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INTRODUCTION

The people of America, who had been quick to regard the

locomotive and airplane as dangerous, were startled to discover

that "horseless carriages" were killing people in large numbers.

In the four years of America's participation in World War II,

1,070,000 American servicemen were killed or wounded in combat:;

during the same period, 3, 391]-, 000 people were killed or injured

in traffic accidents on the home front. In fact, more people

have been killed or injured on highways than have been killed

or wounded in all the wars in which the United States has been

involved. These facts are presented, not to detract from the

horror and suffering due to war, but to give perspective to the

magnitude and seriousness of the traffic problem (Center for

Safety Education, 1959)

.

Driving an auto is a complex task, involving the highest

stakes of life, limb, and money. Yet most of the people think

that they are able to drive, and, in fact, more than 96 million

persons in this country are licensed to do so.

The statistics show that a traffic death occurs every ten

minutes and an injury every 19 minutes. In 19&7, there were

more than 53,100 deaths and about 1,900,000 injuries. In addi-

tion to the suffering and sorrows from death or injury, there

is the dollar, $10.7 billion of them in 1967 (NSC, 1968). So

It can be realized that beside sufferings there is a tremendous

loss of money. The problem is complex and needs a proper solu-

tion as soon as possible. To reduce this tremendous toll, many



s are trying to make automobile travel safer. Safer driv-

ing, safer cars and safer highways tend to improve the situa-

tion. Most of these efforts may be classified under those

general headings: man, machine, and environment.

The man - machine - environment components of automobile

driving are represented by the operator, the car, and the road.

Which one of the three should be modified to obtain optimum

results?

We are far from exercising any control on human character-

istics except perhaps by training. Basically, the ability of

human beings to use various devices depends on their psycho-

motor abilities and anthropometric characteristics (McCormick,

19bl^) . An expenditure of a billion dollars distributed over a

hundred million drivers is only $10 per driver. It is not

expected that a driver would benefit much from this amount of

direct training. Next consider the development of the road.

On an average, one mile of road costs between .5 to 3 million

dollars a mile, depending upon the environment and the type of

the highway. One billion dollars would pave one thousand miles

and keep 99.06 per cent of existing roads untouched. Thus

neither the man nor the environment is economic to modify to

increase safety.

In the U.S.A., automobiles are sold at an average rate of

8.1 million per year. The estimated half life of cars is five

years; that is, five years from today more than half of the cars

on American roads will be manufactured after today. One billion

dollars would allow $135 per automobile. Therefore, the modifi-

cation of the automobile seems the most cost-effective approach.
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Safety depends upon the permissible margin of error for

the operator. The greater this margin, the less would be the

chance of an accident. It is assumed that the shorter the

operator's reaction time, the greater the permissible margin of

error and thus the greater the time that will be available to

control the automobile to attain a specified condition. In

other words, the car can be driven at higher speeds or closer

intervals with equal safety or maintain the same speed or inter-

val with increased safety; which option the driver will select

is unknown.

When you are driving and the light changes to red, there

is always a delay before you begin the sequence of responses that

will slow your car. The delay between the occurrence of a stim-

ulus event and the initiation of a response of the vehicle to it

is called the reaction time (Pitts and Posner, 1968) . If the

time to apply the brakes on the presentation of a stimulus is

reduced, the overall reaction time of braking will be decreased.

Reaction time as defined above comprises:

1. Sensing time is the time required to sense a signal.

It Is a function of the properties of the signal

(i.e., size, intensity, duration).

2. Decision time is the time required to complete the

neurological process of selection of the correct re-

sponse to the presented stimulus. Decision time varies

widely, depending on the complexity of the decision

to be made.

3. Response time is the time required to respond to a



signal and is a function of the complexity of the re-

sponse (i.e., force, displacement, and precision

requirements), of the body member being used and the

amount of practice.

If any of these factors can be controlled so that their time of

execution is reduced, the reaction time will be reduced.

Under simple conditions, sensing time is up to $0 milli-

seconds. Sensing time depends upon the signal characteristics

such as the size of the source, intensity, duration, and location

The larger the size of the visual signal, the faster to some

extent is the sensing time. Simultaneous stimulation of more

than one sense modality produces faster reaction times than

stimulation of just one. On the other hand, successive stimula-

tion of different senses produces slower reaction times than

stimulation of a single sensory channel (Teichner, 195^4-) •

Decision time depends upon the central transmission of the

sensory impulses to the motor fibers. This is comprised of the

time taken by the perceptual, translation, and central effectory

mechanisms (Hicks, 1952). In general, decision time is propor-

tional to the logarithm of the number of alternative choices

(Morgan, et. al., 1963).

Some of the factors that affect sensing and decision time

(Morgan, et. al., 1963) can be listed as follows:

a. The sense used.

b. The characteristics of the signal.

c. The complexity of the signal.

d. The signal rate.



e. Whether or not anticipatory information is provided.

f. The response characteristics of the body-member i

Response time is approximately 20-30 milliseconds faster

for hand movements than for foot movements (Pitts and Posner,

1968). Response with the preferred limb is about 10 to 1$ mil-

liseconds faster than with the nonpreferred limb (Teichner,

195^-) • So, if the speed of activation of a control is the

prime factor, the order of selection for right-handed operators

should be right hand, left hand, right foot, and left foot.

Tho extent of variation in the reaction time also depends

on the environmental conditions as well as the persons in-

volved (Woodworth and Schlosberg, 195^4-) •

The emphasis in designing a brake control system was to

reduce the response time, because it is not economically feas-

ible to modify the input signals (sensing time). Since the

hands, while driving, have many tasks to perform, it is desir-

able to assign the control of braking to the feet. Which foot?

