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Foot Operation of Controls 

by K. H. E. KBOEMER 

Anthropology Branch, Human Engineering Division, Aerospace Medical Research Laboratory, 
Wright-Patterson Air Force Base, Ohio 45433 

The literature pertaining to foot operation of controls is reviewed and a new 
experiment reported. 
Published experimental results clarify only some isolated aspects of leg and foot 
motions. Even the relatively often investigated speed of operating pedals and 
forces that can be applied to them, were studied under such different ex]>erimental 
conditions that no general statements are possible concerning what pedal can be 
operated most quickly or forcibly. Opinions about the advantages and dis- 
advantages of hand versus foot operation seem not generally based on experimental 
findings. 
In an experiment, 20 seated young adult male subjects moved their right foot as 
rapidly as possible over distances of 15 cm to circular targets. The direction of 
these discrete movements had no appreciable effect on the accuracy of motion. 
Forward motions of the vertical or almost vortical lower leg were slightly faster 
than backward or lateral motions of the elevated lower leg. All motions could bo 
performed in about 01 soconds. 

1.   Introduction 
' Examples of human controlled mechanisms in which the feet assume 

portions of the control function abound: automobiles, airplanes, and musical 
instruments, for example. But almost never is primary control of a process 
given over entirely to the feet, though there may be a clearly obvious adantage 
in having the hands free for other tasks. The reason for this probably lies in 
the relatively gross nature of typical neuromuscular behavior of the feet, 
with the attendant difficulty of training them for a delicate task. But if the 
feet and legs are already highly trained for the task, in fact so highly trained 
that the necessary delicate responses have become reflexes, they should be 
able not only to do the job adequately, but to do it with practically no training 
and very little demand on the higher neural centers. Allowing such a function 
to assume some primary control duty, then, should free the hands and mind for 
other primary duties and thereby make the overall system more flexible, more 
capable, and/or more economical.' 

Since Keller and O'Hagan (1963) wrote those sentences the literature shows 
no evidence of more studies than before being devoted to the question of' hand 
versus foot operation of controls '. Despite the practical importance of this 
problem, surprisingly little research has been published indicating the possi- 
bilities and limitations of using the feet for inputs to man machine systems. 

This report contains a review of the literature pertaining to foot operation 
of controls, and a description of experiments on the speed and accuracy of 
discrete foot motions. 

2.    Literature Review 
2.1. Speed of Activation of Foot Controls 

Barnes et al. (1942) were the first of several experimenters studying the opera- 
tion of a particular group of pedals as sketched in Figure 1.   All the pedals had in 
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common that they were rotated with the foot about a pivot near the pedal 
surface. This pivot was located at the rear end of the pedal, or at the front, 
or somewhere in-between. 

In their study, ' 12 male and 3 female ' sitting subjects depressed each pedal 
with the right foot as often as possible during a period of three minutes. 
Unfortunately, not all experimental data are reported: questions remain, e.g., 
with respect to the initial position, the resistance of the pedals and the amount 
of travel (Table 1).    Barnes et al. concluded that hinging the pedal at the rear 

LOCATION OF THE PEDAL PIVOT 

d = 0 d •; a d = a d > a d = b d = f d = t 

BARNES, HARDAWAY t 
PODOLSKY (19U2) 

6, s not specified c 
"at the 

arch " 
'at the 
toe" 

LAURU (1957) 

£,6 and s  not 
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arch" 

of 

"in front 
of the 
toes" 

NICHOLS i.   AHRINE 
(1959) 

I   =   25. U c« 
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"under 
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"at the 
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"heel hunj 
over the 
end" 

TRUHBO t   SCHNEIDER 
(1963), 
SCHNEIDER (1966) 

I   = 30.1 cm 
1    = 30" 
5 = 15° £ 

"center- 
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** 

ENSDORFF (196U) 

6   = 30° 
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TROHBLEY (1966), 
AYOUB (.   TROHBLEY 
(1967) 

t   =    36, 30, 21, 18° 
s constant s 

i  » X  in 

S 
2a • b 

*   ' — 
stationary 

1 heel 
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a   distance heel-ankle 
b   distance heel-ball 
d : distance rear end of the pedal to pivot 
f : length of the foot 
t : length of the pedal 
6 : initial angle of the pedal against horizontal 
a   travel of the pedal (linear or rotational) 

Figure 1.    Location of the pivot in previous pedal experiments. 
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Tublo 1.    List of experimental parameters in the pedal studios of 

Barnes, Hardaway and Podolsky (1942) BHP 
Lauru (1957) L 
Nichols and Amrine (1959) NA 
Trumbo and Schneider (1963), Schneider (1966) TS 

Knsdorff (1964) E 
Trombley (1966), Ayoub and Trombley (1967) T 

BHP L NA TS E T 

Subjects 
Sample population } j X X ! X 
Males X j X X T X 
Females X 1 - - ? — 
Thigh angle ? ? J 1 X X 
Knee angle •>. 

j T T X X 
Tibia-pedal angle J ? ? ? X X 
Sitting X X - X X X 
Standing - - X - - - 

Pedal 

Length X ? X X X - 
Breadth X 1 X X X - 
Pivot location X X X X X X 
Initial position J ? X X X 
Initial balance X X T T X 
Force, etc., necessary X J X ? X 

Action required 
Travel to mark - f 1 _ X _ 
Travel to stop X } 1 X - X 
Travel given angle J 1 I X 1 X 
Travel given distance J ? J - •1 X 
Discrete motions - 1 1 X X X 
Repetitive motions X ? ? - - - 

Rating criteria 
Force, work, etc. - X ? - - - 
Number of operations X •' •I - - - 
Reaction time X 1 •'. X X X 
Travel time X X J X X X 

Accuracy - J ? - X - 
Physiologic strain - - X - - - 

X     sjvocified by the author. ? =not specified. - = not applicable. 

or at the front allowed subjects to perform the maximal number of (attempted 
and completed) strokes per minute. Using stationary platforms for the heel 
of the foot, or hinging the pedal ' at the arch ' of the foot reduced the stroke 
frequency. 

Lauru (1957) also used similar pedals, but had in addition one with the pivot 
' in the axis of the tibia ' under the heel. No description of the pedal dimen- 
sions, excursions, resistances, etc., is given except that the pedals ' activated a 
cutting press '. Lauru measured the forces exerted on the pedals and the time 
consumed in their operation. He found that the pedal hinged under the heel 
could be activated fastest and required least force for operation by a sitting 
subject. The pedals hinged ' under the foot arch ' and at the rear end were the 
next best while the front-hinged pedals needed most force and time for 
activation. 
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Nichols and Amrine (1959) claim to have used the same pedals as Barnes et al. 
Unfortunately, they also do not report the initial position or the amount of 
travel of the pedals. The pedals offered three levels of resistance to the 
operation, since weights of 5 lb, 10 lb, and 15 lb were attached to them through 
cables and pulleys. The authors do not specify what amount of force or work 
was required to move the pedals. Five male college students (' between the 
ages of 17 and 25 years ') operated the pedals while standing. Manner and 
frequency of operation are not reported. The authors state that the smallest 
increases of the subjects' heart rates occurred when they operated pedals 
hinged at the rear or at the front. 

Trumbo and Schneider (1963) also used Barnes' pedal types. In the initial 
position, the pedals were inclined at 30 degrees. From this position the pedals 
had to be pressed down 15 degrees against a spring. This action required a 
work of about 2-6 in. lb. Ten male college students, while sitting, operated the 
pedal as fast as possible upon a light signal. Discrete activations were required 
rather than continuous operation as in Barnes' and Lauru's studies. Trumbo 
and Schneider found that the response times (reaction plus motion time 
elapsed until pedal was 15 degrees depressed) were smallest with the pedal 
hinged at the rear, and largest with the pedals pivoted at the front. 

