeared to be the
plug most influenced by the direction of approach during
the Move period.

Positions one, two, and six, which are

the positions from which moves were made away from the
body, are considerably faster than the toward-the-body
positions.

The relative differences between the positions

are similar to the relative times of the direction of
approach variable. This may mean that the one degree of
freedom plug was not complex enough to cause time differences in the Move period due to manipulation or
di scrimination.
The five degree of freedom plug seemed to be the
plug next most affected by the direction of approach.

The

curve was similar to that of the one degree of freedom.
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but in addition to fast and slow groups, there was an
intermediate group formed by positions four and five.
The curve for the three degree of freedom plug had
the same general shape as those for one and five degree of
freedom; but positions four, five, and six were faster
than position one.
The five degree of freedom curve is not as smooth as
the other curves because position three, which was among
the slowest positions for the other plugs, becomes relatively fast for the zero degree of freedom plug.
There does not seem to be a pattern to the interaction
during this time period, and the only general conclusion
that can be dravm is that positions one and six appear to
be the best positions from v>/hich to move the plugs.
During the Assemble period, for which the interaction
is shovm in Figures 20 and 21, the pattern of events seems
to be even less clear.
Compared to the curves in the Move period, the curves
for the one and three degree of freedom plugs are generally
reversed in the Assemble period while the zero and five
degree of freedom curves are not.
The effect of direction of approach is very similar
for the zero and five degree of freedom plugs.

For these

plugs, position three v/as particularly disadvantageous.
A general statement of the events which occured
during this period is also difficult to make.
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Degrees of Freedom and Phase
This interaction was significant in all time periods.
Figure 22 shov/s the interaction during the move
period.

The in-phase trials vrere clearly separated from

the out-of-phase trials for all degrees of freedom.
The in-phase trials vrere relatively similar, indicating
that the degrees of freedom did not become significant until
the next period.

The out-of-phase trials do not follow a

pattern which would be expected if the amount of rotation
was the only active factor. The three degree of freedom
plug requires 45

less rotation than the one degree of

freedom plug and should, therefore, have been the faster of
O

the tvro plugs. It may be that rotations of 180

(0 degree

of freedom plug) and 90

(1 degree of freedom plug) are
o
o
better understood than rotations of 45 and 30 and can
therefore be done in the earlier periods of the task.
During the Position period shown in Figure 23, the
differences between the in- and out-of-phase trials vrere
less clear cut; in fact, the one degree of freedom plug
was somewhat faster during the out-of-phase trials than
during the in-phase trials.
During the Assemble period shown in Figure 24, the
effect of prepositioning v/as most apparent on the zero
and five degree of freedom plugs.
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It was concluded that the one degree of freedom plug
was least affected by the prepositioning, followed by the
three, five, and zero degree of freedom plugs; and even
though the five and zero degree of freedom plugs were
influenced by the prepositioning during both the Move and
Position periods, they were not effectively positioned in
these periods but were actually positioned during the
Assemble period.
Direction of Approach, Degrees of Freedom
and Phase
This interaction is graphed in Figures 25 through
27-

The interaction v/as significant in the Move period.
The curves of the in- and out-of-phase trials are

similar to each other and display effects v/hich have been
mentioned in the previous discussions of the factors and
their interactions with three exceptions. The exceptions
are the zero degree of freedom plug at position one and
the zero and five degrees of freedom plugs at positions
four and five.
The zero and five degree of freedom plugs vrere slower
than the other plugs. From the graphs it can be seen that
for the Move period this effect occurred mainly at three
positions:

position one, four, and five. The question

therefore arises as to why certain plugs are influenced
by positions when the plugs are prepositioned differently.
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It is felt that perhaps as plugs are moved along certain
paths the rotation of the hand and arm during the move
leaves the plug (which was originally in-phase) somewhat
out-of-phase at the target.

This slight deviation could

perhaps be easily lost in the hunt and seek procedure
apparently used for the zero and five degree of freedom
plugs.