Konz and Daccarett (1967) demonstrated that reduction in

reaction time occurs only when the foot is on the brake pedal;

there is no savings if the foot must move to the pedal. The

left foot could be used in the cars with automatic transmission

but, in this situation, the operator would be denied the free-

dom of movement of any of his limbs. It appears that this way

of driving a car is not comfortable. Also, left foot braking

is not possible in the automobiles without automatic transmis-

sion. Thus it was decided to combine braking and acceleration

in one control. The question then arises: what is the optimal

design of a dual-function pedal?



LITERATURE SURVEY

Single-Function Pedals

The first efforts to determine the optimal design of foot

pedals were made by Barnes, et. al. (191+2). The five pedals

investigated differed primarily in the location of the fulcrum.

Fifteen operators (twelve male and three female) performed the

routine twice, first using the pedals in order, 1, 2, 3, l+>5>

and the second time in the reverse order. Using a 90-second

session of continuous up and down movement, it was found that

the foot pedal with the fulcrum at the heel had 109 milliseconds

for the downward stroke; the worst pedal had 137 milliseconds.

Some formal studies on the man-machine aspects of a foot

pedal have been advanced by Trumbo and Schneider (1963). Their

criterion was the number of times the subjects could depress

and release the pedal pivoted at the heel. The pedal having a

downward movement of the toe resulted in the maximum number of

responses per minute.

Ayoub and Trombley (1967) measured reaction time to a

stimulus of light and travel time to move the pedal to a fixed

stop. Five subjects performed the experiment in a single ses-

sion requiring approximately two hours and 15 minutes. The

position of the fulcrum at the heel, with the load attached at

the ball of the foot, provided minimum time of 2l|7 milliseconds;

the worst pedal had a time of 2£8 milliseconds. The foot tibia

angle should be between 78 to 96 degrees, with 81^. degrees the

recommended angle.
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McFarland, et. al. (1966) suggested that for light pedal

pressures (under 20 pounds), bhc axes of the foot and lower log

should form a 90-degree angle, the angle which needs the least

possible muscular effort, to hold the foot in position. They

recommended that, for the light pedal forces, the knee angle

should be at least 90 degrees, with 135 degrees or more pre-

ferred.

Every operator has an optimum pedal location, or range of

locations, requiring the least energy expenditure and providing

the most comfort. This location is specified with reference to

the seat reference point (S.R.P.), the intersection of the back

of the seat surface with the back rest, in the midline. The

S.R.P.-pedal distance should be such, so as to provide maximum

comfort to the operator. McParland, et. al., recommend SS pe?"

cent of the person's height.

Dual-Function Pedals

One type of "one-pedal control" of a car has been developed

by Humphrey, Inc. (1968). In this design three different zones

are provided: an upper braking zone, a middle neutral zone, and

a lower acceleration zone. The limitation in this design is

that the driver has to keep his foot constantly on the pedal.

If, due to fatigue or some other reason, the foot is removed

from the pedal, the car will come to a sudden stop.

Versace (1966) in the human factors department at the Ford

Motor Company conducted some preliminary investigation of a

dual brake-accelerator system on automobiles but failed to show

any "unusual advantage" over the conventional two-pedal system.
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To the author's knowledge, no experimental investigation of

reaction times on dual-function systems has been done except

at Kansas State University.

To date eight experiments have been conducted on dual-

function pedals at Kansas State University. The first throe of

these experiments have been described in detail by Konz and

Daccarett (1967). Experiment number four, five, and six have

been described in detail by Kalra (1968).

In the first experiment the relative quickness of activat-

ing a control by hand and by foot was compared for twelve sub-

jects. The conditions were:

1. Honk horn. Starting position—hand on horn ring.

2. Honk horn. Starting position—hand on steering wheel.

3. Depress brake. Starting position—left foot on brake,

ij.. Depress brake. Starting position— right foot on

depressed accelerator.

The average time found for condition 1 was 380 milliseconds,

for 2 was 5°0 milliseconds, for 3 was 390 milliseconds, and for

L|_ was 590 milliseconds. A Wilcoxen Matched-Pairs Signed-Ranks

test showed that 1 and 3 were not significantly different, and

2 and Ij. were not significantly different. However, 1 and 3

were significantly shorter than 2 and I}..

Experiment two, on 121 subjects, used a dual-function

(brake and accelerator) pedal designed by Winkleman (U.S. patent

2,878,908). In this system pressing of the toe resulted in

acceleration while depressing the heel provided the braking

action. An interlock prevented simultaneous operation. It was
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Tound that the average time for the dual-pedal system (J4-IO

milliseconds) was significantly lower than that for condition

four in experiment one (590 milliseconds).

Experiment three provided more direct comparison of the

conventional system versus the dual-function pedal system. The

three conditions were as follows:

1. Depress conventional brake. Starting position of the

left foot on the brake.

2. Depress conventional brake. Starting position of the

right foot on the depressed accelerator.

3. Depress dual-function pedal. Starting position of the

right foot on depressed accelerator position of dual-

function pedal.

It was found that times of 25 subjects were significantly

(p < .05) less in condition 1 (290 milliseconds) than 3 (3°0

milliseconds) than 2 (i)_50 milliseconds) .

Experiment four was conducted on the highway with the

experimental pedal mounted on a i960 Rambler having automatic

transmission. It was found that the time for the dual-function

pedal system (14-70 milliseconds) was significantly ( p <L .01)

lower than that for the conventional system (570 milliseconds)

.

Experiment five was performed without the interlock which

prevents the simultaneous operations of both controls. The

three conditions were:

1. AAA reaction timer. Starting position of the right

foot was on the depressed accelerator.

2. i960 Rambler parked in the lab. Starting position of

the right foot on the depressed accelerator.
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3. Dual-function control without interlock. Startii

position—depressed accelerator.

It was concluded that the combined podal with a reaction time

of 323 milliseconds was significantly (p < .01) faster than

Rambler (2+32 milliseconds) and the American Automobile Associa-

tion (AAA) reaction timer (2+82 milliseconds) .