Ensdorff (1964) investigated pedals hinged at the heel, under the ankle, 
under the arch, and under the ball of the foot. His eight subjects (20 to 35 
years old) sat on a chair, their thighs horizontal, their shins at angles of 90, 100, 
110, 120 degrees with the pedal surface in the initial position, which was 
30 degrees over horizontal. Upon a light stimulus, the subjects depressed the 
pedal as fast as possible to move a pointer 7-5 cm to a fixed mark. The report 
does not clarify the actual travel of the pedal or the force required; it is obvious, 
however, that four different resistance levels were employed. Ensdorff 
measured reaction time (from the onset of stimulus to beginning of pedal 
motion), travel time of the pedal, and deviation of the pointer from the goal 
mark. He found that the reaction time was longest with the pedal hinged at 
the rear. Travel time, however, was shortest with the same rear-hinged pedal 
and increased with more anterior pivots. The accuracy of pointer (pedal) 
motion was best with the pivot under ankle or arch of the foot. 

Trombley (1966) and Ayoub and Trombley (1967) used pedals hinged at the 
rear of the foot, under the arch and in two intermediate locations. Fifteen male 
subjects, seated in a dentist chair, had to depress the pedals in discrete move- 
ments as fast as possible to a fixed stop. The stop was adjusted to require 
travels of 12 degrees or, respectively, of | in. at the ball of the foot. In the 
starting position, the subject's thigh was horizontal, the knee at 114 degrees, 
the angles between tibia and pedal were 78, 84, 90, or 96 degrees. The 
system was balanced so that the starting position could be maintained 
without muscular effort. Work of 8-4-34-2 in. lb. was necessary to move the 
pedals. 

Trombley's results can be summarized as follows. 
Reaction time was independent of the location of the pivot. Reaction time 

increased with increasing resistance of the pedal. Reaction time was shortest 
with an initial angle of 78 degrees between foot and pedal, and increased 
linearily with increasing initial angles. These findings held true both for 
constant travel distance and constant travel angle. 
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Travel time through a constant 12 degrees was largest with the rear-hinged 
pedal and decreased linearity with more forward pivot locations. However, 
the time consumed to travel a constant J in. at the ball of the foot was shortest 
with the rear-hinged pedal and increased when the pivot was located more 
forward. Travel time was shortest with the smallest pedal resistance and 
increased with larger loads. Travel time was somewhat irregularly related 
with the pedal-tibia angle, but seemed to be shortest with the smaller angles. 
Travel through the constant angle of 12 degrees was faster than through the 
constant distance of J in. at the ball. 

Konz et al. (1968) reported on experiments with an automobile pedal com- 
bining brake and accelerator controls. This pedal was supported by two shafts 
perpendicular to the pedal surface. Pressing down the front part (' accelera- 
ting ') moved the anterior shaft down, the pedal then pivoting about the hinge 
attaching it to the posterior shaft; pressing down the rear end, i.e., the posterior 
shaft (' braking ') caused the pedal to pivot about the hinge attaching it to the 
anterior shaft. Konz and co-workers found brake actuation starting from the 
depressed accelerator considerably faster with this dual pedal than with the 
conventional two-pedal arrangement. This laboratory finding was confirmed in 
actual automobile driving tests. 

Konz and his colleagues then modified the combination pedal to find out 
whether the pivot locations affected activation time. They moved the brake 
and accelerator shaft of the pedal independently fore and aft. In this experi- 
ment, the interlocking device between the shafts was removed so both shafts 
could be pressed down simultaneously. Three female and II male subjects 
with at least two years of driving experience, average age 23 years, took part 
in the experiments. A ' chair with normally cushioned seat and bach ' was so 
adjusted that the distance between the rear end of the pedal and the Seat 
Reference Point corresponded to 50% of each subject's height. The pedal was 
inclined 45 degrees, the angle between tibia and pedal between 78 and 96 
degrees. Scat height and force necessary to move the pedal are not reported. 
The subject held the front part of the pedal down, waiting for a red light to 
come on. Upon this signal, he quickly depressed the rear part of the pedal. 
The time from onset of the light to depressing the rear end of the pedal by at 
least   ,',. in. was measured. 

No significant interactions between pivot locations and brake activation 
times were found, although the distances from the rear edge of the pedal to 
the brake shaft were varied from 0-5-2-5 in. and the distances from the rear 
to the accelerator shaft were adjusted from 5-9 in.* 

The great majority of experiments was conducted with pedals similar to 
those used by Barnes el al. (1942). Yet, there arc significant differences 
among these studies with respect to basic experimental conditions. Some 
important experimental parameters are not reported, and the criteria applied 
are not the same throughout (see Figure 1 and Table 1). Thus, not even for 
' pedals pivoted near the foot ', is a general statement possible as to what 
pedal allows the fastest discrete activation or the highest frequency in repetitive 
operation under certain requirements of position, resistance, displacement, 
accuracy, etc.    For the many other possible and actually used pedal designs 

*  Further experiments were r -ntly reported (Konz ct al. 190!)). 
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and modes of operation, almost no information is available from the open 
literature. 

2.2. Forces Applicable to Pedals 

Static forces that sitting operators can apply to pedals have been measured 
by a number of researchers. The forces were exerted with one leg to fixed 
pedals, without gross relative movement of the pedal, foot, or leg. Results of 
the experiments are compiled in Tables 2 through 5. Figure 2 identifies body 
posture and body support during pedal operation. 

Forces applicable to aircraft pedals were of interest 40 years ago. Hertel 
(1930) used a Junkers aircraft mockup to measure the leg strength of 11 
engineers and pilots.    As shown in Table 2, the mean forces fell from 220 kp* 

Figure 2.    Identification of body posture and body support during pedal operation. 

Table 2.    Maximal static leg thrust exerted by seated males on aircraft-type pedals 

Test Conditions (See Figure 2) Kurcc 

Type of    Typo of              /3                 y 
pedal          seat            degrees     degrees cm 

H 
cm 

MeanS.D. 
kp       kp Remarks 

Subjects 
(author) 

Junkors Ju 35 cockpit       —               — 

— — 

220 

f>7 

20 

7 

Subjects 
fresh 
Subjects 
fatigued 

11 pilots and 
engineers 
(Hertel 
1930) 

Cockpit mock-up                 —               — 89 
SI 

15 
-30 

190 
159 — 

Horizontal 
f'i irce 

2 pilots 
(Gough and 
Beard 1936) 

B 24 aircraft cockpit      111 + 5       120 + 5 257 appx. 
45 

515 student 
pilots 
(Elbel 1949) 

* Kilopond kp, formerly kilogram-force kgf. 
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to about 70 kp when the subjects were fatigued after sustained force exertion. 
Gough and Beard (1936) showed that the mean force decreased from 190-159 kp 
when the pedal was lowered from 15-30 cm below seat level. Elbel (1949) 
measured average forces of almost 260 kp at B-24 aircraft pedals, when the 
knee angle of his subjects was about 111 degrees and the angle between the 
lower leg and the pedal about 120 degrees.    However, Crawford (1953) reported 

Table 3.    Maximal static leg thrust exerted by seated subjects on pivoted pedals 

Test conditions (See Figure 2) Force 

Type of Type of (3 y D H Mean Subjects 

pedal seat degrees   degrees decrees cm cm kp Direction (authors) 