But during the out-of-phase trials, this effect

combined with the more exacting positioning requirements
of the zero and five degree of freedom may produce a large
degree of confusion and thereby slow the times of the
moves.
Electromyograms
A typical electromyogram is shown in Figure 28. The
track labeled I is the record of the electrical activity
in the extensor muscles, and the track labeled II is the
record of the flexor muscles.
There are two indications of muscular activity,
labeled A and B, on the track of the extensor muscles.

The

track for the flexor muscles shovrs only one indication of
activity; this is labeled C.
preceded by A.

B and C occur simultaneously,

This is taken to mean that after the

extensor muscle had contracted to aid in the manipulations,
both extensor and flexor muscles contracted to hold the
hand and arm.

Once the plug had reached the target.
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Figure 28—Typical Electromyogram
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positioning was probably achieved by use of the muscles
in the upper arm or the fingers, or more probably both.
Electrodes placed on the pectoralis and latissimus dorsi
muscles, as well as the fingers, would perhaps have been
more informative as to the nature of the muscular activity
taking place during the task.

CHAPTER V
CONCLUSIONS AND RECOl^MEl^DATIONS
This thesis has described an experiment in which
plugs resembling vacuum tubes were moved from a storage
area and inserted in a target plate located in the central
portion of the worksurface.
The time required for the task was broken into three
periods—a Move period, a Position period, and an A.ssemble
period.
Six storage areas v/ere tested to determine if the
direction from which a target is approached has an influence
on the times required for the task.
The plugs used in the task had zero, one, three, and
five degree of freedom.
The task was divided into trials which began with
the plugs prepositioned in-phase and trials vrhich began
with the plugs prepositioned out-of-phase.
The direction of approach, degree of freedom, and
phase variables were all significant during at least one
time period.

The results and conclusions for each variable

will be discussed separately.

Following this discussion

will be a discussion of the interactions; and finally,
recommendations will be made for future research.

It

should be understood that the conclusions should be
82
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considered valid only within the restrictions imposed by
the experimental task.
Direction of Approach
The direction of approach was significant only during
the Move period.

This result was unexpected, because it

was assumed that Position time would also be influenced.
This assumption was based on a consideration of the muscular
activity which takes place during the Position period.
During this period the muscles which must slov/ dovm and
eventually stop the move should be contracting.

The

muscles v/hich stop the move v/ill be different at different
positions.

For example, the primary muscle controlling

the deceleration of the forearm from position one should
be the biceps muscle.

The primary muscle controlling

deceleration from position four should be the triceps
muscle.

It was thought that because these muscles are

usually not the same size and because the mechanical actions.
of the muscles are not the same, the speeds of the movement
would be different.

This idea should also apply to the

muscles in the shoulder.
Hov/ever, the F-ratio for the direction of approach
variable was less than one in the Position period; and it
must be concluded that either the muscles can compensate
in terms of speed for the differences in sir^e and mechanical
action or that other factors vrere present.
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Moves toward the target vrere fastest from a storage
location directly in front of the worker.

It can be

concluded that at this position move times are optimal
or at least near optimal for the type of moves v/hich
occurred in this study.
It is fortunate that storage areas are seldom
located at position three, for this position is the slov/est
for right-handed operators and should be avoided.
The move times in this experiment did not correspond
to the move times found by Schmidke and Stier (11). This
may be due to several reasons. One reason may be that the
experiment described in this thesis differed from Schmidke
and Stier's experimvent. The experiments differed in tvro
respects.

First, the moves made in this experiment vrere

approximately half the length of Schmidke and Stier's
moves.

Their findings may have resulted from the effects

of longer distance.

Second, Schmidke and Stier's moves

vrere done in the same direction along the entire axis.
The moves described in this study were made in opposing
directions on the same axis.
On the other hand, the positioning elements in the
experimental task may account for the differences.
A third possibility is that the positions vrhich
Schmidke and Stier did not investigate may not have fitted
the theoretical curve.

Ilttthk.
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Whatever the reason for the differences in the
results, it seems clear that moves made along the axis
indicated as being the axis of slowest moves by Schmidke
and Stier are not necessarily slovr moves.