Experiment six was conducted to find the effect of varying

some of the parameters in the design of the dual- function pedal

system. The distances from the heel of the pedal to the accel-

erator and to the brake shaft were altered. The purpose was

to obtain the minimum reaction time. No specific values of

the variables or any combinations of them were better than

others.

Experiment seven (Wadehra, 1968) was conducted to deter-

mine the optimum values of the pedal angle with the floor, seat

reference distance (S.R.D.), brake force, and accelerator force

for minimal reaction time. It was concluded that the brake and

accelerator force had little effect on the reaction time. The

recommended accelerator force was within the range of 2+ to 8

pounds which is quite in agreement with that of Morgan, et. al.

(1963) who recommended 6.5 to 9 pounds. The recommended range

of brake force was between 13 to 21 pounds, without losing more

than 15 milliseconds. The optimum range of pedal angle was

between 2+0 to £0 degrees. S.R.D. seemed to be optimum between

2+5 "Co 55 per cent of the subject's height.

Experiment eight (Sathaye, 1969) was conducted to determine

the effect of varying some of the parameters in the design of
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tho dual-function pedal. Pour subjects wore uaed for

experiment. Ton trials were taken for each of the ten condi-

tions. It was found that the range of optimum pedal angle

between 30 to l\S degrees without losing more than 10 milli-

seconds. (3, the angle by which the pedal unit was twisted in

the clockwise direction around the vertical axis (range con-

sidered 90 to 10i| degrees) did not have a significant effect on

the reaction time. The optimum value of the seat height was

recommended to be around nine inches; however, the range from

8 to 10 can be used without losing 10 milliseconds. The recom-

mended range of S.R.D. was between 1+0 to 50 per cent of the

subject's height, without losing more than l£ milliseconds.

PROBLEM

Experiment nine was conducted to investigate the effect of

varying some of the parameters in the design of the dual-

function pedal. The parameters involved were (l) ^, inclina-

tion of the foot pedal with the floor, (2) S.R.D. , the seat

reference distance, the distance between the heel of the pedal

and the intersection of the seat surface with the back rest of

the seat, (3) (3, the angle by which the pedal unit was twisted

in the clockwise direction around the vertical axis (Fig. 1)

.

The purpose of this investigation was to determine the combi-

nation of these variables which have the minimum reaction time.
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Accelerator shaft, b

Chair <

Car floor

P^

(a) When angle
p is 90°

(b) When angle

P is less
than 90°

Brake shaft, A

(c) When angle
(3 is more
than 90°

(Front views of the pedal showing angle of twist)

Pig. 1. Sketch of dual-function pedal showing the
variables («<, p, S.R.D.) in

experiment nine.



METHOD

Experimental Apparatus

The experimental arrangement used, shown in Plate I, v;as

similar to that of Sathaye (1969). The arrangement for experi-

ments six and seven consisted of the following:

1. Biomechanic chair

2. Integrated accelerator/brake pedal unit

3. Actuation indicator bulb

l\.. l/100-second reaction timer

f>. 100-watt lamp covered with red cellophane

6. Control switch

7. D-c power (12-V/200-ma)

.

Experiments six and seven were conducted in the Human Engineer-

ing Laboratory, without providing a driving environment.

On the other hand, experiments eight and nine were con-

ducted in an automobile (195& Chevrolet) with its engine in

gear and running. The subject felt engine noise and vibrations

and had to watch through the windshield for the red light. The

100-watt lamp covered with red cellophane was kept 1$ feet away

from the operator at eye level.

The front seat of the automobile was removed and a bio-

mechanic chair was installed. The seat was rectangular in shape

(17.5 inches wide and 1$ inches long) with the corners rounded

off. It had a backrest. A seat pad provided comfort. The

height of the chair was kept constant at 10 inches (Sathaye,

1969) . The lower half of the steering wheel was cut in order
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15



16

to make room for the subject's logs. The accelerator port:

of the pedal was attached by a link arrangement so that the

engine speed could be varied by the subject.

The accelerator force was held constant at 6 pounds and

the brake spring force was held constant at l£ pounds (Wadehra,

1963) . In experiment seven, Wadehra found that accelerating

spring force affects the reaction time no more than 20 milli-

seconds, if varied between l\. to 8 pounds. The optimum range

recommended for the brake force is between 13 to 21 pounds, with-

out losing more than 15 milliseconds. The distances of the brake

shaft and accelerator shaft from the heel of the pedal were kept

fixed at b.,5 and 7-5 inches respectively, although these dis-

tances presumably have no significant effect on the reaction

time (Kalra, 1968). The rear shaft (Pig. 1), A, acted as a

fulcrum when the pedal was pressed in the forward direction and

the foreshaft, B, acted as a fulcrum when the pedal was pressed

in backward direction. The forward and backward pressing

motions correspond to the accelerating and braking the car,

respectively.

The two shafts of the pedal were connected to two cut-out

switches which, in turn, were connected to the two actuation

indicator bulbs, one green and one red. The bulbs were off

when no operation was executed. When the accelerator was de-

pressed, the green bulb went on, and when it was released and

the brake depressed, the green bulb went off. If, by chance,

both the shafts were depressed, the buzzer sounded with the red

bulb on, indicating the faulty operation to the operator. A d-c

power supply ( 12-V/lOO-ma) was used in the circuit (Fig. 2).



Q?) Lamp 17

z: r^_

110-V

J
110-V

Socket

-CD-

r
i i

Dual-
Function

Pedal

Socket

-^Reaction timer

U Control switch

6

Pig. 2. Circuit diagram showing the apparatus
used in experiment nine.
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The "reaction timer" wao connected through an operating

switch to both the rear shaft relay switch and the 100- watt

lamp. The control switch had a dual role to play; one v/as to

turn on the bulb along with starting the reaction timer at the

same time and the second was to reset the reaction timer to zero

position after the reaction time of one trial had been recorded.