Pivoted R    14 cm Between 130-150 90 — i'.i'l Wtt'll Appx. 5° to 15° 1 man 
near the r = 12 cm -10 and +10and 200 below 
instep t, (=W + 24 -10 horizontal 
approxi- appx. 2 women 
mately in 154 (Mttller, 1936) 
line with the 
axis of the 
tibia;largo back rest -   6               94 90 — — 33 Approxi- 6 * power- 

enough to supports -15             149 BO — — 103 mately in fully built 
accom- pelvis and -10             162 mi — 175 the line men 

modate the back. -10             165 90 _ — 157 from the (Hugh-Joness 

entire foot <, £-0f -   9             167 mi — —• 114 hip joint to 
the centre of 

1947) 

8               93 90 - - — 40 the pedal 
10             136 90 — 123 
5             164 90 — — 254 

19               67 90     41 
16            129 '.MI —. — 145 
15             160 90 — — 384 
15             160 90 — — (314)f 
15             160 90 — — (313)+ 
15             169 90 • - — 241 

36               88 <jo     61 
33             106 90 - — 84 
34             125 90 - — 201 

48               72 90 —   60 
49               SI 90 — — 59 

Pivoted R =20-29 cm 15            160 —. — 13 174 Horizontal 2o men 
under the r = 12-7 cm 0            160 — -10 145 (Reea and 
ball of the e, ( =0* (iriiluim. 
foot; pushed 1952) 
with the ball. 
Pedal 
12-7 cm wide, 
6-4 cm long 

Pivoted near not —                — 90 84 ± 5 6 ± 15 329 Direct ii'ii 166 tank 
the shin§ described (median of forco personnel 
pushed with parallel 1" (Martin and 
ball of foot the lower 

leg| 
Johnson, 
1952) 

• Probably 0°, but not explicitly statod in the original publication. 

f 32 drivers of the Royal Armourod Corps. 
X 16 schoolboys, aged 14 to 18. 
| Force application pushed the pedal assombly into the direction of thrust. 
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that the pedal assembly of a taxying aircraft was broken by the pilot, who 
obviously had applied more than the mere 220 kp until then officially specified 
as the maximal design load. Crawford cites subsequent tests with 10 pilots 
showing forces up to 445 kp applied to aircraft pedals. 

Forces exertable at pivoted pedals are compiled in Table 3. Miiller (1936) 
was the first and apparently the only researcher to publish such strength data 
of (two) women in addition to data of (one) man. Miiller found considerable 
interindividual strength differences between his subjects. The two females 
were much weaker than his male subject. Regardless of the absolute scores, 
each subject could exert his individual maximal force when the pedal was in 
front of the hip joint, at about seat height, and so far away that the knee had 
to be straightened to about 130 to 150 degrees to reach the pedal. The force 
was diminished if the seat had no backrest, or if the pedal was moved forward, 
backward, or laterally, or lowered from its position in front of the hip joint. 
Midler's colleagues, Dupuis et al. (1955), Lehmann (1958), Coermann and 
Kroemer (1968) gave some additional details of Midler's experimental results, 
not explicitly stated in his original publication. Miiller found that the 
maximal force could be transmitted to the pedal with the instep of the foot over 
the pedal axis, and that there are no gross strength differences between the 
right and left leg. 

Hugh-Jones (1947) also used a pedal pivoted near the instep, approximately 
in line with the axis of the tibia. He found that his subjects (six ' powerfully 
built men ') coidd exert largest forces on the pedal when the knee angle was at 
about 160 to 170 degrees, i.e. at larger angles than Miiller had found to allow 
the strongest thrust. As in Midler's experiments, the largest force could be 
exerted when the pedal was located in front of the hip joint. In this position, 
Hugh-Jones observed no gross differences in the mean forces of 32 drivers of 
the Royal Armoured Corps and of 16 London schoolboys, aged 14-18 years 
whom he used as subjects in addition to his original six. Hugh-Jones' data 
show that seemingly small changes in knee or hip angle may bring about rather 
large changes in the forces applicable to the pedal. 

Rees and Graham (1952) had their pedal pivoted under the ball at the foot; 
from the drawing in their report, it seems as if the axis of rotation was about 
2-5 cm below the surface of the pedal. Twenty men pushed at the pedal with 
the ball of the foot. Rees and Graham stated that the position of the backrest 
of the seat is an important factor with regard to the force that can be exerted. 
The way reaction force is provided to the subject determines the force he can 
actively exert; the amount of force he can exert actively is limited to the 
amount of reaction force available to him. Rees and Graham showed again 
how the force applicable to the pedal is diminished when the pedal is lowered 
from the height of the hip joint to a location well below the seat height. 

Martin and Johnson (1952) also used a pivoted pedal. Its axis of rotation, 
however, was not near the pedal surface but close to the subject's shin. This 
meant that the pedal swung into the line of thrust but also that the axis 
' interfered with the subject's leg when small horizontal distances (between 
the pedal and the junction of seat pan and backrest) were used. As a con- 
sequence, horizontal distances less than 29 in. could not be tested '. The 
subjects, 166 members of a tank battalion, pushed with the ball of the foot. 
Martin and Johnson found that their subjects could exert largest forces when 
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Table 4.     Maximal static leg thrust exerted by scaled males on a fixed pedal 

Test conditions (See Fipn e->) Force 

Typo of 
pedal 

Type of 
sent 

D   °nof 
y      total leg 

degrees reaoh 
H 
cm 

Mean 
kp 

S.D. 
kp Direction 

Subjects 
(author) 

Fixed pedal, 
pushed with 
ball of foot 

R-=18cm 
r — 50 cm 
€    20° 
f =   3° 

(Akerblom) 

90 
90 

no 
90 

95 
85 

95 
85 

30 
30 

10 
10 

139 
105 

138 
123 

32 
30 

30 
30 

Approximately 
in line from 
hip joint to 
the ankle 

60 men 
(Rohmert 
1960) 

90 
oo 

95 
85 

— 5 
— 5 

143 
129 

31 
30 

90 
'.in 

95 
85 

-JO 
-I'll 

135 
115 

29 
32 

90 
90 

95 
86 

- 35 
-35 

HIT 

107 
24 
.'in 

the pedal was at approximately the height of the hip joint, and at the rather 
short distance of only 80-90 em in front of the junction of seat pan and backrest. 
Thus, with this pedal arrangement, highest forces could be applied with legs 
flexed. 

Rohmert (1966) measured the forces that 00 men* could exert on a fixed pedal 
with the ball of the foot (see Table 4). The results show once more the 
decrease in exertable force when the pedal is arranged so close to the subject 
that the knee must be bent severely as compared to the force exertable with 
the leg about straight, and horizontal. There are some discrepancies in the 
magnitude of force between the data reported by Rohmert and the forces 
measured on pivoted pedals (Table 3): it is not clear whether the differences 
stem mainly from the use of different pedals, or of different subject populations, 
or from other experimental parameters. 

Le Gros Clark and WeddeU (1944) measured the force applied to pedals at 
the instant when their subjects moved their eye balls (' throw-off' point). Their 
data tire not directly comparable to any other but indicate that force exertion is 
facilitated by large knee angles. 

Caldwell (1900) assessed the effects of the location of the pedal on the force 
that could be pulled horizontally on a handgrip. In this study, the pedal 
(footrest) was used to provide the sitting subject with the reaction force neces- 
sary for his hand pull. Caldwell states that ' the strength of the hand pull is 
greatest when the legs tire in the position at which they can exert the greatest 
force against the foot-rest '. i.e., when the thigh is slightly elevated and the knee 
angh- large, or, in other words, when the footrest is at about seat level. 

