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INTRODUCTION

The laét two decades have witnessed a significant shift to-
ward placing a greater reliance upon systematié research and re-
duced emphasis upon human experience as the basis for developing
principles and data to be applied in adapting equipment, work spaée
and environment for human use. This shift has led to the rapid
development of the field of "human factors" - a branch of applied
science aimed at matcﬁing machines and tasks with the abilities of
their human operators, designing tools and equipment so people can
use them effectiveiy and creating environments that are suitable
for human living and work.

The current developmen£ of complex man-machine systems such
as missiles, spaée ships, surveillance systems, and automated pro-
duction systems has produced myriads of mundane products and items
of equipment that need more attention to their human factors asp-
ect. It has been found, often through unﬁappy experience, that
some of these deviées are not appropriately designed to be used
effectively by their operators; human errors are excessive and
many accidents occur because of mistakes which are attributed to
design deficiencies.

The role of the driver, in relation to his vehicle, typifies
the'interacfion of a man-machine system. As automobile usage in-

creased, the automobile became a greater hazard on the highways.



Time magazine expressed the hazard of being on an American road
in a car in 1967 as "Automobiles are intended to be used in an
environment in which a traffic death occurs every eleven minutes
and an injury every nineteen seconds". The motor vehicle has
become central to our way of life, profoundly influencing our
living, working and playing patterns and providing a variety of
gratifications. These conveniences and gratifications, however,
have been reached aﬁ a high price. Automobile accidents cost

the American economy $14.2 billion in 1968, up $1.8 billion or
14% over the 1967 figure of $12.4 billion according to the Insur-
ance Information Institute. There were a record of 55,500 traffic
deaths; 4.5% more than the 1967 toll of 53,100. The problem is
immense and deserves a careful analysis so that remedies can be
suggested.

At present the driver is expected to compensate for the
limitations and deficiéncies of his vehicle, the highway, and
other drivers. Most drivers are able to do so most of the time.
However, at least once each year approximately 25% of all drivers
and 41% of drivers under the age of 20 do not cope successfully
with the demands made upon them (Accident Facts 1966, NSC).
There is thus an imbalance between the technology of the motor
vehicle transportation system and the demands made upon driver

capabilities. Even the normally competent, careful and responsi-



ble driver occasionally will be careless, irresponsible, distrac-
ted, fatigued, ill, upset or preoccupied. The normally competent
driver is then a variable element in the system. Even the nor-
mally well-engineered, controlled access, properly-signed and
uncongested highway occasionally will be slick with ice, obscured
by fog or congested with a mix of vehicles. The motor vehicle
system is variable in its demands upon driver capabilities. |
Figure 1 shows the hypothesis that a localized system faildre,ror
50 called accident, occurs when the system demands exceed driver
capability. (Blumentﬁal, 1968). A U. S. Department of Commerce
analysis of road safety concludes that: "Drivers are being asked
to make judgments that they cannot make well, to make deéisions
faster than humanly possible, and to make changes in direction
and speed more accurately thah they possibly can". (Miller,
1966).

| Needless to say, traffic safety is a problém with technolo-
gical, behavioral, sociological and value dimensions. The solu-
tion must be many—facefed; From a human engineering point of
view, reducing system demands,respecially motor vehicle control
systems demands, seems to be £he most economical way of improving
safety. One of the parameters which affects safety is the
operator's pe;missible margin of error. The greater this margin,

the less the chances of an accident (or less the severity of an
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Figure 1. Hypothetical Localized System Failure



accident). This margin is dependent upon design and one of the
facets of design is the permissible time lag between the deci-
sion of the controller and the actuation of the control. This
time lag, elements of which are reaction time and travel time of
the control,is the time between the appearance of a stimulus and
the completion of operator's response to the presented condition,

It is assumed that the shorter the actual time lag, the
greater is the permissible margin or error. This axiom is based
on the premise that the gréater the time available for the auto-
mobile to attain a specified conditipn.(that of lower or zero
speed) from another given condition (that of moving at a certain
higher speed), the greater is the possibility of éutomobile's
achieving it,

Reactibn time, as referred abdﬁe, is défined as the delay
between the occurrence of a stimulhs and the initiation of a
response, whereas travél time of the control is defined as the
period from the start of a ré5ponse to its completion by the
0perat9r. Reaction time;'as defined here, comprises:

1. Sensing time: The time required to sense a

signal. VThis is a function of the pxoperties
of the signal (size, intensity; duration, etc.).

2. Decision time: The time required-to complete

the neurological process of selection of the



correct response to the presented stimulus.

This depends upon the complexity of the decision
to be made and the number of times the situation
has been practiced.

3. Response time: The time required to respond to

a signal. This depends on the limb used, the
distance to be movgd and the accuracy required for
the move,

Travel time, as defined herg, comprises the actual time of |
movement of the contrél. This time is a function of the complex-
ity of the response (e.g. force, displacement and precision require-
ments) and the body member being used. |

If any of these factors.can be so controlled that-their time
- of execution is reduced, the actual time lag will be decreased and
the permissible margin of error increased.

A desirable approach to designing controls would consider the
distribution of actual forces and torques exerted by an operator
when using the control. Knowledge of the magnitude and direction
of these forces and torques, as well as'their duration, would
permit calculation of physiological costs for alternative control
configurations. BAs a result of this new approach to methods
enginee;ing, the development of an effectife methodology for

measuring physiological costs of work is receiving consider-



able attention. Davis and Miller (1962) suggest two reasons for
the urgencj to better understand the demands of jobs and the
capabilities of people:

1. Due to increased mechanization and automation,

the individual has more impact on the system,
and hence, the repercussions of a poor job design
now become more severe and costly.

2. The rapid advénces which have occurred in the

life sciences and the field of electronicsApro-
mote the attainment of physiological data.

Perfection of an efficient, well-founded technique for measur-
ing the costsrof work in a natural working environment would con-
ceivably providé analysis with a bésic tool for predicting the
nature of operator performance. Such a technique lends itself to
the solution of problems concerning the evaluation of alternative
work methods and the reduction of physioiogical fatigue and work
stress, Consequently, the purpose of this research was to investi-
gate the design considerations of a dual-function pedal as a

function of the physiological cost measured by a force platform.



LITERATURE REVIEW

The literature review has been divided into three parts.
The first part describes the work done on single action pedals.
The second part deals with the experiments conducted on dual-
function pedals at Kansas State University. The third part
traces the history of the various techniques used to estiméte phy-

siological cost.

Single Action Pedals

The first efforts to determine an optimal foot'pedal design
were made by Barnes, Hardaway and Podolsky in 1942, The five
pedals investigated differed only in the location of the fulcrum.
‘The pedals wefe operated from the seated position that felt most
comfortable. All pedals were operated as altrip'type such as
wouid be found on a punch press. Fifteen operators (twelve male
and three femélé) performed the routine twice, first using the
pedais in the order 1, 2, 3, 4, 5, and the second time in the
reverse order. Usiné a 90 second session of.continuousrup and
down moveﬁent, it wés found that the foot pedal with the fulcrum
at the heel ﬂad 109 milliseconds for the downward stroke; the
worst pedal had 137 milliseconds.

Utilizing a force platform,Lauru (1957) investigated the

lateral, vertical and frontal forces involved in activating



pedals from a seated position. 1In comparison with Barnes and his
associates (1942), who had found that a pedal pivoted at the heel
yielded the least time per cycle, Lauru fouﬁd both the least time
per cycle and least force requirements for a pedal pivoted at the
axis of the tibia. Neither report presented complete data on the
design of the pedals.