The reaction timer was electrically connected through the rear

of the shaft cut-out switch and was stopped as soon as the rear

shaft (brake) was depressed by l/l6th of an inch. Then the

time was recorded from the reaction timer by the experimenter.

The reaction timer used is of The Standard Electric Time Co.,

Mass. (Type S-l, Inst. No. k-lk-SO , Speed 1 RPS, Cycles 60) .

The reaction timer was calibrated against a strip chart

recorder. It was found that the reaction timer was recording

about 1.5 per cent more time than the strip chart recorder.

This indicates that the reaction times recorded by this reaction

timer in this experiment are reasonably accurate.

Design of the Experiment

A searching technique called EVOP (Evolutionary Operation

of Processes) (Box and Hunter, 1959) was employed for calcula-

ting the effect of the variables being considered in this

experiment. The main features of the EVOP are:

a. Variation.

b. Selection of favorable variables.

The parameters are changed in small intervals so that, due to

changes made, the path of the steepest descent (ascent) can be

approximated to head toward the extremum. 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 operat-

ing conditions is called a phase. A new phase of EVOP begins

when new conditions are explored with the help of information

from the previous phase.

Before any change in the selection of variables is made,

the process is run for a number of cycles at one level of the

variables. The response surface is determined, and the new

changes introduced so as to lead to the extremum. The 'evolu-

tion' thus is a step-by-step process--each change representing

a new step and with the direction of the step so selected as

to lead to the extremum.

A 2 J factorial design (Pig. 3) with a center point was used

in the experiment. Three-variable EVOP was employed to evaluate

the significance of the main effects (A, B, C) (Fig. 3) and the

interaction effects (A x B, A x C, B x C) . Running averages,

Yi's (i = 1, 10 conditions), were calculated from the mean times

for each subject. A single cycle was broken into two blocks of

five runs each as indicated by the open and solid circles

(Pig. 3). The values of E,, E
2 , . . ., E~, are given by the

following set of equations:

E
1

= (A-BC) effect = 1/2 (Y^ + Y, - Y
2

- Y^)

E 2 = (B-AC) effect = 1/2 (Y3 + Y^ - Y2
- Y^)

E
3

= (-C+AB) effect = 1/2 (Y
2

+ Y3 - Yl - Y^)

E^ = (A+BC) effect = 1/2 (Yq + Y
?

- Y
?

- Y1Q )

E
6

= (3+AC) effect = 1/2 (Y
Q

+ Y
1Q

- Y
?

- Y
g

)

E
?

= (C+AB) effect = l/2(Y
?

+ Y
Q

- Y
g

- Y
1Q )
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3
Pig. 3- Sketch showing a 2^ factorial design

with a center point.

O Conditions of a cycle for Block I.

© Conditions of a cycle for Block II.
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From the combined information of Block I and Block II, the main

effects (A, B, C) and the interaction effects (A x B, A x C,

B x C) were calculated as given below:

A effect = l/2(Ee + E1 )

B effect = 1/2 (E
6

+ E
2 )

C effect = 1/2 (Ey - Eo)

A x B interaction effect = l/2(E
?

+ E,)

A x C interaction effect = 1/2 (E^ - E
2 )

B x C interaction effect = 1/2 (E^ - E-
L

)

A data recording sheet is given in Appendix 1. Sample

calculations for four successive cycles illustrating the use of

EVOP in calculating Yi ' s (i = 1, 10 conditions), the main effects,

interaction effects, and the 95 per cent standard error limits

for these effects are shown in Appendix II. The EVOP calcula-

tion form used is that given by G. Box and S. Hunter (1959).

In this experiment, the effect of each variable used 320 time

values and the error used I|.00 times.

The three variables studied were «<, S.R.D., and p. In

Phase 1, the angle of the pedal with the floor was varied from

3$ to h<$ degrees (Sathaye, 1969), in steps of 5 degrees. S.R.D.,

the seat reference distance, was varied from I|_0 to 50 per cent

(Sathaye, 1969) of the subject's height, in steps of 5 per cent.

3, the angle of twist, was varied from 85 to 105 degrees, in

steps of 10 degrees. S.H., the seat height from the heel of

the pedal, was kept fixed at 10 inches (Sathaye, 1969) . The

specific values taken in Phase I are shown in Pig. l\..
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Subieets

Pour staff members (3 male) from Kansas State Universa ;j

,

each having at least 35 years of driving experience, were used
"

as subjects; the average age was 60 years. Older subjects were

chosen because subjects in former experiments primarily had

been students. All were between 6I4. to 69 inches in height. The

same four subjects were run in all the phases in order to min-

imize the subject effect.

Also, 50 subjects ( J4.O male and 10 female) were used from

an Engineering Open House held on March 1$ and 16, 1969 at

Kansas State University. For each of these 50 subjects, ten

reaction times on the dual-function pedal and ten times on a

conventional brake-accelerator system (AAA reaction timer)

were taken.

Sequence

Some learning effect was noticed in experiment seven

(Wadehra, 1968). To reduce this effect each subject was given

15 to 20 practice trials at each of the ten conditions (only in

Phase I) before the actual experiment started.