The moves made

on this axis from position six vrere the second fastest
moves•
It is also possible that the Schmidke and Stier
axis of slowest moves appeared to be the slovrest axis
because of the influence of the latter half of the move.
Positions three and six were significantly different.
There were no significant differences between those
positions from which away-from-the-body and tovrard-thebody moves vrere made, although position one 'ras significantly different from position four. These positions lay
along a line which vras perpendicular to the edge of the
work surface, and the avray-from-the-body moves were
faster.
The right to left moves vrere not faster than the left
to right moves, and McCorTnick's (9) suggestion that the
small differences betvreen the tvro are easily obscured by
other factors v/as correct.
Degrees of Freedom
The degrees of freedom factor was significant in the
Position and Assemble periods.

It was the only factor
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v/hich was not significant during the Move period.

From

this it was concluded that the demands made by the differences between the plugs did not appear until the last
stages of the transport movement.
In the total time, the one degree of freedom plug
was the fastest, follovred in increasing order of speed by
the three, five, and zero degree of freedom plugs. The
speeds of the plugs vrere not uniform during each of the
significant periods.
There was a complete reversal of the curves from the
Position period to the Assemble period.

The reversal of

relative speeds held for all degrees of freedom.

It was

concluded that the reversal of speeds indicated that the
one and three degree of freedom plugs could be positioned
to some degree prior to reaching the target while the zero
and five degree of freedom plugs could not.
theorized that this resulted from:

It was

(1) the rcelationship

between the plugs with fewer prongs and the target was
more easily learned and (2) once this relationship v/as
learned for the plugs v/ith higher degrees of freedom, the
original concept that time decreases with increasing
degrees of freedom would become true.
The plugs used in this experiment behaved similarly
to the plugs in Wall»s (13) study, although comparisons
could be made only for the zero and three degree of freedom
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plugs.

It v/as therefore felt that vrhile times may be

different for plugs of different configuration, the relative
speeds vrithin a particular configuration may be comparable
on a degree of freedom basis.
Direction of A-pproach and Degrees
of Freedom
During the Move period, the one degree of freedom
plug v/as most affected by the direction of approach.

The

positions from v/hich away-from-the-body moves vrere made
were faster than those positions requiring toward-thebody moves.
The three degree of freedom plug was the least
affected by position.
During the Position period, the zero and five degree
of freedom plugs appear to be similarly influenced by
the direction of approach.
General statements concerning the active factors in
these periods are difficult to make because each level of
the interaction seems to be operating under unicjue
influences.
Degrees of Freedom and Phase
The one degree of freedom plug was least affected
by prepositioning, followed by the three, five, and zero
degree of freedom plugs.
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It was also concluded that the zero and five degree
of freedom plugs were positioned during the Assemble period,
even though the times for these plugs vrere significant in
other periods.
Direction of Approach, Degrees of
Freedom, and Phase
With some exceptions, the curves for the in- and outof-phase trials were similar at each position.

The excep-

tions were the zero and five degree of freedom plugs at
positions one, four, and five. At these positions there
were unusual differences between the in- and out-of-phase
trials for the plugs and positions mentioned above. It
was theorized that this result was due to the reorientation
of the plug caused by the path along which the move was
made.

Some paths may cause movements of greater curvature

than others, resulting in confusion.
Electromyograms
The electromyographic results indicated that the
extensor muscles performed a positioning movement.

This

was followed by a holding movement made simultaneously
with a similar holding movement by the flexor muscles.
Recommendati on s
In some cases, the results of this study were unexpected and provoked conjecture as to the possible causes
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of the observed behavior.