Tables 2, 3, and 4, give the forces exerted in static thrust of the total leg, 
accomplished mainly by attempted changes in the knee and hip angles; Table 5, 
however, presents the force data of experiments in which the subjects exerted 
static force in attempted rotation of the foot about the ankle joint. (The 
data are based on Hertzberg's experiments described in I960.) Predictably, 
these rotational forces are much lower than the forces exertable in total leg 

Rohmert and .lenik published in 1971 corresponding data for women. 
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Tablo 5.    Maximal static foot forces exerted by seated males on an aircraft brake pedal by 
attempted rotation of the foot about the ankle 

Test conditions (See Figure 2) Force* 

Direction Subjects 
(degrees (author) 

Type of Typo of S 1) H Mean S.D. below 
pedal seat drgrois cm cm kp kp horizontal) 

F-80 Hard 85 93 + 3 -9 45 19 5 100 USAF 
aircraft surfacod 80 93 ±3 -9 50 26 10 pilots 
podal; plywood 75 93 ±3 -9 56 28 15 (Hortzberg, 
axis of mockup of Anthropology 
rotation a standard 70 93 + 3 -9 60 30 20 Branch, 
under aircraft 65 93 + 3 -9 62 :u 25 Aerospace 
the heel seat 60 93 ±3 -9 64 80 30 Medical 

Research 
55 93 ±3 -9 58 27 35 Laboratory, 
50 93 + 3 -9 52 2fi 40 Wright- 
•45 93 ±3 -9 49 23 45 Patterson 

AFB, Ohio, 
40 93 ±3 -9 41 1!) 50 unpublished 
35 93 ±3 -9 35 17 55 data) 

* Exerted perpendicular to the pedal with the ball of the foot in attempted plantar flexion 
of the foot about the ankle. Force convertible into torque around pedal axis by multiplication 
with lever arm 15-6 cm. 

thrust and depend on the pedal angle, i.e., on the angle between the lower leg 
and foot. 

It is quite difficult to interpret and compare the published data on forces 
applicable to pedals. 

First, the experimental parameters are not always completely described. 
What, for example, were the design and the arrangement of seat and pedal in 
the aircraft experiments listed in Table 5? How can the hip and knee angles 
in one study be related to distance and height adjustments of the pedal in 
another study if the anthropometric data of the subjects are not given? 

Second, the instructions to the subjects are often not reported. Rees and 
Graham told their subject ' to increase the force gradually and to hold his 
greatest push for a few seconds ', Rohmert says the muscle contraction lasted 
about one second. How did the subjects in other studies exert their strength? 
Did they get an immediate feedback of the attained force? Did they compete 
against each other, as in Hugh-Jones' experiments? 

Third, it is generally not stated what score or index the experimenter 
selected as ' maximum '. Was it an instantaneous peak amplitude of the 
force curve? Was it a ' mean ' force, averaged over some period of time? 
Was it an average of several trials? 

Kroemer (1969 b) and Kroemer and Howard (1969) pointed out that these 
and other experimental conditions may greatly affect the results of strength 
measurements. There are certainly more questions than answers, both in 
methodology and in number of researched variables, in the area of forces 
applicable to foot-operated controls. 

2.3. Perception of Leg and Foot Positions and Motions 
Corlett (1965) tested perception of passive flexion and extension of the foot 

about the ankle joint with 8 male seated subjects, 25 to 38 years old.    They 
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placed their right foot on a pedal ' pivoted in line with the ankle joint'. The 
pedal was rotated by a mechanical device. Angular accelerations of 0-05-1-34 
degree/s2 were used, 8 for flexion and 9 for extension. 

Corlett found recognition of joint rotation easier with large than with small 
angular accelerations. At low accelerations, joint rotation is recognized by 
means of displacement. There seems to be no difference in recognition between 
flexion and extension.    The initial foot angle does not affect sensibility. 

Davies (1966) wanted to determine the ' cue to which a subject responds 
when his limb is moved passively '. He placed the forearm and the foot of 
6 subjects, 20 to 34 years old, on a pivoted horizontal platform so that the 
elbow joint or the ankle were over the pivot. The platform could be rotated 
with initial circumferential accelerations ranging from 150-900 mm/sec2, 
measured at a radius of 39 in. from the pivot. The subject pressed a button 
with his left hand when he felt the platform move. Pressing the button stopped 
devices measuring the distance travelled and the time elapsed from onset of the 
motion. 

Davies reported that his subjects did not respond to speed or travelled 
distance, but to acceleration. Movements from the ' mid positions ' (90 degrees 
angles) of the foot and elbow, and in downward direction (increasing foot or 
elbow angle) were most easily perceived. 

Lloyd and Caldwell (1966) investigated the accuracy with which knee 
extension and flexion can be perceived. The subject lay flat on his back on a 
padded table. While most of the thigh was supported by the table, the knee 
and lower leg extended over the edge. Angle-measuring devices were strapped 
to each leg. The weight of the instrument and of the lower leg was counter- 
balanced. Forty male subjects either had to place the lower leg to selected 
angular positions (active positioning), or the experimenter placed the leg in a 
certain position and asked the subject to estimate the angle (passive position- 
ing). In passive positioning, the subjects generally overestimated the knee 
angle slightly. In active positioning, the subjects were fairly accurate if the 
knee was only slightly bent, but underestimated the angle if the knee was 
distinctly flexed. 

Tn a subsequent study (Lloyd, 1968) 210 male subjects actively positioned 
their lower legs to specified angles (10-degree intervals) between full knee 
extension and 100-degree flexion. Six different levels of brake force at the 
strapping device were used. Lloyd states that ' in view of previous experi- 
mental findings, the results were not as systematic as predicted '. The brake 
force differentially affected the direction of positioning error, but not the amount 
of absolute error: again, the knee angle was underestimated with distinct 
flexion, but overestimated when the leg was almost straight. 

Corlett and Megaw (1967) investigated the role of kinaesthetic and visual 
feedback on very small foot motions. Sixteen sitting subjects, 18 to 35 years 
old, placed their right feet on a pedal pivoted ' under the ankle joint as suggested 
by Laura (1957)'. The torque at the pedal was set to either 4. 13. 22, or 
31 kp/cm. The amount of pedal motion, achieved by plantar flexion, was dis- 
played to the subject on an oscilloscope with the travel amplified by factors 
of J, 1, 4. and 16. The task was to ' make minimal voluntary motions ' with 
the pedal. 
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Corlett and Megaw found that under each of the experimental conditions, 
the subjects ' tended to make the (required) 30 movements in approximately 
the same time of between 20 and 25 seconds '. Changing the torque did not 
significantly affect the mean minimal movement of about 0'2 degrees. By 
increasing the visual gain (amplification factor) from £ to 16, the subjects were 
able to reduce the mean minimal motion to about 0-1 degrees. 

Drury (1967) reported on exploratory experiments in which the subject was 
instructed to make ' the smallest movement he possibly could '. In the first 
experiment, 6 male subjects (24 to 26 years old) were seated 14 in. higher than 
the level of the pivot of a rear-hinged pedal. The pedal was at an angle of 
45 degrees with the horizontal. Inertia and torque of the pedal were ' at three 
levels, Low, Medium and High '. (It seems as if the inertia was up to 
1-5 kp sec2/cm, and the torque between 10 and 100 kp/cm.) Upon signals by 
the experimenter, the subject made 15 discrete toe-down movements under 
each condition. In the second experiment, with 18 male subjects (19 to 35 
years old), the operator sat so that his thigh was horizontal and his lower leg 
vertical. The pedal, pivoted at the axis of the ankle, had its initial positions 
at 15 degrees above, at 0 degrees, and at 15 degrees below horizontal. Tn each 
position, the subject performed 50 self-paced toe-down motions against a 
constant torque of approximately 40 kp/cm. 