The sequence of the first subject was arranged in such a

manner so as to reduce the effort of changing the experimental

set-up. The sequence of the subject two was the mirror image

of subject one's. Subject three followed a different sequence

and subject four's sequence was the mirror image of subject

three's. The sequence was varied in each phase (consisting of

four cycles) .
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Experimental Procedure

Before the experiment was started, the personal data of

the subject (name, age, sex, height, and years of driving exper-

ience) were recorded. The subject was told the purpose of the

experiment. Questions, if any, were answered. The rear wheels

of the car were lifted up from the ground with the help of a

jack. The engine of the car was started and it was put in

drive gear during the experiment. The subject was asked to de-

press the accelerator so that the speed indicated by the needle

was between 20 to 30 miles per hour and watch the red lamp

through, the windshield. As soon as the bulb under the red cello-

phane was on, the subject was to release the accelerator and

apply the brake. When the brake was applied the red light went

off and the reaction time was indicated on the reaction timer

in milliseconds. During the experiment the subject kept his

hands on the steering wheel. No special rest period was pro-

vided except the one available during the. changing and fixing

of conditions. A time gap of five seconds is quite enough to

prevent treating the two consecutive stimuli as one stimulus

(Telford, 193D •

Twelve readings were taken for each condition and the high-

est and the lowest eliminated. The experiment was run in four

phases. The values of the parameters for each phase were

selected after analysis of the previous phase.
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RESULTS

Phase I

The parameters under study were the angle of twist (p),

seat reference distance (S.R.D.), and the pedal angle (.<) . The

points 1 through 10 are given in Pig. l\. (a). Block I (Appendix

II) consists of points 1 through 5 and Block II (Appendix II)

consists of points 6 through 10. Reaction times for the four

subjects are given in Table 1. The reaction times, in milli-

seconds, are the mean times taken at each point for each subject,

based on ten readings (twelve readings at each point were taken

and the lowest and the highest were eliminated) and are shown

in Pig. i| (b) .

Three-variable EVOP was used to calculate the signifi-

cance of the main effects of «<, 6, S.R.D., and the first order

(two factor) interaction effects of + x 6, -< x S.R.D., and

S x S.R.D. The results of each cycle of Phase I are summarized

in Table 2. The 95 P©^ cent error limits are also tabulated.

The average response was 308 milliseconds. At the end of

Phase I, the variation of the response surface at 95 per cent

error limits was +8.00 milliseconds by chance. Therefore, the

effects above or below +8.00 milliseconds were significant.

As seen from the Table 2, the main effects of 3 and S.R.D.

had a significant effect on the reaction times at the comple-

tion of Phase I. A change of 20 degrees in 3 changed the re-

sponse 31.7 milliseconds; the surface sloped upward from 85

degrees by 1.6 milliseconds per degree. A change of 10 per



Anglo of
twist,
degrees

25

9 K$

Pedal
angle,
degrees

85 7

i+o h$ 50

Seat
reference
distance, %

(a) Cycle of variants

313 287

312

338[/ 322

(b) Mean reaction time (milliseconds) after Ij. cycles
(seat height constant at 10 inches)

Pig. ij.. Pattern of variants and results for three
variables for Phase I.



26

Table 1

Mean reaction time (milliseconds) of ton trials in Phase I.

Sub- Points
jects

Aver-

1 2 3 If 5 6 7 8 9 10 age

L.W. 307 349 30it. 362** 338 295""' 352 334 337 305 328

E.B. 298 301 277 329 300 288 334** 288 299 263* 296

T.P. 286 321 284 3A-** 301 278 328 327 319 277* 307

H.S. 283 319 282 311 284 294 337** 305 292 268* 298

Aver-
age 293 322 287 339 306 289 338 313 312 278 308

""'Subject's minimum mean time for his or her ten points
(row minimum)

.

'"""'Subject's maximum mean time for his or her ten points
(row maximum) .

Table 2

Consolidated main effects and 95 per cent error limits (Phase I)

Cycle

No. at. 3

Cumuli

S.R.D.

25.25*

.ative

<< x 3

0.75

Effects

«< x SRD

-1.25

3 x SRD

2.75

95% Error
Limits

2 -1.75 -31.75* ±11.78

3 3.25 -32.25* 25.75* 1.25 3.25 3.75 ± 8.96

4 1.75 -31.75* 24.25-"' 6.25 2.25 2.75 ± 8.00

'"'Significant effect.
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cent in S.R.D. changed the response 21).. 3 milliseconds; the

surface sloped down 2.L\_ milliseconds per per cent from I4.O per-

cent. The effect of ^ was not significant. None of the inter-

actions were significant.

Phase II

As (3, the angle of twist, was significant in the last phase,

the higher angles being more favorable, it was decided to vary

(3 at 100-105-110 versus the 85-95-105 of Phase I. Also, S.R.D.

was significant, the higher values of percentages being more

favorable, so it was decided to vary S.R.D. at ij-5-50-55 P®^' cent

of the subject 1 height instead of L\.0-L\.$-^0 . In order to have

two points^in common between Phase I and II, the pedal angle was

varied at 30-35-l]-0 instead of 35-l].0-l].5.

The new values of the variables selected are shown in

Pig. 5 (a)- The mean reaction times for the ten points after

completion of four cycles are shown in Pig. 5 (b) . The mean

times for each cycle are given in Table 3. Table 1]. shows the

cumulative effects and 95 per cent error limits for various

effects; the average response was 291]. milliseconds; the error

was +8.90 milliseconds. Only the main effect of S.R.D. was

found significant. The change of 10 per cent in S.R.D. changed

the response 33-3 milliseconds; the surface sloped upward 3-3

milliseconds per per cent from I4.5 per cent.

The results of Phase I and II show that the optimum value

of S.R.D. lies between I4.5 to 50 per cent of the subject's height.
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Table 3

Mean reaction time (milliseconds) of ten trials in Phase II

Sub-
jects

Points

Aver-
1 2 3 if 5 6 7 8 9 10 age

L.W. 275 309 320 268* 3 Hi. 279 302 311 321 333** 305

T.P. 257* 321 323** 280 262 266 267 277 311 318 288

H.S. 277* 300 31k 295 286 278 291 280 323 330** 298

E.B. 273 296 302 268 272 266* 270 281 311 317** 286

Aver-
age 270 306 315 278 283 272 282 287 316 32l> 29^

""Subject's minimum mean time for his or her ten points
( row minimum)

.