McFarland (1966) recommended that for pedal forces over 20
pounds the long axes.of the foot and lower leg should form a 90
degree angle, since this angle required least muscular effort to
hold the foot in position. For small pedal forces tunder 20
pounds), the knee angle should be at least 90 degrees - prefer-
ably 135 degrees or more. |

Ayoub and Trombley (1967) used reaction time to a visual
stimulus and the time of travel to a fixed‘stop as the criteria
for optimality for foot pedal design. Five sﬁbjects per formed
the experiment in a siﬁgle session requiring appfoximately two
hours and fifteen minutes. -The_position of the fulcrum at the
heel, with the load attached at the ball of the.foot,‘gave minimum
time of 247 milliseconds; the worst pedal had a time of 258 milli-
seconds. The optimum range of foot tibia angle was found to be
from 78 té 96 degrees; however, 84 degrees waé the recommended

angle.
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pual-Function Pedals

Versace (1566) at the Human Factors Department at the Ford
Motor Company éonducted some prqliminary studies of dual brake-
accelerator devices on automobiles but failed to show anf
‘'unusual advantage over the coﬁventional two pedal system.

One type of "one-pedal control” of a car was developed by
‘Humphrey, Inc., (1968). 1In this method various degrees of brak-
ing are accomplished by simply letting up on the accelerator
pedal., Three distinct braking zZones are provided; an upper pro-
portional braking zone, a middle neutral zone or coasting zone,
and a lower acceleration zone, However, this design has the
limitation that the driver has to keep his foot constantly on the
pedal. If due to fatigue or some other reason, he removed his
foot from the pedal, the car Qill come to a panic stop.

Fenton and Montano (1968) reported having used a hand-opera-
'ted control stick which was installed in a test vehicle to replace
the steering wheel; accelerator pedal and brake pedél. This
spring loaded stick was located in front of the driver and dis-
placement from the neutral position was proportional to the
applied force. The vehicle was steered by moving the control
stick head to the left or right, accelerated by moving it forward

and braked by pulling it back.
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A series of ten experiments conducted at Kansas State Univer-
sity is briefly described below. (Chawla, 1969) (Konz, Wadehra,
Sathaye and Chawla, 1969).

In the first experiment, (Konz and Daccarrett, 1967) relative
quickness of activating a control by handland foot were compared
for 12 subjects. The following four conditions were studied:

1. Honk horn; starting position - hand on the horn rim.

2. Honk horn; étarting position - hand on steéring wheel.

3. Depress brake; stafting position - left foot on brake.

4. Depress brake; starting position - right foot onA

depressed accelerator. |

The times for actuatidn-in condition 1 (.38 seconds) and 3
(;39 secénds) were not significantly different from each other
but were significantly faster than in condition§ 2 (.56 seconds)
and 4 (.59 seconds).

The advantage obtained in conditions-l and 3 was primarily
due to elimination of the movement of the limb from one location
to another location. Two possible design feasibilities emerged'-
from the experiment; 1. design the control so that the effector
limb is able to be poised on it for actuation at all times. This
control couid be properly positioned for left foot actuation as

the left foot is free in nearly 80 per cent of the cars on the
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road. 2. One of the other three limbs (right foot, right hand,
left hand) would be given the additional task of braking along
with its present job, This could be achievéd by some integrated
control. From the design point of view, in the second alterna-
tive, it would be easier to combine the brakihg function with
the accelerator pedal than with the steering wheel because the
foot is in a relatively fixed position_while hands move and are
already busy with mény tasks.

The second experiment (Konz and Daccarrett, 1967) on 121
subjects, was done on a combined brake and accele;étor pedal
designed by Mr. C. N. Winkleman, (U. S. Patent_No. 2,878,908)
because of its availability. There haée been at least 16 other
patents granted to various inventors on dual-function pedals
since 1924,

This pedal activated the accelerator'ﬁhén the toe was pressed
down and activated thé braké when the heel was pressed down.
There was an interlock between the two conﬁrols to prevent simul-
taneogs actuation of both controls. Figure 2 shows a sketch of
this devicé.

Eleven of the 12 subjects in experiment 1 (Konz and Daccar-
rett, 1967) also parficipated in experiment 2 (Konz and Daccarrett,
1967). The time for actuation of the eleven subjects was .62

seconds for condition 4 of experiment 1; the .41 seconds when
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using the combined control was significantly (p <.0l) lower.

In experiment 3. (Konz and Daccarrett, 1967) an American Auto-
mobile Association (AAA) reaction timer comprising a conventional
system of clutch, brake ahd accelerator pedal was compared with
the Winkleman integrated control for 25 subjects. It was observed
the 0.29 seconds when using the left foot poised on the control
was significantly (p ¢ .05) less than the 0.36 seconds of the
integrated control aﬁd the 0.36 seconds was significantly less
than the 0.45 seconds when using the right foot from the acceler-
ator.

The preceeding three experiménts conducted in a laboratory
indicated some of the potential advantages of the integrated
control. The next experiment (Konz, Koe and Kalra, 1968) there-
fore was conducted on the highway. The integrated control was
mounted in a 1960 Rambler. It was made interchangeable with the
‘conventional accelerator and brake pedals and the two were tested
for reaction times while driving on a highway. Thirteen subjects
| drove two miles on a two lane highway without intersections with
one control and then drove back with the other control in place.
The average reaction time for the combined control (.47 seconds)
was significantly (p < .01) lower than for the conventional sys-

tem (.57 seconds).
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In the fifth experiment, back in the laboratory, a new dual-
function pedal prototype (withdut interlock) was used., (Konz,
Koe and Kalra, 1968). The reaction times for 72 subjects were
tested for the AAA reaction timer on a parked 1960 Rambler equipped
with automatic traﬂsmission, and the new dual-function pedal
mounted on a test box. The dual-function pedal with a reaction
time of 0.323 seconds was found to be significantly (p ¢.0l)
faster than both fhé AAA reaction timer (0.483 seconds) and the
1960 Rambler conventional (0.432 seconds). Therdual—function
pedal had the minimum learning effect.

Experiment 6 was run to determine the effect of varying some
~of the parameters in the design of the dual-function pedal.
(Konz, Koe and Kalra, 1968; Kalra, 1968) More specifiéally, the
distances between the heel of the pedal to the brake and acceler-
ator shaft were altered (See Figure 2). The criterion was
minimum reaction time. No specific values of these variables or
any combination were better than others, within the tested range
of d (.5" to 2.5") and L (5" to 9").

Experiment seven (Wadhera, 1968) was conducted to determine
minimum réaction time with varying pedal angle with the floor,
brake forée, accglerator force and seat reference distance (SRD).

The value of the brake force was varied between 13 to 21

pounds, without losing more than 15 milliseconds. A range of 4
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to 8 poundé was found to be optimum for accelerator force. The
recommended optimum rangé of pedal angles was between 30 to 40

degrees. SRD seemed to be optimum between 45 to 55 per cent of
the subject's height.

Experiment eight (Sathaye, 1969) was conducted to obtain an
optimum design of the dual-function pedal, with respect to four
paraﬁeters: » inclination of the foot pedal with the automobile
floor; SRD, the disténce between heel of the pedal and intersec-
tion of seat surface with the back rest of the pedal, and , the
angle by which the pedal assembly was rotated in the clockwise
direction around the vertical axis.‘ Reaction time was used as
the criterion. Four subjécts were used and the experiment was
conducted in a parked 1956 Chevrolet automobile with its engine
- running. The optimum angle for was-found to lie between 30 to
45 degrees without losing more than 10 milliseconds within that
range. The optimum SRD was between 40 to 50 per cent of the
subject's height withouf losing more than 15 milliseconds. The
optimum value of seat height was nine inches; howevef a range
from 8 to 10 inches could be usedrwithout affecting the reaction
time by more than 10 milliseconds. The angle of twist, , when
varied from O to 14 degrees did not have a significant effect on
the reaction time. A reaction time of 290 milliseconds was

found for the optimum design.
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Experiment nine (Chawla, 1969) was-conducted.to investigate
the effect of varying , and SRD, while keeping the seat height
fixed at 9 incheé. Four staff ﬁembers from Kansas State Univer-
sity, each having at least 40 years of driving experience; were
used as subjects. In addition 50 subjects (male and female) were
used from an Engineering Open House (March 15, 1969) to compare
reaction times of the dual-function pedal to that of the conven-
tional system,

For therfouf experimental subjects a reaction time of 270
milliseconds was'foﬁnd for the optimum design; the conventional
brake-accelerator system required 519 milliseconds. For fifty
Engineéring Opén-House visitoré, the dual-function pedal averaged
280 milliseconds-and the conventional system 470 milliseconds.