Drury concluded that the subjects could voluntarily perform extremely small 
motions, which were certainly not expressions of the involuntary muscle 
tremor. The mean amplitude of the motions was about 0-8 degrees in the first 
experiment, and about 0-2 degrees in the second experiment. Inertia, torque, 
and initial position did not significantly affect the amplitudes. 

2.4.  Transmission of Power through Rotary Pedals 

Rotary pedals, widely used with bicycles, allow the operator to transmit 
large amounts of energy to a mechanical system. As compiled by Wilkie (1960), 
champion athletes can put out approximately 1-2 h.p. over 5 minutes, about 
0-9 h.p. over 10 minutes, and about 0-5 h.p. for 100 minutes or longer. These 
figures indicate that (except for short outbursts of energy) rotary pedals are 
exceptionally well suited for transfer of human energy. Cycling has been 
found less tiring than rotating a hand crank (Lehmann 1961, 1963; Miller 1944) 
which is another effective method of transfering large amounts of human 
energy to a mechanical system. 

According to Grosse-Lordeman and Miiller (1936), Hess and Sensing (1963), 
Karpovich (1959), Miiller (1938, 1939), and Miiller and Grosse-Lordemann 
(1937), the following arrangements allow the least tiring transfer of energies: 
1 +0-3 pedal revolutions per second, pedal radius 18-22 cm (the larger radius 
and number of revolutions for output of very large amounts of energy). The 
saddle should be above and behind the pedal axis, the line connecting saddle 
and axis inclined 20 to 30 degrees behind vertical. The distance between 
saddle and pedals should be adjusted so that the subject, keeping his trunk 
immobile, must fully extend his legs when trying to place his heels on the pedals 
in the furthest positions. Inertia of rotating masses should be large enough to 
maintain their rotatory velocity for at least one revolution if the feet are lifted 
off the pedals.    Under these conditions, Miiller (1967) assumes that ' ordinary 
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healthy individuals ' could transmit up to 6 mkp/s (008 h.p.) for hours, up to 
10 mkp/s (0-13 h.p.) for about half an hour, and at least 20 mkp/s (0-26 h.p.) 
for less than two minutes. 

2.5. Selection and Arrangement of Pedals 

What pedal to select and how to arrange it depends mainly on the task to be 
performed and on the anthropometric data of the operator. If very large static 
forces are to be exerted, the pedal should be at about seat height, in front of the 
seat, and at such a distance that the leg is almost straight when the foot is 
placed on the pedal. In the case of large required forces, the operator must 
have a backrest to lean against; his thigh should be horizontal or inclined up 
to 30 degrees, the knee angle between 150 and 165 degrees, the angle between 
tibia and foot between 80 and 90 degrees. 

If only small forces are required, the pedal may be lowered; force then may 
be exerted either by thrust of the total leg or by rotation of the foot about the 
ankle. For small forces, or for continuous steering tasks, or for discrete 
activations, the thigh still should be horizontal or slightly elevated, but the 
knee angle could be anywhere between about 90 and 150 degrees, and the 
foot angle 90 to 120 degrees. 

Based on research results, theoretical considerations, and on ' common 
experience ', recommendations for selection and arrangement of pedals have 
been published by Coermann and Kroemer (1968), Damon et al. (1966), Domey 
and McFarland (1963), Dreyfuss (1960, 1966, 1967), Dupuis et al. (1955), 
Hindle et al. (1964), Kirk et al. (1964), Kroemer (1966, 1967), Kroemer and 
Coermann (1965), Lehmann (1958), McCormick (1964), McFarland (1963), 
Morgan et al. (1963), Rebiffe (1966), Schulte (1952), Wisner and Rebiffe" 
(1963 a, b) and Woodson and Conover (1964). 

General recommendations, however, cannot solve all problems. Specific 
circumstances may require unusual pedals or special arrangements. Gough 
and Beard stated as early as 1936 (p. 11): ' Locations of the controls for positions 
of comfort . . . are not necessarily ones in which the maximum force may be 
applied '. 

2.6. Foot versus Hand Operation of Controls 

Grether (1946) investigated tracking accuracy with aircraft controls, both 
hand- and foot-operated. A pointer of an Autosyn indicator was caused to 
oscillate irregularily. Using a stick or a wheel control (from a Link Trainer) 
or rudder pedals (from a P-47 aircraft), subjects had to try to hold the pointer 
on a fixed mark. The stick was moved with the preferred hand either laterally 
(aileron) or fore and aft (elevator). The wheel was grasped with both hands 
and either rotated (aileron) or moved fore and aft (elevator). The right and 
left rudder pedals had reciprocating fore and aft movements; resting the heels 
on the floor was permitted. Efficiency (accuracy) of tracking was measured 
as the time during which the pointer was actually kept on the reference mark. 

In the first series of experiments, the maximal control travels necessary to 
keep the pointer on the mark were 4 in. at the pedals, 8 in. at the stick, 8 in. of 
fore and aft motion and 11 in. rotation at the wheel. During 5-minute trials, 
24 subjects performed their tasks more accurately with the hand-operated 
controls than with the rudder pedals.    ' Time on target ' accomplished with 
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the pedals averaged 52% of total time. This is statistically significantly less 
than the scores of from 55% to 61% achieved with stick and wheel. 

In a second series with the pedals and the stick, the amount of travel of 
both controls was equalized to 4 in. Thirty-six rated pilots performed six 
2-minute tests with each control. The ' on-target time ' was 56% for the 
rudder pedals, 60% in lateral stick motions, and 68% in fore-aft stick motions. 

In a third series of experiments, only rudder pedals were used. The maximal 
travel necessary to keep the pointer on target was again 4 in. The same 
36 rated pilots as before were seated with knee angles of either 105, 120, or 
135 degrees, respectively. No differences in tracking accuracy (about 60% 
on-target time under all conditions) were found to be connected with the knee 
angles, but the subjects felt that 120 degrees were most comfortable. 

Box and Sell (1958) investigated some aspects of hand- and foot-operated 
master controllers of cranes. Their report does not contain data to compare 
the performances achieved with each type of control, but the authors recom- 
mend that a pivoted foot controller be used with an operating torque of 
30-60 in. lb. The pivot should be about 5 in. forward from the back of the 
pedal and not more than 1 in. above or 2 in. below the pedal surface. 

Jenkins (1946 a, b, c) reported on the accuracy achieved in applying 
static forces to rigid aircraft controls, i.e. sticks, wheels, and rudder pedals, 
respectively. Twenty subjects had to apply forces of, respectively, 1, 5, 10, 
20, 30, 40, and 60 lb as accurately as possible to the controls. Recorded was 
the deviation of the amount of force actually applied from the force required. 
Generally, too much force was applied if small force was required, and too little 
was exerted if large force was requested; to the wheel, however, too much force 
was exerted at all levels. ' Consistency ' of force application was expressed in 
terms of the standard deviation of the force exerted divided by the force level 
required. Consistency was least at the small force levels and best at the 
higher force levels. 

The rudder pedals were ' worked from the ankle ' with the heels resting on 
the floor. Jenkins found that the ' relative accuracy of performance with the 
feet was approximately the same as . . . with the hands, but that differences in 
the apparatus may be related to this finding '. 