"""'Subject's maximum mean time for his or her ten points
(row maximum)

.

Table )±

Consolidated main effects and 95 per cent error limits (Phase II

Cycle Cumul.ative Effects 95$ Error

No. ^ p

9.75

S.R.D.

-34.25*

«< x 3

2.75

* x SRD

-0.25

(3 x SRD

2.25

Limits

2 -1.75 ±22.26

3 -1.00 6.50 -32.50-"- -2.00 -1.00 -2.50 ±13.16

k 0.35 6.75 -32.75-"- -2.75 -0.25 -1.65 ± 8.90

'"Significant effect.
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As the effect of (3 was not significant in Phase II, it was

decided to explore the range of angle p further. In the Pr.-o.-jo

III, [3 was varied at 100-107 .5-115 versus the 100-105-110 of

Phase II. It was decided to vary S.R.D. at 35-^-5-55 to have a

wider range of contours (for showing the best and the worst

designs) versus the \\$-$§-$$ of Phase II. The pedal angle was

kept the same as that of Phase II (30-35-1^0) .

The new values of the variables selected are shown in the

Pig. 6 (a). The mean reaction times for the ten points after

completion of Phase III are shown in Pig. 6 (b) . Reaction times

for the four subjects are given in Table 5- Table 6 shows the '

cumulative effects and 95 per cent error limits for various

effects in Phase III; the average response was 315 milliseconds

and the error was ±5-72. The main effect of << was found sig-

nificant. A change of 10 degrees in pedal angle changed the

response 5.8 milliseconds; the surface sloped upward from 30

degrees by 0.6 millisecond per degree. The S.R.D. response,

when 35 per cent was contrasted against $$ per cent, was not

significant. Angle of twist, [3, was not significant.

Phase IV

To explore the lower and higher levels of +, it was decided

to vary «< at 25-1+0-55 instead of the previous 30-35-l|0. S.R.D.

was kept the same as that of Phase III (35-J+5-55) . As the main

effect of p and its interaction effects with the other two var-

iables U, S.R.D.) were not significant in Phase III, it was
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Table $

Mean reaction time (milliseconds) on ten trials in Phase III

Sub-
jects

1 2 3 k

Points

5 6 7 8 9 10
Aver-
ago

L.W. 297 322 33k 338 325 296-::- 320 3li-0-::~* 328 318 322

T.P. 289* 327 327 366** 331 292 330 329 317 32k 323

E.B. 281 299 309 301 301 281* 299 301 306 311+.** 299

H.S. 287* 321 327 329** ' 319 288 321 32k 312 326 316

Aver-
age 288 317 32k 333 319 289 317 323 316 320 315

'""Subject's minimum mean time for his or her ten points
(row minimum)

.

'"""'Subject's maximum mean time for his or her ten points
( row maximum)

.

Table 6

Consolidated main effects and 95 per cent error limits (Phase III)

Cycle Cumulative Effects 95% Error

No. << 3 S.R.D. °< x 3 * x SRD 3 x SRD Limits

2 10.00'"' -2.50 10.50* -2.50 6.50 -5.00 +8.60

3 7.00 0.00 1^.50 -3.00 k-So -I4..50 ±8.17

k 5.75";:' 0.75 3-75 -1.75 4.25 -k.l$ ±5.72

'"Significant effect.



decided to lower tho values of {!> to a range which was most suit-

able to the subjects; 90-95-100.

The new values of the variables selected are shown in the

Pig. 7 (a). The mean reaction times for the ten points after

completion of Phase IV are shown in Fig. 7 (b) . Reaction times

for the four subjects are summarized in Table 7. Cumulative

effects and 95 per cent error limits for various effects in

Phase IV are summarized in Table 8. The average response was

329 milliseconds and the error was +11.39.

As seen from the Table 8, the main effect of + had a sig-

nificant effect on the reaction times. A change of 30 degrees

in «< changed the response 18 milliseconds or a slope upward of

0.6 millisecond per degree from 25 degrees. Although the re-

sponse of 330 at 25 degrees was better than 2>\\£> at SS degrees,

both were higher than the response at 30 and 35 degrees in pre-

vious Phases or the 286 for I4.0 degrees in this Phase. Angle of

twist, (3 was not significant. The S.R.D. response, when 35 per

cent was contrasted against SS per cent, was not significant.

Only the «< x S.R.D. interaction effect was significant.

The search was terminated after Phase IV, as the feasible

surface had been scanned. The minimum reaction time was 270

milliseconds for point 1 (<< = 3$ degrees, (3 = 105 degrees,

S.R.D. = 50 per cent) in Phase II.

Since (3 was never significant in the range 90 to 115 de-

grees, its effect was ignored and the overall results for -< and

S.R.D. for all the four Phases is shown in Fig. 8. The common

points of the four Phases showed some learning as the number of
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Table 7

Mean reaction time (milliseconds) of ten trials in Phase IV

Sub-
jects

Points

Aver-
1 2 3 k 5 6 7 8 9 10 age

E.B. 277* 308 306 319"* 305 279 300 318 30l|. 316 303

L.W. 283'"' 329 3^0 350** 328 292 322 337 322 3 Hi- 322

T.P. 300 359 388 389 331 296* 373 lj.18** 3SS 376 359

H.S. 28J+ 3i|-0 3kS I|X>1|«» 323 279* 327 333 31*3 330 331

Aver-
age 286 33k 3h$ 365 322 286 330 351 331 331^ 329

"'Subject's minimum mean time for his or her ten points
( row minimum)

.

""""'Subject's maximum mean time for his or her ten points
(row maximum)

.

Table 8

Consolidated main effects and 95 P©r cent error limits (Phase IV)

Cycle Cumulat;ive Effects 95$ Error

No. =< p

1.25

S.R.D.