V'The optimum pedal angle was between 30 and 40 degrees. The
optimum seat reference distance was estimated to be between 40
to 50 per cent of the subject's height. Eeyond this region a
change of 1 per ceht in SRD increased reaction time approximately
7 milliseconds per per cent ofiseat reference distance. The
angle of twist, when varied between 90 to 115 degrees, did not
have a significant effect on the reaction time. Negative
angles (Iesslthan 90 degrees) increased the reaction time. .At
the best ¢ondition the mean feaction time of the older subjects
(average age: 60 years) used in this experiment was less than

that of the young students (average age: 23 yearsj used in
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experiment eight (Sathaye, 1969). This might be due to the fact
that older subjects had nearly ten times more driving experience
than young students,

Experiment ten (Amar and Arora, 1969) was conducted to
optimize the variables 4@ and L using reaction time and travel time
as the criteria. This study confirmed that the criterion of
reaction time did not act as a constraint in the tested ranges of
é{.5" to 3.5") and L(S“ to 9"), a result already observed in
experiment six. chéver, using travel time as a criterion, the
recommended optimum range for d was between 1.5" and 3", and for

L, it was between approximately 7" and 8,75"3

Predicting Physiological Cost

Over the years considerable resegrgh has bean conducted in
an effort to find a physiological factor éhat varies with thg
intensity of muscular work and is adaptablé to noncomplex measure-
ment_and recording procedufes. Advances in the fieldlof elec-
tronics have yielded many notewb:thy improvements in the
techniques used to predic£ energy exéenditure. A brief re#iew of
these techniques for industrial on-the-job use is given below,

Work e;ergy requirements have been measured by many differ-
ent and elaborate methods all 6f which have their own particular
advantages and disadvantages. Green; Morris and Wiebers (1959)

and Ingenhol (1959) discuss various techniques. Most of the
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equipment is costly and requires the subject to be attached to
the instrument in some wa?. For instance, in a gasometer investi-
gation by Green and Morris (1958), exhausted air from an individ-
ual was collectéd and its contents énalyged. From the CO,
content of tﬁe exhausted air a relationship was established to
the amount of energy used.r Of course the gas maskrhad a physical
as well as a psycholqgical effect on the worker‘s pérformance.
Another problem is that the oxygen "debt" incurred has a time lag
which makes it difficult to assign a quantitétive value to energy
uséd (expended) on a specific part of tﬁe task. (Konz and Day,
1266)

Frederik (1959), in detefmining the bes£ heights and weights
for liftiﬁg, used the previously mentioned method of indirect
'calorimetry which utilizes the measurément of oxygen converted
into carbon dioxide over and abové that for the basic metabolism,
This method requires appreciable physical force to be exerted.
Ingenhol says oxygen consumption crosses a threshold when the
weight lifted exceeds approximately 10 kilograms (22 pounds),
Below this threshold the difference between metabolism while
working and the basic metabolism is not deteétable by €O,
measurements. For example, the minimum weight lifted in Frederik's

experiment was 20 pounds which is near this threshold.
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Nichols and Amrine (1959) measured energy expenditure by
using the heart rate and assuming that a faster heart rate was
associated with more effort or energy exerted. Fahnestock, Boyes,
Sargent, Springer and Siler (1963) point out, however,that there
is not a linear relationship between the energy and heart rate,
Fahnestock's subjects pedaled a bicycle ergometer at 30 rpm for
several hours and he found that the heart beat rate rises for
approximately 30 miﬁutes after the start of work even though a
constant amount of energy is being exerted. After 30 minutes,

the heart rate was relatively constant.

Design of Force Platform

Many of these measurement probléms can be overcome by the ﬁse
of the force platform. This device_was developed by Lauru (1957),
improved by Greene and Morris (1959), and further modified by
Barany (1961) with the aid of a grant from the National Science
Foundation. It detects forces as small aé a heart beat in three
independent perpendicular planes. No attachments are required to
be made between the Subject and the apparatus. Laﬁru's device
consistedlof a triangular platform balanced in space by means of
piezo-ele;tric quartz crystals in a manner such that they simul-
taneously detected changes in force in the vertical, frontal and
lateral directions. Thercrystals converted minute variations in

pressure to proportional variations of electric current which was
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amplified and recorded photographically on an oscilloscope. Lauru
did not report evidence that the proposed measure of bodily move-
ments was in fact a measure of physiological cost. However, he
did imply from his studies that thellarger the area under the
reaction force trace, the more effort required for the given task
(Lauru, 1957).

The force-platform constructed by Greene and Morris (1959)
consisted of a rigid equilateral triangular top frame balanced in
space by steel bélls that rested on cantilever beams. The beams
were suspended from é stéei subframe. An externally applied
force resulted in a propo;tionél beém deflection which, in turn,
was éonverted into a proportiohal amount of electrical voltage by
means of Linear Variable Diffe;ential Transformers (LVDT) and
‘were recorded on three channels of a Brush Recorder.

In 1964 Greene's platform was improved by Barany and Whetsalr
(Whetsal, 1964). They used three additional cantilever beams to
preload the three beams acting upward so that forces acting up
could be detected as well as those acting down. The three éddi—
tional beams were supported at the tips of a second triangle
rotated 60 degrees with respect to the'first, making a hexagﬁn
shapeded platform.

A major improvement, torgque measurement about the three axes,

was introduced by Konz and Hearn (Hearn and Konz, 1968); The
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method selected to measure the torques ébout the thrée axes was
quite simple. Two extra LVDT's for each axis were placed on the
lower platform with their lines of action located an equal dis-
tance on either side of the torque axis. The lines of action of
these transformer cores also lie in a plane which is perpendicu-
lar to the associaﬁed 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. At the same time, both the cores may moﬁe along their
lines of action by the same amount, remain in balance and thus

- have no output signal.

Meaning of Ouﬁgpt of Force Platform

| Using his platform, Greene (1957) investigated the hypothesis
thatlthe force traces indicate the actual physiologiéal costé to
é worker as measured by oxygen comsumption. A foot ergometer task
was ﬁsed at four levels of force and four different work paces
for four different subjects. The results yielded correiations
between force-time fecordings and oxygen consumption of 0,79,
0.23, 0.75, and 0.76 for each subject, respectively, and pooled
correlation of 0.78, disregarding the second individual's regres-
sion coefficient.- Although the correlations were significant,
Greene discredits the results by declaring that because distance

was fixed, better correlations were obtained than if distance had
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been made a variable in the experiment. According to Greene, the
force-platform yields only a continuous record of the force, and
no more; hence it is impossible for the platform alone to measure
mechanical work, since work is defined as force times distance.
One possible solution to this problem, suggested by Greene, would
be to relate platform forces to calorie cost by means of a family
of curves for each task, one curve for each distance. Differgnt
tasks could possibly be divided into three groups; one group for
those tasks utilizing leg motions, one for arm motions, and a
third for hand motions. (Yoder, 1964).

Brouha (1960) used é Lauru platform to obtain continuous and
guantitative records of all the dynamic forces and elements of
motion. Using this apparatus, he étudied the relation between
the forces recorded by the platform and the oxygen consumption
needed to do the work. The task consisted of raising and lower-
ing the arms from shoulder level to full extension above the head
while lifting either a zero load, a 2.2 poﬁnd weight, or a 4.84
pound weight. Force platform records were taken only in the ver-
tical plane, and oxygen consumption was measured during both work
and recovery. The results revealed a 0.83 correlation between
vertical force-time area and oxygen cost for three subjects per-
forming the task at three‘loads and at various paces.. The results

are limited to the assumption that the body's reaction forces to

the lifting task were entirely vertical in direction. Although
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this study gave a good indication that reaction forces developed
on a platform approach metabolic measurements, it was by no means
cénclusive on this point.