Human engineering handbooks usually contain judgements to the effect that 
foot operation of controls is more forceful but less rapid and exact than hand 
operation. These judgements generally seem to be based more on ' common ' 
experience than on experimental findings. 

2.7. Summary of the Literature Review 

As compared to the many investigations on the capabilities of performing 
tasks with the hand, surprisingly few research results have been published about 
the possibilities of using the feet. Even the most often investigated tasks, 
the speed of operation of hinged pedals, and the forces applicable to pedals, 
were studied under such different experimental conditions that there is no 
generalized statement possible that would indicate what pedals can be operated 
most rapidly or what forces can be applied to pedals. 

While the hands of an operator may be overburdened with control tasks, his 
feet are often idle or perform only rather simple tasks. This is in accordance 
with the general tenor of human engineering handbooks that the feet are 
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stronger but slower and less accurate in control operation than the hands. 
(Damon et al. 1966, Kroemer 1967, McCormick 1964, Morgan et al. 1963, 
Woodson and Conover 1964). Unfortunately, such a belief is neither 
sufficiently supported nor discredited by experimental results: there is simply 
not much information available. 

3.    Experiments Conducted 
3.1. Purpose 

Experiments were conducted to gain information on the travel time and on 
the accuracy of discrete motions of the right foot. The investigated motions 
were performed by seated subjects (a) in sagittal direction (fore—aft) by altering 
the knee angle between 90 and 150 degrees in 15-degree increments, or (b) in 
lateral direction (left>-right) by tilting the lower leg 15 degrees to either side 
of a vertical plane at each knee angle. These motions were accomplished by 
moving the foot between targets arranged (o) in sagittal columns of three, 
or (b) in lateral rows of three, with a distance of 15 cm between target centres. 

These experiments are part of a planned series of investigations on motions 
of the foot, of the lower leg, and of the thigh. 

3.2. Subjects 

Twenty male students took part voluntarily and were paid by the hour. 
No attempts were made to select certain persons except to exclude those having 
an impairment hindering the execution of foot motions; those with extremely 
large or small legs; those not willing to participate in at least ten sessions each. 

Table 6 gives the anthropometric data of the subjects. 

Table  6.    Anthropometric  data  of the  20 male  subjects 
Dimensions taken as described in Kroemer (1969 a) 

Subject standing Mean S.D. 
Weight 73-7 kg 9-9 kg 
Stature 176-6 cm 6-6 cm 
Grip strength 52-7 kp 8-4 kp 
Acromial height, right 1440 cm 60 cm 
Tibiale height, right 48-9 cm 2-4 cm 
Upper thigh circumference, right 550 cm 3-9 cm 
Lower thigh circumference, right 40-6 cm 3-2 cm 
Calf circumference, right 36-5 cm 2-4 cm 

Subject sitting 
Femoral breadth, right 9-4 cm 0- 5 cm 
Sitting hoight 92-3 cm 3-5 cm 
Knee hoight, right 56-5 cm 2-9 cm 
Buttock-knee longth 610 cm 31 cm 

Subject standing 
Skinfolds:  Triceps 151 mm 4 .'t IUIII 

Juxta-nipple 13-3 mm 51 mm 
Subscapular 146 mm 3-4 mm 

Shoe size 9-9 1-5 
Age 21-3 years 21 years 

3.3. Experimental Apparatus 

3.3.1. Experimental sandal 
A sole of a standard size 9| shoe was cut from 0-4 cm fibreboard (see Figure 3). 

This sole could be attached to the unshod right foot of the subject with straps 
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Figure 3. Experimental sandal: Partial sole made of 0-4 cm fibreboard. The skotch (on a 
1 cm X 1 cm grid) shows the location of the brass spike (protruding 2 cm downward, 
diameter at the end 0-5 cm) and of slots for straps to attach the sandal to the subject's foot. 

and velcro fasteners. A conical brass spike protruded downward 2 cm under 
the ball of the sole. Its blunted end had a diameter of 0-5 cm. The sandal 
assembly weighed approximately 120 gr. 

3.3.2. Targets 
Three targets resembling ' bull's eye ' targets of shooting contests were used. 

Circular brass plates, 6 cm in diameter and 0-2 cm thick, were mounted on 

Figure 4.    Experimental target, divided into a centre segment and a four-part outer ring. 
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libreboard (see Figure 4). Bach plate was divided in a circular centre piece 
("(''. 2 cm diameter) and in a surrounding ring, subdivided into quarters. 
The gap between the segments was 2 mm wide. Regardless of the location of 
the targets during the experiments, the directional orientation of the targets 
was always the same: the Bottom Left and Bottom Right (' BL ' and ' BR ') 
segments were closest to the subject, the Top Left and Top Right (' TL ' and 
' Tli ') segments farthest from the subject. 

3.3.3.   Target <trranqemi'iitu 
The targets were arranged at the reach envelope of the subject's right foot 

on a partial sphere, built of plywood around the knee joint ' K '.    Figure 5 is a 

Total view of the experimental apparatus. 

Figure 6.    Dimensions of the partial sphere around the knee joint (K). 
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photograph of the experimental equipment, the sketch in Figure 6 gives the 
main dimensions. 

Since the subject had to move only his right foot and lower leg, a constant 
location of the right knee joint was assumed. The reference point for the 
design of the partial sphere was the point of the sandal spike when the foot 
was at a right angle to the lower leg, the lower leg at a right angle to the thigh, 
and the thigh horizontal. With a nominal 57-5 cm radius vector from the knee 
joint to the spike, a 1 -degree change in the knee angle corresponded to 1 cm 
spike travel. 

From the reference point below the subject's knee, the radius vector was 
tilted forward in steps of 15 degrees, its pointer marking positions 15 cm 
apart. Each of these positions represented a target location. The highest, 
most forward, position in the column of five target positions was with the lower 
leg 60 degrees in front of vertical. Parallel to this column of five target loca- 
tions, similar columns were located 15 cm to the left and to the right of the 
centre column. With snap fasteners, a target could be placed at each of these 
positions, so that the centres of adjacent targets were 15 cm (15 degrees) apart 
laterally or sagitally. 

Figure 7 identifies the target arrangements and explains the nomenclature. 

Figaro 7.    Target arrangements. 

The letters A through E denote the lateral rows. The horizontal row A is 
beneath the subject's knee; row B is more forward and tilted 15 degrees towards 
the subject; row C is the centre row, tilted 30 degrees; row D is tilted 45 degrees; 
row E is the most forward and the highest, tilted 60 degrees against horizontal. 

The numbers 1, 2, and 3 denote the sagittal columns, numbered from the 
left to the right. The middle column (2) was always in the subject's sagittal 
plane through his right shoulder. 



Foot Operation of Controls 351 

The three targets were either arranged in the lateral rows A-E (upper 
part of Figure 7) or in the middle column 2 (centre and lower parts of Figure 7). 
By simple combinations of the letters and numbers, the target arrangements 
and even the motions between targets can be identified easily by three symbols. 
The first symbol indicates whether the targets are in rows (letter) or in the 
centre column (number 2). The second symbol identifies the start target, 
the third the goal target.    For example: 

'E 2 3':   Targets arranged in the highest row (E), motion from the middle 
target (2) to the right target (3). 

' 2 E D ':   Targets arranged in the upper part  of the  centre  column, 
motion from the highest target to the second highest. 

3.3.4. Recording equipment 

The brass spike on the subject's sandal and the brass targets served as 
switches in an electric circuit used to measure time and accuracy of the foot 
motions. 