4.75

°< x (3

0.25

+ x SRD

7-75

3 x SRD

-2.25

Limits

2 9.25* ± 7.85

3 15.75'"' 3.75 6.25 7.75 13.25"' -6.75 ±12.53

k 18 . 00* -2.00 6.00 2.00 34.00* -9.00 ±11.39

'"'Significant effect.
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trials increased. The learning curve for the dual-function pedal

is shown in Pig. 9. For direct comparison the reaction tirr.es of

each Phase were reduced to Phase IV as their reference base, by

multiplying by a certain correction factor obtained from Pig. 9.

The multiplying factor was obtained by taking each point of the

different phase (Pig. .8) as 100 per cent and then finding what

per cent the fourth phase point was of the 100 per cent. The

multiplying factor for each phase is given in Appendix III.

Adjusted points for all the four phases are shown in Pig. 10.

The appearance of the response surface showing its contours is .

shown in Pig. 11. The times shown in Pig. 11 are the adjusted

average reaction times at different conditions.

Comparison of Dual-Function Pedal with Conventional

Brake-Accelerator System

Twelve reaction times (highest and the lowest eliminated)

of the same four subjects were taken on the conventional brake-

accelerator system. The seat height was fixed at 10 inches.

S.R.D. was fixed according to the subject's own convenience.

The mean reaction time for these subjects on dual-function pedal

at the best condition U = 35°, P = 105°, S.R.D. was fixed accord-

ing to the subject's own convenience) was found to be 270 milli-

seconds. This showed that there was a saving in reaction time

of 2l\3 milliseconds by using the dual-function pedal.

Twelve reaction times (highest and the lowest eliminated)

were taken on the dual-function pedal and twelve times (highest

and lowest eliminated) on a conventional brake-accelerator system

for each of the £0 subjects of 16 to 67 years of age (average
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age: 30 years), from Engineering Open House (March 1$, 19&9) at

Kansas State University. Before the trials on dual-function

pedal and conventional system were taken, each subject was given

a small amount of instructions (about a minute) explaining the

procedure to be followed. No practice was given to the subjects.

For showing the direct comparison between dual-function

pedal and conventional brake-accelerator system, the histograms

for reaction times (5>00 in each case) in both the systems were

drawn on the same sheet (Fig. 12) . On the dual-function pedal

the average time was 280 milliseconds (Table 10), and conven-

tional brake-accelerator system averaged I4.7O milliseconds

(Table 11) . Thus there was a saving in reaction time of 190

milliseconds by using the dual-function pedal. This saving in

time was achieved with small amount of instructions (about a

minute) and without practice given to the subjects. Figure 12

shows that 90 per cent of the time, the reaction time for dual-

function pedal would be 350 milliseconds and for conventional

brake-accelerator system would be 6£0 milliseconds.

For determining the effect of age on reaction time, a graph

(Fig. 13) of age versus reaction time was plotted. It showed

that in case of a dual-function pedal age has very little effect

on the reaction time, but in case of the conventional brake-accel-

erator system the reaction time goes on increasing appreciably

with respect to age. This means that older people can be well

adjusted on the dual-function pedal system using the criterion

of reaction time. The saving for a 60-year-old subject would be
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predicted to be 260 milliseconds; this is compatible with 2J+9

milliseconds made by the four subjects.

Table 9

Mean reaction time (milliseconds) of ten trials on

conventional brake-accelerator system

Sub-
jects

Trials

Aver-
3 4 5 6 7 8 9 10 Total age

w.l. 6io 58o 570 620 56o 590 630** 540* 6oo 55o 5850 585

t.p. 520-;:" 530 56o*-" 535 520 55o 530 535 56o 54o 538o 538

e.b. 520** 480 500 480 465 475 495 455* 5io 5i5 i+895 489

H.s. 1^.80 450 490** 440* 465 480 460 445 475 460 4645 464

2077 519

'"Subject's minimum time out of ten trials.

"""""Subject's maximum time out of ten trials.
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DISCUSSION

Figure 11 shows the optimum range for selecting the vari-

ables of <>< and S.R.D. It indicated that optimum value for

S.R.D. seems to lie between I4.5 to 50 per cent of the subject's

height; the optimum value of pedal angle is between 30 to JiO

degrees. Selection of values beyond this region would increase

the reaction time.

It was found that S.R.D. was significant in Phase I when

lj.0 per cent was compared versus 50 per cent, and in Phase II when

l\S per cent was compared versus 55 per cent of the subject's

height. But in Phases III and IV, S.R.D. was not significant

in both the Phases when 35> per cent was compared versus 55 per

cent of the subject's height. Figure 11 indicates that when we

consider the points at S.R.D. of ^>$ per cent and $$ per cent,

we come out of the optimum range (bottom of the valley) and

approach toward higher levels of nearly the same magnitude on

both sides of the valley. These values of the S.R.D. nearly

provide the same reaction times. Thus S.R.D. was not signifi-

cant after Phases I and II.

Another possible reason for S.R.D. being insignificant in

Phase III was observed by the author during the period when the

experiment was in progress. The reaction time varied with the

same subject at a particular condition, that is, if the subject

was used for this experiment at different times of the day

(i.e., morning, afternoon, evening). This kind of instance was

observed in Phase III. At the end of the second cycle

(Phase III) the main effect of S.R.D. was significant for the
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first two subjects, but was made insignificant by the third

subject (third cycle) who was the only subjoct used in the morn-

ing in that particular phase. This ultimately resulted in mak-

ing S.R.D. insignificant at the end of Phase III (consisting

of four cycles)

.

This kind of situation indicated that a subject's reaction

time also depends upon the time of the day when subject is used

for this experiment. In other words, it can be said that one

is more active in the morning and is likely to show a low reac-

tion time than in the afternoon or evening when one is tired due

to the day's hard work and does not have the proper intention

to work.