It is therefore felt that this

study has opened areas of research which may prove
fruitful.
An electromyographic study of the role played by
the back muscles in support of the reaching arm would
perhaps reveal that certain areas of the work surface
usually thought of as being easily accessible were, in fact,
accessible only if the trunk became involved in the
movement.
The relative efficiency of different muscles or
muscle groups in reducing the speed of similar movements
could also be investigated'by using electromyograms.
A thorough study of the dependency of the degree of
freedom concept on the configuration used would also seem
to be of value.
The role of discrimination in operations using
components of two or more degrees of freedom could be
tested by noting whether or not practice reduces the gap
between components with four prongs and those with five
prongs.
A study of the amount of rotation imparted to a
component by the natural swing of the arm would provide
useful information about the prepositioning of parts.
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ANOVA Table for Move Times

Factor

Degrees
of
Freedom

Sum of
Squares

Mean
Squares

368325.95

F
Ratio

Level
of
Significance

A

5

1841629.73

3.76

S

4

19353588.00

D

3

123938.64

41312.88

1.37

P

1

2300566.50

2300566.50

17.79

AS

20

1964434.50

98221.72

1.79

5

AD

15

2545153.25

169676.88

2.945

1

AP

5

177081.28

35416.26

<l

SD

12

361540.75

30128.40

<l

SP

4

517319.75

129329.94

2.36

DP

3

199813.19

66604.40

8.57

ASD

60

3453665.25

57561.09

1.05

ASP

20

997388.25

49869.41

<1

ADP

15

1459622.37

97308.16

2.39

SDP

12

93300.25

7775.02

</

ASDP

60

2434561.00

40576.02

<!

Within
Replecates

480

26317257.75

54827.62

Total

719

64140859.50

4838397.00 88.25

1

5%
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ANOVA Table for Position Times

Factor

Degrees
of
Freedom

Sum of
Squares

Mean
Squares

37791.52

F
Ratio

Level
of
Significance

A

5

188957.58

S

4

6655232.00

D

3

146904.39

48968.13

3.79

5%

P

1

350506.66

350506.66

8.78

5%

AS

20

1001250.88

50062.54

1.72

5

AD

15

612027.98

40801.87

1.08

AP

5

242579.32

48515.86

1.82

SD

12

154902^88

12908.57

<l

SP

4

159759.81

39939.95

1.37

DP

3

164795.85

54931.95

4,03

ASD

60

2263874.38

37731.24

1.30

ASP

20

534290.00

26714.50

<1

ADP

15

664164.23

44277.61

1.72

SDP

12

163503.94

13625.33

</

ASDP

60

1538420.75

25640.35

<1

Within
Replecates

480

13977512.63

29119.82

Total

719

28818682.75

<1

1663808.00 57.14

1

5%
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ANOVA Table for Assemble Time

Factor

Degrees
of
Freedom

Sum of
Squares

Mean
Squares

F
Ratio

Level
of
Significance

A

5

1300528.39

260105.68

1.03

S

4

2513770.19

628442.55

4.59

1

D

3

3555212.16

1185070.72

3.81

5%

P

1

1014450.24

1014450.24 34.10

1

AS

20

5072769.69

253638.48

1.85

5

AD

15

6643409.13

442893.94

2.72

1

AP

5

1561629.63

312325.92

2.79

5

SD

12

3734216.19

311184.68

2.27

1

SP

4

119212.91

29803.23

DP

3

1619771.56

539923.85

3.94

ASD

60

9779993.25

162999.87

1.19

ASP

20

2235513.50

111775.67

<i

ADP

15

1284097.38

85606.49

SDP

12

1640680.38

136723.36

<l

ASDP

60

8308153.50

138469.22

1.01

Within
Replecates

480

65673362.50

136819.50

Total

719

116056769.00

<l

<l

5%
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ANOVA Table for Total Time