Physiological work, hdwever, is entirely different frbm
meéhanical work fKarpovich, 1962}. As was mentioned before,
mechanical work is derived_simply by multiplying férce by distance.
Physiological work, on the contrary, may not be nearly so sensitive
to changes in distancé as to changes in weight lifted or force
exerted. For examplg, to carry 50 pounds a distance of 50 feet
con#titutes a feasible hﬁman task and represehts 2500 foot-pounds
of mechanical work, but the same amount of mechanical work would
be computed when 1,000 pounas is cérried a distance of 2.5 feet --
an impossible human task! 1In fact, certain types of physiological
‘work (static work) require no ﬁovement whatsoever. For example,
if a man holds ten pou;ds while his arm remains mﬁtionless and
extended, he is not doing any mechanical work, yet he quickly gets
tired. Thus, it is clear that some sort of modified effort
formula is required in order to correctly employ force applied,
distance, and'time as criteria iﬁ.describing exactly to what éxtent
a force-sensitive device measures physiological work.

Any attempt to derive an exact effort formula consisting of

the directly rmeasurable components of distance, force and time
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would appear futile for the following réésons: (Yoder, 1964)

1. The factors are not of equal status and importance.

There is a greater sensitivity of the human metabolism

to weights than to_distance or even to speed ofrwork

(Ingenohl, 1959) .

2, The factors cannot be combined into a mathematical

product alone. One factor, such as bodily movements,

 can be fixed to zero while ahothef, such as weight

lifted, is varied; and still, éven though a érodhct of

these factors would vield é 2ero, energy is expended.:

Therefore, any evaluation of a force-sensitive device to
measure human work should be based strictly on energy expenditure.
Statistical methods can then be used to specify which factors pro-
duce a significant effect upon the amount of force exerted and the
energy expended during the pérformance of an experimental task.
The'consistency with which the factors affect force exerted in
relation to their effects on physiological work can then be exam-

ined by comparing the experimental results  (Yoder, 1964).

Application of Force-Platform

Several investigations have been carried out on the force
platform since Lauru's work in 1957.
Jacobson (1960) studied a dynamic evaluation of a force plat-

form. The force platform had sufficient sensitivity to measure
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1/2 pound force in the frontal axis and 1 pound force in the lat-
eral axis. He concluded that this minimum force sensing capa-
bility was unaffected by frequencies of force application from
50-200 cpm or by variation in subject weight from 100 to 200
pounds.

Barany (1963) investigated the nature of individual differ-
ences in bodily forces exerted by a group of subjects who per-
formed a simple motor task. He concluded that;

1. A very large portion of the variation in the

amount of force exerted per cycle can be attributed

to individual differences.

2. There was no relationship between any one of the

anthropometric measurements (arm reach, chest circum-

ference, height and weight) and_the forée exerted

per unit of production.

Barta (1962) invesiigated the existence of a relationship be-
tween 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 fbrce platform, increased at a much greater rate than the
increase in time as the weight handled increased from 0.35 to

12,92 pounds.



23

Dunnington (1961) and Hudson (1962) studied the effect of
work place dimensions on the physiological 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 signi-
ficantly reduced the effort (lb-sec. of area) to perform the task.

Konz and Day (1966) varied the height and handle orientation
of a push-pull tasklperformed on the force platform in the stand-
ing condition. The subjects operated the push-~-pull device at
each of the five handle heights (knee, hip, waist, chest, and
eye). Even though the force required for the task itself did not
vary, changing the height of the handle forced each subject to
exert a force to maintain his own body position. This force
exerted by the subject was minimum when the handle was at chest
height.

Wa (1965) (Konz ,b1967) investigated the effect of direction
of movement and height of the work station. The seated subject
moved a two pound weight with the right hand from a central point
to a peripheral point 15 inches away: five different heights of
work station and five different angles were considered. Physiolo-
gical cost as measured by the force platform was used as the
criterion. Hg found that an optimum vertical distance was at

0.85 L, L being the length of the upper arm of the individuals.
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Jeans (1966) studied the physiological cost of simultaneous
and symmetrical motions. The subject moved a two pound weight
in each hand between the specified points 18 inches apart under
three experimental conditions. It was concluded that the outward
motions of both hands required more force than the inward motions.

.Sankaran (1968) studied the optimum height_of a work table
for simple arm movements while sitting. The criterion used was
the physiological cost as measured by thé force platform. Ten
female subjects were used and five heights (+3, 0, -3, -6, -9 cm.
from the elbow) were studied. There was a significant difference
between heights. The work table height at three centimeters be-
low the elbow level required the miﬁimum physiological cost while
the table level set at nine centimeters below the elbow required
the maximum physiological coét. It waslfound that there was a
significant 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 level, the inward movements required less physiological

cost than the outward movements.
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PROBLEM

To date, ten experiments have been conducted on dual-func-
tion pedals at Kansas State Univérsity. The first five of these
experiments explored the potentials of this innovation in the
controls for an automotive accelerator-brake system. These ex-
periments demonstrated that the dual-function pedal, although not
the best in theory, was better than the existing system. The
last five of these experiments investigated the effect of varying
different paraméters in the design of the duél-function pedal.
These experiments ﬁsed minimum reaction time or travel time as
. the criterion of optimality. The question then is, is time alone
‘a satisfactorf'criterion.of optimality?

Physiological cost, in addition to time, is an important
factor in an effective design of a'man-machine¢§ontrol system,
The criterion of minimum time may optimize the design df a mach-
ine or a task but it may fail to match ié with the ability of its
humaﬁ operator. 6n the ofher hand, the criterion of minimum
physiblogical cost takes into consideration the huﬁan factor as-
pect and aims at reducing tﬁe physiological fatigue and work
stress. Since the criterion of minimum tiﬁe has been thoroughly
investiéatéd in the previous studies, the present research was
undertakeﬁ to investigate the effect of varying some of the

design parameters of the dual-function pedal on the physiological



30

cost of human subjects. The physiological cost was measured in
terms of force and torque recorded by a force platform.

Since the response required is primarily an extensor move-
ment of the entire leg, the placement of the fulcrum of the
pedal may be a significant variable. Konz, Koe, and Kalra (1968)
concluded that reaction time did not change significantly as d
was varied from ,5" to 2.5" and L was varied from 5" to 9", The
present study was conducted to determine experimentally the best
values of @ and L, using force and torque aséociated with the
application of the brake as criteria. The purpose of this study
was to evaluate the suitability of force and torgue as criteria
for evaluating the alternative design donfiguraﬁions of man-

machine control systems.
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METHOD

Experimental Arrangement

The experimental arrangement shown in Plate I was similar to
that of Kalra (1968), except for the addition of the force plat-
form and three recorders. The apparatus for the present experi-
ment consisted of the following:

A. Control switch

B. 100 watt electrical lamp covered with red cellophane

C. Three 2-channel Texas Instrument Oscillographic recorders

D. D. C. supply source

E. Dual-function pedal test box

F. Actuation indicator bulbs

G. Biomechanic chair

H. Force platform

' The distances of the two shafts from the heel of the pedal
can be adjusted easily. The foreshaft acts as a fulcrum when the
pedal is pressed by the heel and the rear shaft acts as a fulcrum
when the pedal is pressed by the toe. The motions could be used
for accelerating and braking a car. Plate II gives a side view
of the dual-function pedal.

The shafts were connected to two cut out switches, which
were connected to two "actuation indicator bulbs", one green and

the other red. A D. C. power supply (12v/200 mA) was used in
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PLATE I

Experimental Arrangement
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PLATE IIX

A Side~View of The Dual-Function Pedal
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the circuit. The bulbs were off when no shaft was pressed. When
the accelerator was depressed, the green bulb came on, and when
it was released and the brake depressed, the green bulb went off.
If, by mistake, both shafts were depressed, the red bulb would go
on and a buzzer would sound, indicating faulty operation to the
subject.