Motion time. Lifting the foot off a target (opening the circuit) started an 
electronic time measuring device (Beckman Universal Timer). Placing the 
spike on any target (closing the circuit) stopped the timer. In this manner, 
the time elapsing during the travel of the foot from one target to another was 
measured in 1/1000 sec.    The experimenter recorded this time on a data sheet. 

Motion accuracy. Each of the five segments of the targets was electrically 
connected to a separate light bulb. These light bulbs were arranged on a pane] 
in the same manner as the segments. A lighted bulb signalled that the 
corresponding segment of a specific target was touched by the spike. In this 
manner subject and experimenter could see from which segment of a target a 
motion started and which segment was hit on the goal target. Using a simple 
combination of letters (see Table 7), the experimenter marked on a data sheet 
which part of the goal target was hit first by every motion. 

3.3.5. Chair 

A chair, adjustable in height as well as fore and aft, was attached to the 
plywood sphere. Seat pan and backrest were of polished wood, unpadded to 
give very little frictional resistance to the subject's motions. The seat pan 
was 33 cm long and 42 cm wide. The backrest was 14 cm high and 31 cm wide, 
its lower edge about 20 cm over the seat pan. The backrest was about I 10 
degrees inclined from the horizontal seat pan. 

3.4. Experimental Design 

3.4.1. Assignment of target arrangements 

Using a table of random numbers, the experimenter assigned two of the five 
lateral rows of three targets (A through E, see Figure 6) to each subject. 
However, the schedule was so balanced that each combination of two of the 
five rows was assigned to two of the total 20 subjects. In addition to I he two 
lateral rows of targets, both sagittal columns of three targets were allotted to 
every subject. In this manner, each subject was equally trained in lateral 
and sagittal foot motions. 
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Table 7.    Symbols used to describe the position of the foot (spike) on a target 

One bulb lit (spike touches only ono segment of the goal target): 
C Centre 
TL Top Left 
TK Top Right 
BL Bottom Left 
BR Bottom Right 

Two bulbs lit (spike bridges gap between two segments;   i.e., touches both  segmonts 
at the same time): 

CTL Centre—Top Left 
CTR Contra—Top Right 
CBL Centre—Bottom Left 
CHI! Centre—Bottom Right 
T Top (Top Loft—Top Right) 
L Left (Top Left—Bottom Left) 
R Right (Top Right—Bottom Right) 
B Bottom (Bottom Left—Bottom Right) 

Three bulbs lit (spike bridges gap between three segments): 
CT Centre—Top 
CL Centre—Left 
CR Centre—Right 
CB Centre—Bottom 

In addition, the following information was recorded: 
M Target missed (de facto, or when it took the subject 500 msec or more to move to 

the goal target) 
T Target touched (when the light bulbs flickered but the experimenter could not 

determine the exact location, or when it took the subject more than 200 but less 
than nOO msec to move to the goal target) 

? Question mark (when anything irregular or not expressible through the letters given 
above happened) 

3.4.2. Sequence of foot motions between targets 

Using a table of random numbers, the experimenter established for every 
subject the target from which the foot motion was to start and, if the start 
target was the middle one, to which of the adjacent targets the first motion 
should be directed. From there on, the motions were automatically sequenced 
to the next target or, if the end of the target row (or column) was already 
reached, the order was reversed. If, for example, the subject had to perform 
on a target row all possible start positions and motion sequences between 
targets No. 1,2, and 3, are described by: 

12, 23, 32, 21; 12, ... 
or   23, 32, 21, 12; 23, ... 
or 32, 21, 12, 23; 32, ... 
or 21, 12, 23, 32; 21, ...  . 

For every subject, the selected initial motion was maintained during all his 
test sessions. 

3.4.3. Test schedule 

In every test session, the subject performed on all four target arrangements 
assigned to him, i.e. on two of the lateral rows of targets and on both sagittal 
columns of targets. The presentation sequence of these arrangements was 
random. 

As exemplified in Table  8,  the  subject first performed  40 discrete foot 
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motions. After resting for 2 minutes, he performed another 40 such move- 
ments. Thereafter he got at least 5 minutes pause which he would spend at 
his convenience. During this recess, the experimenter changed the arrange- 
ment of targets. 

The complete test session, 80 foot motions each on four target arrangements, 
took no more than one hour. The next session with the same subject was held 
the next day or later. 

No minimal number of test sessions was prescribed, but each subject per- 
formed until his time scores under the same experimental conditions stayed on 
the same level. This state was reached when his mean scores of the same 
motion obtained in three subsequent sessions differed from each other by less 
than 10% of the smallest value: the mean scores used were calculated from the 
five shortest motion times. 

Table 8.    Test schedule (Sample; Subject UK-10) 
FIRST EXPERIMENTAL SESSION 
1.1. Lateral target row ' A ': Start on centre target (A2); first motion to the right (A23); then 
return to the centre (A32): from there to the left (A21); return to centre (A12). Do ton times. 
Rest 2 minutes.    Do the four motions in the same sequence again ten times. 

In abbreviated notation: A23 
Five or more minutes rest. 

1.2. Sagittal target column ' 2. ABC ': Start on centre target (2B): first motion forward (2BC); 
then return to centre (2CB); from there backward (2BA); forward to start target (2AB). Do ten 
times.    Rest 2 minutes.    Do 40 more motions. 

In abbreviated notation: 2BC 
Five or more minutes rest. 

1.3. Lateral target row ' H ': Start on centre target (B2), move first right (B23). then return 
to centre (B32), move left (B21), return to centre (B12).   Do this ten times.   Rest 2 minutes. Do 40 
more motions. 

Fivo or more minutes rest. 
In abbreviated notation: B23 

1.4.     Sagittal target column ' 2, CDE ': Start on centre target (2D); do 21)1-:. then 2ED, then 2DC, 
then 2CD.     Do this ten times.     Rest  2 minutes.     Do 40 moro motions. 

In abbreviated notation: 2DE 
End of first session. 

In the following session, these arrangements are presented at random: 

SECOND EXPERIMENTAL SESSION- THIRD EXPERIMENTAL SESSION 
2.1. Same as 1.3: 1523. 3.1.     Same as 1.2: 21U'. 
2.2. Same as 1.2: 2BC. 3.2.    Same as 1.1: A23. 
2.3. Same as 1.4: 2DE. 3.3.     Same as 1.4: 2DE. 
2.4. Same as 1.1: A23. 3.4.    Same as 1.3: B23. 

Etc. 

3.4.4. Instructions given to the subject 

The subject was instructed to sit comfortably but straight, his thighs 
horizontal, his right knee over the lowest target position in the centre column 
(2A in Figure 7). This column was to be in a sagittal plane through his right 
shoulder.    If necessary, the chair was adjusted to achieve this body posture. 

The subject was instructed to move his right foot as rapidly as possible from 
the centre of the start target to the prescribed adjacent target. The experi- 
menter stressed that speed of this motion was the main objective, that the 
subject should not worry about the accuracy of such motions. The experi- 
menter pointed out that achieving time scores necessarily required that the 
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target be hit, and that training for speed would automatically train for motion 
accuracy. 

Each motion was to start from the centre of the start target. Subject and 
experimenter simultaneously controlled this by observing the light bulbs on 
the display panel in front of the subject. The subject did not look at the 
targets while performing the experiments, but achieved the correct positioning 
of his foot by observing the light panel. Located adjacent to this light panel 
was the timer, enabling the subject to observe his time scores. 