Factor

Degrees
of
Freedom

Sum of
Squares

Mean
Squares

F
Ratio

Level
of
Signifi-cance

1323391.75

2.75

5%

A

5

6616958.81

S

4

30186836.25

D

3

2942533.41

P

1

9709438.25

AS

20

9606167.00

480308.35

2.23

1

AD

15

9190511.63

612700.77

2.55

1%

AP

5

1796941.50

359388.30

2.06

SD

12

2753249.00

229437.42

1.06

SP

4

779267.00

194816.75

4/

DP

3

3879438.00

ASD

60

14397270.50

239954.51

1.11

ASP

20

3485487.50

174274.38

</

ADP

15

3755864.00

250390.93

1.25

SDP

12

1136190.50

94682.54

</

ASDP

60

11997584.00

199959.73

<l

Within
Replecates

480

103293562.00

215194.92

Total

719

215527296.00

7546709.06 35.07
980844.47

1

4.27

5

9709438.25 49.80

1

1293146.28 13.68

1

APPENDIX B
SIGNIFICANT MEANS

98
SINGLE VARIABLES
Period
Move

Position

Assemble

Total

Direction of Approach
1
2
3
4
5
6

727..00
797,.63
871,.42
834,.74
859,.57
752..78

1
2
3
4
5

524..09
986 .00
722..23
904 .08
882 .89

1664. 38
1747. 42
1961. 42
1790. 90
1790. 17
1691. 88

Subjects
410. 81
628,.19
345,.56
489..57
512..43

514, 14
437, 45
593. 93
477,.71
433,.70

1449, 04
2051..65
1661,.72
1880..36
1829..03

463,.94
491..23
495 .38
465 .90

564 .92
430 .15
412 .72
557 .77

1851 .71
1707 .88
1714 .67
1823 .18

457 .05
501 .18

453 .85
528 .92

1658 .24
1890 ,49

Degrees of Freedom
0
1
3
5
Phase
In
Out

747 .33
860 .38

99
INTERAJ3TI0NS
DIRECTION OF APPROACH'AND DEGREES OF FREEDOM
DEGREES OF FREEDOM

Direction of Approach
(Move Period)
1
2
3
4
5
6

785.37
770.10
847.77
796.73
882.43
854.73

599.07
694.13
897.67
945.17
888.97
693.97

811.10
863.67
852.73
795.00
780.37
736.60

712.50
862.63
887.47
802.07
806.53
725.83

373.67
520.07
847.33
499.80
604.43
544.20

625.23
357.90
343.80
536.63
352.37
365.00

412.23
491.50
389.53
343.90
376.33
462.80

511.17
499.40
762.17
489.20
543.87
540.80

1626.10
1722.13
2192.80
1736.27
1944.07
1888.90

1684.97
1593.67
1694.03
2008.53
1743.20
1522.93

1676.17
1817.03
1808.10
1645.37
1691.10
1650.27

1670.27
1856.87
2150.77
1773.43
1782.30
1705.43

(Assemble Period)
1
2
3
4
5
6
(Total Time)
1
2
3
4
5
6

DIRECTION OF APPROACH AND PHASE
Position
1
2
3
4
5
6

In
485.42
409.13
503.37
456.20
366.43
502.56

Out
475.73
525.30
668.05
478.57
572.07
453.84

100
DEGREES OF FREEDOM Airo PHASE

Move Period
In
Out

729.62
898.30

751.25
821.74

761.04
852.11

729.62
869.^,0

429.10
497.54

494.68
487.79

470.16
510.60

434.27
497.54

454.07
675.76

423.97
436.34

425.83
399.66

511.54
603.99

1630.58
2072.84

1669.90
1745.83

1657.03
1772.31

1675.43
1970.92

Position Period
In
Out
Assemble Period
In
Out
Total Time
In
Out

DIRECTION OF APPROACH, DEGREES OF FREEDOM AND PHASE
MOVE PERIOD
Position 1

603.47
810.47
622.20
712.0

I

0

I
1
3
0
5

Position 2

594.60
809.73
948.53
713.00

1
3
0
5

1
3
0
5

829.0
796.2
757.23
842.0

718. 73
942, 66
776. 4
897. 73

Posi tion 4

Position 3
I

669 .53
784 .67
763 .80
837 .33

0

0
966.4
909.2
928.4
934.73

1
3
0
5

I

0

903 .40
732 .00
714 .40
668 .07

986..92
858..00
879..07
936 .07

101
Position 5
I
1
3
0
5

885.07
789.93
825.60
619.67

Position 6
0

892.87
770.80
939.27
993.4

1
3
0
5

617.07
651.00
801.47
698.67

770.67
822.2
908.13
753.0