The chair used had a cushioned seat and back. The red cello-
phane paper covering the 100 watt lamp was to simulate the tail
light of a car.

The force platform used was designed and constructed by
Hearn and Konz (1968). Three 2-channel recorders were used to
record forces on three perpendicular axes and their associated
torques. The force trace originates from an established zero mark
and deviates up or down. The distance deviated is directly pro-

portional to the force or torque exerted in the specific plane.

Design of Experiment

A searching technique called EVOP (Evolutionary Operation of
Processes) (Box and Hunfer, 1959) was used for optimizing the d
and L values. The basic elements in the technique are:

1. Introduction of systematic small changes in the

level of the parameters.

2. Analysis of the result of these changes so that

a direction of steepest ascent (descent) can be approx-



37

imated and new changes in parameters incorporated

to move toward the maximum (minimum) in the next

phase of testing.

In EVOP a single performance of a complete set of operating
conditions is called a cycle and the repeated running through of
a cycle of operating conditions is cazlled a phase. A new phase
of EVOP begins when new conditions are explored, involving diff-
erent levels of the éame variables or different variables,

To study the effects of any change, it is reguired that the
process be run for some number of cycles at one level of varia-
bles. The result, or response surface, is determined and then
new changes are introduced. The "evolution", thus, is a step by
step process, each change repfesenting 2 new step and with the
direction of the step so selected as to lead to the optimum.

A 22 factorial design with a center point, Figure 3, was
used for this experiment. The variables d and L were selected as
shown in Figure 4, giving 5 conditions for the experiment,

For evaluating the output of the force platform, at least
two analysis techniques can be used:

1. The total area under the trace (i.e. energy)

can be calculated either by using a planimeter or

by feeding the LVDT signal into an analog inte-

grating circuit (Energy is considered to be the

average force exerted over a period of time).
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2. The maximum height of the trace can be used

as an index of the forces or torques exerted by

the operator when performing the task.

If the energy exerted is required, the total area analysis
should be used; if orly the maximum force or torgue exerted is
required, measuring the maximum height of the line is sufficient.
In the present experiment, displacement of the pedal was kept
fixed for all subjects by placing stops below the toe and heel of
the pedal. Since the trial was a very short duration ( one sec-
ond), the work pace could not be standardized for all subjects.
The subjects were asked to operate the pedal as naturally as they
would do in an actual driving condition. It was expected that
the variables under study would significantly affect the maximum
level of external forces and torque§ exerted by the subjects.
Since the time for wh%ch the brake or accelerator was kept pressed
was not important, it was decided to use the maximum heights of
the LVDT outputs for analyzing the data. The arithmetic sums of
the three components of force or torque thus measured were used
as representative indices of the total amount of force or torque
exerted. The reasons for using the arithmetic sum are:

1. It is simple.

2. If vectorial sum was used, it would cancel

forces in opposite directions.



40

Experimental Procedure

The value of seat reference distance (SRD), the inclination
of the pedal to the floor (o), the chair height, and the angle of
twist (A) were taken as optimized by Chawla (1969). SRD was ad-
justed as 40 per cent of the subject's height. The value of < was
set at 35 degrees and 3 at O degrees. Seat height was fixed at
9" above the heel of the pedal. The brake (15 vounds) and accel-
erator (6 pounds) spring forces were kept constant. The brake
spring was 2.44" long with a spring constant of 66.67 pounds/unit
inch and the accelerator spring was 2.56" long with a spring con-
stant of 10.42 pounds/unit inch. A weight of two hundred pounds
was placed on the platform and the calibration of the force plat-
form was then made for this two hundred pounds, standard weight.
Each subject was weighed and when hevsat on the chair, additional
weights were placed on the platform to bring the total weight on
the platform to 200 pounds. This eliminated the requirement of
adjusting the transformers for each individual subject's weight.
By calibration with known weights, the scale factors, which give
the amount of forcé in péunds per mm of deflection on the output
paper for the force axes and the amount of torque in inch-pounds
per mm of Sefleétion on the output paper for the torque axes,
were determined for each axis. Granger (1967) demonstrated this

specific force platform to be linear within a 200 pound range and
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to be repeatable with an accuracy of 0.1 pound. The variability
due to subjects and conditions far exceeded this measurement
error, This, plus the repeated measurements, indicate the device
was sufficiently accurate for this experiment.

The subject was told the purpose of the experiment., He was
seated on the chair with his back resting against the back rest
and hands in his lap. The center of the pedal was offset 8" from
the center of the chair on the right side of the seated subject.
The subject sat in a relaxed position with his left foot on the
platform and right foot on the floor of the test box. He was
asked to look at the red lamp in'front. 'The recorder was turned
on for one or two seconds to record the normal reading for the
subject. The reference line is marked R in Figure 5. After a few
seconds, the control switch was turned on to light the lamp. The
subject lifted his right foot and pressed the accelerator shaft.
The trace between Aj and Ay represents the force or torque exerted
for this activity. The line Rp shows the condition when the sub-
ject was pressing on the accelérator against a fixed stop. The
contrel switch was turned on again- and the subject released the
accelerator and pressed the brake against a fixed stop. The line
Bl B2 shows this interval. From By to B3 the subject kept press-
ing on the brake. The subject was then asked-arbitrarily to
release the brake and come back to the normal position R'. The

establishment of these benchmarks reduced the problem of any
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electronic drift of the equipment as well as other miscellaneous
errors. It is possible to use either baseline; the subject sit-
ting with his right foot on the floor of the test box (R R') or
the subject with his right foot pressing on the accelerator
against a fixed stop (RA)' .The former (R) wés used for this
experiment so the output could be interpreted as the total force
or torque required (above that reguired to sit in the chair) for
applying the brake. .Once the force and torque outéuts had been
plotted on thé recording charts, it was necessary té measure the
ordinates on each axis. Since the axes had been calibrated, it
was possible to convert the millimeters of peak ordinate readings
into pounds and inch-pounds of forces and torques respectively.

In the initial condition of the depressed accelerator, it
was made certain by the expérimenter that both the controls were
not in the depressed.condition. If both controlg were pressed
éimultaneously after the presentation of_the stimulus, the red
indicator bulb came on and the buzzer sounded and the data were
disregarded.

The subjects were given three to five practice trials at
each condition. Ten force platform outputs were recorded for each
condition for a subject before the condition was changed to the
next one. The time between two successive stimuli (four to seven

seconds), selected randomly, was sufficient to prevent the
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snbxog, xo soxog

Figure 5. Pattern of Force Platform Output
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treating of them by the subject as a single stimulus (Welford,
1960) or his anticipative response to a signal about to occur
(Morgan, et al., 1963). While the condition was being changed,
the subject was idle. No other rest time was allowed.

Each phase of the experiment was run in two parts. 1In the
first part, the subject was seated on the force platform and the
pedal unit was placed on the floor (Plate III). 1In the second
part, the pedal unit was placed on the force platform and the
subject was seated on the floor (Plate IV). In the remainder of
the thesis, the first part will be referred to as subject on
platform and the second part will be referred to as pedal on

platform.

Subijects

Four subjects, selected from an available population of
male graduate industrial engineering students at Kansas State
University ,were paid by the hour. The subjects had driving
experience varying from 1 to 4 years., Their ages varied from 24
to 31 with an average of 26.7 years; their heights varied from
63" to 73.5" with an average of 68.9".

The sequence of treatment administration was randomized for
each subject. Finally, the output traces for all subjects were

selected for measurement so that it was not known which treatment
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PLATE I1I1

A subject performing the task with subject seated

on the platform
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PLATE IV

A subject performing the task with pedal

on the platform
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was being analyzed. This reduced any chance of unconscious bias

on the part of the analyst.
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EXPERIMENTAL RESULTS

The range of variables was studied in three phases. The re-
sults of Phase I were used to determine the conditions for Phase
II. Similarly, the results of Phase II were used to determine
the conditions of Phase III.