After completion of all the four phases, it was observed

that subject T.P. (sex: female, height: S'lj.", a Se: &° years),

who showed low average reaction times in Phases I and II, had

sufficiently higher average reaction times in Phases III and IV.

She was especially poor at S.R.D. of 55 per cent. This kind of

situation indicated that shorter people do not feel comfortable

if S.R.D. is increased beyond $0 per cent, and are prone to give

higher reaction times. On the other hand, taller people may

feel comfortable if S.R.D. is increased beyond 50 per cent to

some extent. It is obvious that the reverse is true if we ap-

proach below S.R.D. of JLj_0 per cent. Thus, in general, S.R.D.

value should be selected from hfi to 50 per cent of the subject's

height.

Contrary to the expectation of the author, angle of twist

(within the range 90 to 115 degrees) did not have a significant
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effect on the reaction time. However, the minimum reaction

times were observed at the conditions when angle of twist was

105 and 107 1/2 degrees.

Contrary to the expectation of the author, the mean reaction

time at the best condition of the older subjects (average age,

60 years) used in this experiment was less than that of young

students (average age, 23 years) used in experiment eight

(Sathaye, 1969). This might be due to the fact that older sub-

jects had nearly 10 times more driving experience than young

students.

Another possible design of a dual-function pedal could have

a larger size plate (2' x 1') for the pedal. This plate size

would cover the same area in the new system which the brake and

accelerator already occupy in the conventional system. A person

thinking he was actuating a conventional system would lift his

foot and move it to the left. A wide pedal would accommodate

even this type of error. In this kind of arrangement the oper-

ator would be at liberty to use either foot for applying brake

or accelerator.

The information given above provides a fairly wide working

range to select the values of pedal angle, S.R.D., and angle

of twist on criteria of more mechanical nature.
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CONCLUSION

There is no definite optimum design since reaction time

is more or less the same over a certain range of the values of

the variable. The above discussion provides a conclusion which

is significant for the designers. It says that to obtain mini-

mum reaction time along with comfortable situation for the

operator, the values of the variables considered in this exper-

iment can be taken as given below.

The optimum pedal angle is between 30 to [j.0 degrees. The

optimum seat reference distance can lie between \\$ to 50 per

cent of the subject's height. Beyond this region a change in

S.R.D. of one per cent will increase reaction time approxi-

mately 7 milliseconds per per cent. A change in pedal angle of

one degree will increase reaction time l\. milliseconds per de-

gree. Minimum reaction time can be obtained when the angle of

twist is between 10£ to 107-5 degrees.
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APPENDIX III

U)

Calculations for Points in Fig. 9

1. Common points to Phases I and II

(a) S.R.D. = $0%, + = 35°, (3 = 105° (point 10 for Phase I,

point 1 for Phase II)

.

(1) 270/278 = .971 or 97-1$ of Phase I.

(b) S.R.D. = $0%, -< = 35°, P = 105° (point 10 for Phase I,

point 6 for Phase II)

.

(1) 272/278 = .978 or 97.8$ of Phase I.

2. Common points to Phases II and III

(a) S.R.D. = $$%, * = 30°, (3 = 100° (point 2 for Phase II,

Point 2 for Phase III).

(1) 317/306 = .1036 or 103.6$ of Phase II.

103.6(97.1 + 97. 8) /2
(2) = 100.9$ of Phase I.

100

(b) S.R.D. = $$%, * = !|.0
o

, (3 = 100° (point 9 for Phase II,

point 9 for Phase III).

(1) 316/316 = 1.0 or 100$ of Phase II.

100(97.1 + 97. 8) /2
= 97. kS% of Phase I

100

3. Common points to Phases I and IV

(a) S.R.D. = h£fo, + = lj.0
o

, (3 = 95° (points 1, 6 for

Phase I, points 1,6 for Phase IV)..

(286 + 286)/2
(1) = .976 or 97.o$ of Phase I

(293 + 293)/2



6?

(B)

Correction Factor for Adjusting all Phases to Phase I

Using Curve of Pig. 9-

The learning factor was determined by considering each

point of different phase (Pig. 9) as 100$ and finding what per

cent the fourth phase point was of the 100$.

Phase I

Considering the points I and IV of Fig. 9, it was con-

cluded that IV is 97.6$ of I.

0.976
Correction factor = x 100 = 0.97°

100

Hence the mean reaction times of Phase I were multiplied

by 0.976 for direct comparison.

Phase II

Considering the points II and IV,

0.976
Correction factor = x 100 = 0.992

0.981^

Hence the mean reaction times of Phase II were multiplied

by 0.992 for direct comparison.

Phase III

Considering the points III and IV,

0.976
Correction factor = x 100 = 0.999

0.977

Hence the mean reaction times of Phase III were multiplied

by 0.999 for direct comparison.

Phase IV

This phase being the base, mean reaction times remained

unchanged.
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The effect of varying three parameters in the design of a

dual-function pedal was determined. The experiment was con-

ducted under partially simulated driving conditions.

A reaction time of 270 milliseconds was found for the opti-

mum design; the conventional brake-accelerator system requires

519 milliseconds for the four experimental subjects. For fifty

Engineering Open House visitors, the dual-function pedal re-

quired 280 milliseconds and the conventional system I4.70 milli-

seconds.

The optimum pedal angle is between 30 to 1+0 degrees.

The optimum seat reference distance is estimated between l\$ to

50 per cent of the subject's height. Beyond this region a

change of one per cent in S.R.D. will increase reaction time

approximately 7 milliseconds per per cent. A change in pedal

angle of one degree will increase reaction time about 1+ milli-

seconds per degree. The angle of twist, when varied between

90 to 115 degrees did not have a significant effect on the

reaction time. Negative angles (less than 90 degrees) increased

the reaction time.