EVOP (Evolutionary Operation of Process) was used to evaluate
the significance of main effects (d and L) and the interaction
effect (d x L). Runﬁing average Y;'s (i identifying the condi-
tions 1, 2, .....5) were calculated after obtaining mean forces
and torques for each subject. Sample calculations for the four
cycles of a phase illustrating the use of EVOP in calculating
Y;'s, the d, L and d x L effects and the 95% error limits for
thése effects are given in the Appendix. The effects were calcu-

lated as follows:

d effect = %(Y3 + Y4 - ¥y - Yg)

L effect = %(Y3 + Y5 - Yy - Yg)
d x L interaction = %(Yy + Y3 - ¥4 - Y¥5)

The results of the three phases are presented below.

Phase I
The values selected in Phase I for the parameters 4 and L
were 1.5" and 7", .5" and 6", 2.5" and 8", 2.5" and 6" and .5"

and 8", identified as conditions 1 through 5 respectively in Fig-

ure 4. Total composite forces and torques for the subject on
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Mean peak force (pounds) of ten trials in Phase I,

Subject on Platform condition
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Condition
Subiject 1 2 3 4 5 Mean
A. A, 63.5 72.3 63.7 56.0 101.2 71.4
R. K. 56.9 85.4 65.4 58.9 79.0 69.0
R. M. 65.2 68.2 42.3 32.7 80.1 57.7
G. G. 61.3 35.6 45,5 26.8 76.3 49.0
Mean 6l.7 65.4 54.2 43.6 84.1 61.8
Table 2
Mean peak torque (inch-pounds) of ten trials in Phase I
Subject on Platform condition
Condition
Subiject 1 2 3 4 5 Mean
A, A. 943.4 1207.4 1267.6 619.4 1745.5 1156.6
R. K. 849.0 1297.9 1253.6 1217.3 1235.4 1190.6
R. M. 1047.7 1177.4 953.2 563.1 1181.2 984.6
G. G. 921.2 933.7 899.0 598.4 1022.5 815.0
Mean 965.4 1079.1 1093.3 749.5 1296.1 1036.6




Table 3

Mean peak force (pounds) of ten trials in Phase I,

Pedal on Platform condition
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Condition

Subiject 1 2 3 4 5 Mean
A. A. 62.9 70.8 71.6 44,9 74.7 64.9
R. K. 6l.6 66.6 64,5 47.8 73.9 62.8
R. M. 71.6 73.4 38.5 35.9 68.7 57.6
G. G. 49.8 63.2 53.6 33.4 67.9 53.7
Mean 6l.4 68.7 57.0 40.5 71.3 59.7

Table 4

Mean peak torque (inch-pounds) of ten trials in Phase I,
Pedal on Platform condition

Condition
Subiject 1 2 3 4 5 Mean
A, A. 373.4 447 .3 464,9 364.1 492 .6 428.4
R. K. 582.5 565.2 597.1 552.5 705.7 ©600.6
R. M. 525.8 650.9 511.6 488.3 673.8 570.4
G. G. 595.4 426.7 527.5 493.0 627.5 534.0
Mean 519.4 522.5 525.2 474 .4 624.9 533.2
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Consolidated main effects and 95% error limits for

Phase 1

Cumulative Effects

Cycle 95% Error
Condition Criterion No. a L dxL Limits
Force, 1b 2 -23.4% 9.2 —2;1 + 14.9
Subject on a -27.9% G 7 -1.8 + 11.8
Platform 4 -25.8*% 14.6* -4.1 + 11.8
Torque,"1b 2 -282.0 290,0 52.2 +468.7
Subject on 3 -328.4 258.9 99.2 +441.9
Platform 4 -266.2 280.4 63.4 +329.1
Force, 1b 2 -14 3% 13_.7% 8.1* + 4.2
Pedal on 3 -20.8* 8.8 6.6 + 9.3
Platform 4 -21,2% 9.5% 6.9% + 6.9
Torque, "l1b 2 -58.0* 82.8*% -10.1 + 40.3
Pedal on 3 -92.8% 62.9%* -6,7 + 48.2
Platform 4 -73.8% 76.6% -25,7 + 56.9

* pa .05
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platform condition for the four subjects are summarized in Table
1 and Table 2 respectively. Similar values for the pedal on
platform condition are given in Table 3 and Table 4. The forces,
given in pounds, and the torques, given in inch-pounds, are the
mean peak values of the ten readings taken for each condition.
The mean peak values of the forces and torgues are illustrated in
Figure 6 for the four different criteria.

The results in calculations after each cycle for Phase I are
consolidated in Table 5. The 95% error limits are also shown for
the various effects,

Subject on Platform - As can be seen from the Table 5, d andL
had a significant effect on force at the completion of Phase I,
subject on platform. The surface sloped downwards from 0.5 inch
by 12.9 pounds per inch. 1In other words, the force exerted de-
creased at a rate of 12.9 pounds per inch.of increase of 4, A
change of 2 inches in L changed the response by 14.6 pounds; the
surface sloped upward from 6 inches by 7.3 pounds per inch. As
can be seen from Table 5, using torque as the response, there
were no significant main or interaction effects at the cbmpletion
of Phase I, subject on platform.

Pedal on Platform - Table 5 shows that the main effects of 4
and L and the interaction effect had a significant effect on force

at the end of Phase I, pedal on platform. A change of 2 inches
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in d changed the response by 21.2 pounds; the surface sloped
downward from 0.5 inch by 10.6 pounds per inch., A change of 2
inches in L changed the response by 9.5 pounds: the surface
sloped upward from 6 inches by 4.8 pounds per inch. The signifi-
cant d x L interaction effect showed that effect of 4 was depen-
dent upon L. The main effects of 4@ and L were found significant
for torques also. A change of 2 inches in d changed the response
by 73.8 inch-pounds, the surface sloped downward from 0.5 inches
by 36.9 inch-pounds per inch. A change of 2 inches in L changed
the response by 76.6 inch-pounds; the surface sloped upward from
6 inches by 38.3 inch-pounds per inch.

The results of'Phase I suggested that the area of search
for Phase II include larger values of 4 and smaller values of L:
that is, the minimum was "southeast" of the area searched in

Phase 1I.

Phase II

The new values of variables selected are shown in Figure 7.
One point of Phase I was replicated in Phase II. The mean peak
forces and torques per cycle for the subject on platform condi-
tion for the four subjects are tabulated in Table 6 and Table 7.
Table 8 and Table 9 give similar values for the pedal on platform
condition. Table 10 shows the cumulative effects and 95% error

limits for various effects. Figure 8 illustrates the average peak



Figure

7.

— - Phase I
----- Phase II
{in.)
8
7 ' F"“"""ﬁ
|
1 i
i 1
i {
. I
; i
1 ! :
6 ; |
; [
! [
. I
. ) |
| l
5 L —————— -

0.5 1.0 1.5 2.0 2.5 3.0 (in)

Pattern of wvariables for Phase I and Phase II

57



58

values of the forces and the torques for the four criteria.

Subject on Platform - As seen from the Table 10, d had a
significant effect on force at the completion of Phase II, subject
on platform. A change of 1 inch in d changed the response by 10.8
pounds; the surface still sloped downward from 21 inches. The
results of torques at the end of Phase II, subject on platform
condition, also indicated that d had a significant effect on
torque. A change of 1 inch in d changed the response by 227.1
inch-pounds; the surface sloped downward from 2 inches.

Pedal on Platform - The results show that the main effects of
d and L.were significant. A change of 1 inch in d changed the
response by 9.8 pounds; the surface sloped downward from 2 inches.
A change of 2 inches in L changed the response by 5.3 pounds; the
surface sloped upward from 5 inches by 2.7 pounds per inch. As
seen from the Table 10, there were no significant main or inter-
action effects at the completion of Phase II, pedal on platform
condition using torque as the crigerion.

The overall results of Phase II indicated that the best
direction to move was by increasing d and reducing L; that is,

southeast.

Phase III
The present design of the pedal was such that further simul-

taneous increase in the wvalues of 4 and decrease in the value of



Table 6

Mean peak force (pounds) of ten trials in Phase II,

Subject on Platform condition
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Condition
Subiject 1 2 3 4 5 Mean
A, A. 46.1 43.6 37.6 27.3 48.2 40,6
R. K. 43.8 43 .3 28.2 32.8 48.8 39.4
R. M. 63.7 51.3 35.5 46.3 49.6 49.3
G. G. 27.8 35.7 35.0 26.2 31.9 31.9
Mean 45.4 43.5 341 33.2 45.4  40.3
Table 7
Mean peak torque (inch-pounds) of ten trials in Phase II,
Subject on Platform condition
Condition
Subiject 1 2 3 4 5 Mean
By A 834.6 773.4 690.0 519.0 931.0 749.6
R. K. 862.8 891.0  649.2 555.0 997.2 791.0
R. M. 994.8 870.6 5390.4 710.4 8l11.2 785.3
G. G. 596.4 606.0 543.0 510.6 653.4 581.8
Mean 822.2 785.2 605.4 573.8 848.2 727.0




Table 8

Mean peak force (pounds) of ten trials in Phase II,

Pedal on Platform condition
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Condition
Subiject 1 2 3 4 5 Mean
A. A, 44 .3 44 .2 38.3 28.6 539 41.9
R. K. 36.4 39,2 37.2 26.9 43.3  36.6
R. M. 51.0 44 .5 42.6 37.7 43.7 43.9
G. G. 31.4 39.4 30.9 23.2 35.3 32.0
Mean 40.8 41.8 37.3 29.1 44 .1 38.6
_ Table ©
Mean peak torque (inch-pounds) of ten trials in Phase 1I,
Pedal on Platform condition
Condition
Sub-ject 1 2 3 4 5 Mean
A. A, 273.6 270.2 319.3 243.2 386.1 298.5
R. K. 398.3 261.4 402.0 332.8 344.8 347.9
R. M. 533.5 482.3 445.5 408.2 428.6 459,6
G. G. 402.2 481.5 435.8 384.6 428.3 426.5
Mean 401.9 373.8 400, 7 342.2 397.0 383.1
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Table 10
Consolidated main effects and 95% error limits for
Phase II
Cumulative Effects
Cycle 95% Error
Condipion Criterion No. d L dxL Limits
Force, 1b 2 ~-14,5% 39 =Lyl ¥ 643
Subject on 2 -12.9% 5.5 -2.3 % 6.0
Platform 4 -10.8% 1.4 -0.5 + 6.6
Torque, "1b 2 -294,9% 132.3*% 3.5 +67.0
Subject on 3 -268.6* 49.8 -18.4 +90.6
Platform 4  -227.1% 47.3 -~15.7 +80.8
Force, lb 2 -12.4* 8.5% 1.6 + 4.1
Pedal on 3 ~Q.6% B:3% 1.9 + 4.7
Platform 4 -9.8% 5.3% 3.0 + 3.9
Torque, "lb 2 8.7 86.2% -13.5 +70.2
Pedal on 3 -3.8 54.7 6.2 #%58,0
Platform 4 -14.0 40.9 17.7 +52.1

* p < .05
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L would result in a collision of the springs attached to the two
shafts. The results of the first two phases showed that it was
more beneficial to increase the values of d than to decrease the
value of L. Therefore, in Phase III, values of d and L were
increased resulting in the conditions shown in Figure 9. One
point of Phase II was replicated in Phase III.

Tables 11 through 14 list the mean forces and torgues per
cycle for Phase III. Table 15 shows the cumulative effects and
95% error limits for the various effects. Figure 10 illustrates
the average peak values of the forces and torques for the four
criteria.

At the completion of Phase III, the main effects of 4@ and L
were significant. It seemed that increasing d and reducing L
would lead to a still better operating range, but the physical
limitations of the pedal did not permit further change in the
operating conditions..- The search was terminated after Phase III
as the feasible surface had been scanned. In the range explored,
the most favorable point was the point 4 (d=4", #=6") in Phase
ITI. For this point the value for the subject on platform condi-
tion of force was 18 pounds; the value of torque was 324.9 inch-
pounds; the value for the pedal on platform condition of force

was 19 pounds; and the value of torque was 333 inch-pounds.
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Figures 1l through 14 show the overall results for the three
phases using the four criteria; force subject on platform, torque
subject on platform, force pedal on platform, and torque pedal on
platform. The common points of thelthree phases showed no defi-
nite learning effect. The approximate shape of the response
surface showing its contours is also shown in these figures. It
was observed that as the two shafts were moved closer, the forces
and torgues exerted decreased. The four criteria of physiological
cost, when plotted against (L-d) are shown in Figures 15 through
18. It is interesting to note that the difference (L-d) seems to
be a valid index in selecting the.values of 4 and L. However the
two variables d and L appear to give the best results as is evi-

dent from Figures 11 through 14.
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Table 11

Mean peak force (pounds) of ten trials in Phase III

Subject on Platform condition
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Condition
Subiject i 2 3 4 5 " Mean
A. A 38.9 45.0 46.5 22.9 64.1 43.5
R. Ki 26.4 40.1 291 L1.:7 45,5 30.6
R. M. 35.4 32.5 30.3 21.8 29.6 2949
G. G. 30.6 40.2 19.6 15.8 51.2 31.5
Mean 32.8 39.5 31.4 18.1 47.6 5559

Table 12

Mean peak torque (inch-pounds) of ten trials in Phase III
Subject on Platform condition

Condition
Sub-iect 1 2 3 4 5 Mean
A, A. 659.8 856.2 730.4 370.8 1132.2 749.9
R. K. 558.6 754 .4 430.6 241.2 900.2 577.0
R. M. 680.7 675.0 5521 352.8 643.4 580.8
G. G 676.0 820.8 493.0 330.8 1094.6 683.0
Mean 643.8 176.6 551.5 323.9 942.6 647.7




Table 13

Mean peak force (pounds) of ten trials in Phase III,

Pedal on Platform condition
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Condition
Sub-ect 1 2 3 4 5 Mean
A. A. 39.5 40,3 36.5 32.5 40.5 37.9
R. K. 38.8 4] .4 27.4 22.9 45.7 352
R. M. 30.3 29.1 25.4 15.6 33.9 26.9
G. G. 33.1 26,6 17.1 6.8 46.3 26.0
Mean ~35.4 34.4 26.6 19.5 41.6 31.5
Table 14

Mean peak torque (inch-pounds) of ten trials in Phase III

Pedal on Platform condition

Condition
Subiject 1 2 3 4 5 Mean
A. A. 312.0 275.2 371.8 260.5 353.6 314.6
R. K. 403.1 347.3 446 .6 347.0 431.2 3%85.0
R. M. 464.9 4152 443.5 404.5 488.4 443.3
G. G. 466.0 311.4 394.3 321.2 378.6 374.3
Mean 411.5 337.3 414.1 333.3 413.0 38l.8




Table 15
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Consolidated main effects and 95% error limits for

Phase III

Cumulative Effects

Cycle 95% Error
Condition Criterion No. a L éxL Limits
Force, 1lb 2 -21.2% 16.4% 4.2 + 5.8
Subject on 3 —~15.8% 11.8% 4.7 & B.2
Platform 4 -18.8*% 10,7* 2.6 + 7.4
Torque, "lb 2 -467.5*% 242.7* 31.8 +84.0
Subject on 3 -380.6% 189.7* 59,7 +120. 5
Platform 4 -421.9% 196.8* 30.8 +106. 3
Force, 1b 2 =-12.2% 3.3 1.1 4+ B42
Pedal oﬁ 3 -11.7*%  4.,6% lad & 3.6
Platform 4 -15.0% 7.2% 0.1 "+ 5.0
Torque, "1b 2 4.7 23.3% l2.2% # 3.0
Pedal on 3 -6.2 80,9% 2.4 +17.6
Platform 4 -1.5 78.3% 2.6 +25.0

* p « .05



pounds) for conditions of Phase I,

Phase II and Phase III
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DISCUSSION

In order to evaluate effectively the implications of the
experimental results, a few important points will be discussed in
this section. Consideration will be given first to the statisti-
cal analysis which leads to an optimum working range of the vari-
ables studied. This will be followed by a number of specific
comments made concerning each phase of the findings associated
with the characteristics of this experiment.

The results revealed a significant relationship between the
outputs as measured by the force platform and the variables d and
L of the dual-function pedal. Referring to Figures 1l through 14,
it appears that within the tested range of 4 (.5" to 4") and L
(5" to 8"), the optimum value of d lies between 3.5" and 4" and
the optimum value of L lies between 5.5" and 6" approximately.
However, d=4" and L=6" was the best point. It is noteworthy that
for the dual-function pedal, the single variable (L-d) was found
to be effective in selecting the best values of d and L. The
smaller the value of (L-d), the less the forces and torques
exerted, as is obvious from the Figures 15 through 18. This may
lead to the conclusion that the best operating point will be when
(L-d) = 0. However this condition is not desirable because when
L=d, the subject will not know what shaft he is pressing while

operating the pedal. 1In general, experimental findings revealed
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that (L-d) gave a good indication of the overall performance of
various operating conditions. Therefore, this single variable
could be used in some studies as the index of operator cost.
However, use of both 4 and L wouldrgive Still more information.
Experiments six (Konz, Koe and Kalra, 1968) and ten (Amar and
Arora, 1968) had demonstrated that the reaction time did not act
as a constraint in selecting the variables d ana L aﬁd experiment
ten revealed that while travel time did affect these variables,
the results were too limited and they showed £hat the surface was
flat in a wide range. The findings of the present study showed
that physiological cost as measufed by the force platform was a
sensitive criterion for the evaluation of alternative design con-
figurations of a dual-function pedal.

On the other hand, generalizations regarding the accurate
measurements of physiological cost for the present task.cannot be
made on the.basis of this experiment since the results exposed
large variability and individual differences. Some subjects
applied the control quickly and with a jerk while others applied
it gradually and smoothly. Since the jerky motions record more
peak forces and torques, the individual differences resulted in a
large variability. Anthropometric measurements, especially the
length of the leg, might affect the force applied. The way a

subject shifted his weight on the various parts of the body,
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while operating the control, may have caused some error in the
forces and torques recorded. The easy conditions requiring less
force and torque were intermingled with the difficult ones re-
guiring higher forces and torques. The levels of easier condi-
tions may have become trivial in contrast with those of difficult
ones,

Another interesting facet of the study is the nature of the
forces and torques exerted in operating a foot pedél control. To
the author's knowledge, no published work exists which gives a
quantitative analysis of the forceé and torques imposéd on the
operator for such a task. Figure 19 shows a specimen of ﬁhe for-
ces and torques exerted for the two different arrangements (sub-
ject on the plétform and pedal 6n platform) tested. It is-inter-
esting to note that although the forces were only slightly higher
in the former, the difference was considerable for torques.

Konz and Day (1966) point out that the total energy required for
a task is composed of two components: a. The energy required to
do the task itself and, b. The energy required to position and
control the body while doing the task. It_is this second compon-
ent which wasrnot fully transmitted to the force platform in the
pedal on platform condition, and because of this partially miss-
ing component, torques recorded by the force platform were consi-
derébly lower. 1In fact, the torques recorded in the pedal on

platform condition were reduced to almost half of the torques
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recorded in the subject on platform condition. The individual
components of torque, however, did not vary consistently. The
summersault (lateral torque) in the pedal on platform condition
varied between 30% to 50% of the summersault in the subject on
platform condition. The cartwheel (frontal torque) in the pedal
on platform condition varied between 35% to 55% of the cartwheel
in the subject on platform condition. The twist (vertical torque)
in the pedal on platform condition varied between 40% to 150% of
the twist in the subject on platform condition. Thus it is not
possible to explain the total variation on the basis of any one
individual component.

It is interesting to note that despite all of the individual
differences and large variability, the common points showed good
repeatability when the averages of the four subjects were consid-
ered. 1In general, forces gave more consistent results than the
torques. No logical explanation of this disparity can be given
at this time. Since no previous studies onroptimum design of
controls have used torque as a criterion, additional experimenta-
tion is recommended in this area.

This experiment, by no means, provides an answer to an
optimum design of a dual-function pedal. It merely suggests a
range of just one set of variables. Other variables of design

are incliration of the control pedal from the floor, height of
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control pedal from floor, seat reference distance, seat height and
spring rates for fore and aft shaft. Again, the testing of these
variables can use different criteria. Force and torque associated
with the application of the brake are only two criteria. Other
criteria could be force and torque required on the accelerator.
What is the effect of (L-d) on accelerating force? Does the
accelerating force increase with the increase in braking force?
Further research is needed to answer these questions.

In conclusion, physiological cost is a sensitive criterion
in evaluating the alternative design configurations of a man-
machiné control system; force and torgue are affected by the
;ocation of shafts of the dual-function pedal: brakihg force and
torgque are minimized when the shafts are closer and under the
center of-the foot; the conclusions are the same with force or
torque, and the conclusions are the same with the subject on the

platform or the pedal on the platform.
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CONCLUSION

The study undertaken in this thesis leads to some useful
information on the design considerations of a dual-function pedal
using force and torque as criteria. Previous studies had used
reaction time or travel time as criteria of optimality. Force
and torque exerted by the subject and as measured by the force
platform were found to be more sensitive criteria than reaction
time or travel time. Future studies using these criteria for
work evaluation should find this thesis of some use.

In particular the following conclusions can be drawn:

1. Within the tested range of d(.5" td 4") and L(5" to 8"),

the optimum value of d lies between 3.5" and 4" and the

optimum value of L lies between 5.5" and 6" approximately.

However, d=4" and L=6" was the best point in the range of

variables studied. This result is important in contrast to

that of Konz, Koe and Kalra (1968) who concluded that reac-
tion time did not change significantly as d was varied from

.5" to 2.5" and L was varied from 5" to 9".

2. It was noted that the smaller the value of (L-d), the

lower were the forces and torques, in each phase of testing.

3. It is hard to justify whether the subject should be

seated on the force platform or the pedal be placed on the

force platform while operating the control pedal. Although
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the torgques in the pedal on platform condition were reduced
to half of the torques in the subject on platform condition,
the ranking of points in one condition generally agreed with
the ranking in the other condition.

4. Common points showed no learning effect. Results were
reproduceable when the averages of the four subjects were
considered.

5. A large variability was observed in the forces and
torques recorded because of the individual differences. 1In

general, force gave more consistent results than the torque.
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ABSTRACT

A force platform was used to study the effect of varying the
location of the brake and accelerator shafts of a dual-function
pedal. Four subjects performed the task using two different
arrangements: a. the subject seated on the force platform with
the pedal on the floor and, b. the subject seated on the floor
with the pedal on the force platform. The distance between the
heel of the pedal and the accelerator shaft (d) and the distance
between the heel of the pedal and the brake shaft (L) were varied
in a five point experimental design which brings out the effect
of interactions. The arithmetic sums of the three components of
forces and torgues were used as the criteria of optimality. An
optimum searching technique called EVOP (Evolutionary Operation
of Procésses) was used to analyze the data.

Within the tested range of d(.5" to 4") and L(5" to 8"), the
optimum value of d was between 3.5" to 4" and that of L was be-
tween 5.5" and 6" approximately. However 4 = 4" with L= 6" was
the best point. The smaller the value of (L -d), the better was
the operation of the pedal, in each phase of testing. Although
the torques in the pedal on platform condition were reduced to
half of the torque in the subject on platform condition, the
ranking of points in one condition generally agreed with the

ranking in the other condition.