The subject was instructed to wait for an audible signal before starting a 
foot motion. The experimenter gave this signal when he had recorded the 
results of the previous test on a data sheet and was ready for the next test. 
The subject could then perform the next motion at his convenience, but did 
not have to start immediately. 

3.5. Results 

Twenty subjects took part, on the average, in 12 test sessions (mean 11-7; 
SI) 2-4). The following results are based, if not otherwise stated, on the 
five fastest motions executed by each subject under each experimental 
condition. 

3.5.1. Learning 

Since the subjects had no special ' practice sessions ', the process of learning 
the foot motions is reflected in the recorded data. Figure 8 shows the mean 
(± 1 standard deviation) travel times achieved by all 20 subjects during their 
three first sessions, during their median session, and during their three last 
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Figuro 8. Porformanco during the first three exixirimental sessions, during the median session, 
and during the last three experimental sessions. Travel timo in milliseconds (means and 
standard deviations) of each subject's five fastest trials of motion 2BC. 
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sessions while moving the lower leg 15 degrees forward from a knee angle of 
105 degrees to 120 degrees (motion 2 BC). The mean travel times decreased 
from 135 msec in the first trial to 83 msec in the last trial. A check of the 
accuracy recordings did not indicate any systematic change in the segments 
first hit on the goal target during the course of experimental sessions. This 
motion 2 BC, though one of the fastest, is typical of all the motions: the travel 
times decreased rather steeply in the first few test sessions, while at the end of 
the experiments the travel times levelled off. However, no general changes in 
the orientation of segments first hit, or in the number of cases the target was 
missed, occurred in the course of test sessions. 

3.5.2. Shortest motion times 

Table i) gives the means and standard deviations of each subject's five 
fastest motions under each experimental condition during his last three 
sessions. The mean travel times lay between 83 and 110 msec. To test 
whether the differences between the measured times are statistically significant, 
<-tests (using matched pairs) were calculated.    With type I error probability 

Table if.    Travel times (in msec) between targets; means and standard deviations 

Target    Motion 
arrange-   from/ 

ment          to 

Last session Second last session Third last sessi m 
Mean S.l). N* Mean S.D. X* Mean S.D. N* 

Lateral motions 

A              12 100-72 19-31 8 103-97 20-04 8 104-87 15-35 8 
21 95-65 16-33 8 99-00 1217 8 9200 9-61 8 
23 99-80 20-0") 8 104-52 25-70 8 104-20 19-49 8 
32 94-32 11 -94 8 102-25 15-30 8 97-65 14-86 s 

H              12 92-07 8-3€ 8 94-30 13-04 8 91-66 10-70 7 
21 89-47 019 8 95-40 12-39 8 93-20 0-88 7 
23 it 1-7(1 0-70 8 96-82 12-90 8 93-83 9-99 7 

32 *o-45 111-113 8 92-80 11-60 8 03-34 10-86 7 

C            12 85-40 80S S 92-30 12-34 8 92-87 19-26 s 
21 84-50 13-37 8 87-85 8-30 8 86-32 14-53 8 
23 80-12 9-28 8 91-30 1114 8 87-45 13-70 8 
32 8305 10- 58 8 86-95 6-36 8 8507 15-42 s 

1)             12 96-65 9-65 8 101-85 1114 8 97-30 14-07 8 
21 98-15 1502 8 103-45 19-40 8 98-57 16-28 s 

23 101-80 1000 8 109-85 15-32 8 100-50 17-50 8 
32 98-35 15-09 8 10017 1810 8 97-97 17-81 8 

E               12 97-85 15-55 8 00-77 18-50 8 102-70 19-35 8 
21 96-20 20-00 8 97-12 20-81 8 99-55 23-95 s 
23 97-7f> 19-00 8 97-57 23 1 1 8 97-47 20-77 8 
32 93-92 20-06 8 98-00 21-16 8 95-75 21-28 8 

Sagittal motions 

2               AH 84-40 17-70 20 87-90 17-79 20 87-88 14-50 20 
BA 83-37 1501 20 SS-72 17-22 20 88-09 18-53 20 
w 83-38 16-42 20 87-93 18-42 20 S5-72 1507 20 
CB 85-93 12-70 20 86-63 15-37 20 88-02 10-51 jo 

2              CD 85-54 17-44 20 8009 10-04 20 84-96 13 117 20 
DC 89-52 15-96 2(1 90-08 15-61 2o 89-85 15-45 L'u 

DB SS-17 16-86 20 9012 15-45 20 80-37 15-70 2n 

KI) 93-50 10-31 20 96-63 17-02 20 93-97 13-96 20 

* Number of subjects participating. 
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of 5% or less, the results are: (a) within the lateral motions: null hypothesis 
maintained; (b) within the sagittal motions: motion 2ED is significantly 
different from all the others except 2DE; (c) between the sagittal and lateral 
motions: the two forward motions 2AB and 2BC are significantly different 
from all lateral motions on row D (except motion D12) and on row E. The 
lateral motion D23 is significantly different from the sagittal motions 2AB, 
2BA, 2BC, 2CB. 

3.5.3. A ccuracy of motions 

From the data recorded during each subject's five fastest motions during 
the last three test sessions, answers to the following questions were sought. 
Are there any differences between certain motions in the frequency of hits 
on the centre of the target, hits on the outer ring of the target, and hits on those 
segments of the goal target closest to the start target, as compared to hits on 
the opposite side of the goal target? 

No such differences were found either within the lateral motions, or within 
the sagittal motions, or between the lateral and sagittal motions. The ring 
of the target was hit about eight times as often as the centre. This corresponds 
to the probability of randomly hitting either the surface of the ring (100 cm2) 
or the centre (12-5 cm2). 

The same questions were asked in comparing the data recorded for each 
subject's five fastest motions with the data recorded for the remaining (slower) 
motions during his last three test sessions. No differences in motion accuracy 
existed between the faster and the slower movements. 

In up to 10% of all trials, the subjects did not hit the target within 500 msec, 
which was counted as a ' miss '. The frequency of missing the target was not 
related to location or direction of foot motion. 

3.6.  Discussion of the Results 

The subjects were fully aware of the (obvious) purpose of the experiments 
and could freely discuss all aspects with the experimenter. (During the 
experiments, however, no conversation, smoking, etc., was allowed.) The 
experimenter took care to be neutral in the discussion of the experiments 
but tried to dissipate any bias of the subjects as to which experimental con- 
ditions were faster, more comfortable, etc. 

The experiments required prolonged concentration on a rather monotonous 
task. If necessary the experimenter encouraged the subject by pointing out 
progress he had made. Since the subject had immediate feedback from the 
recording equipment on his speed and accuracy of motion, he could compete 
against himself by trying to surpass his previous performance. Competition 
against other subjects, however, did not take place since the experimenter and 
the subject were alone in the laboratory and the experimenter did not give 
away information on the performance of other subjects. 

All subjects could perform the foot motions by changing the knee angle in 
sagittal motions and by tilting the lower leg to the sides in the lateral motions. 
Although the subjects lifted their feet slightly during the foot travel from one 
target to the adjacent, the knee did not move more than about 1 cm laterally 
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or vertically. Thus, the assumption of a rather stationary knee joint was 
verified. 

After only a few cautious and clumsy trials, all subjects soon won confidence 
and rapidly acquired speed and accuracy in their motions. No ' practice 
sessions ' were held: ' private training ' was not discovered and would have 
been rather difficult without access to the experimental equipment. No 
consistent differences in learning were obvious between locations and directions 
of foot motions. 

The experiments were conducted to get information on the maximal speed of 
specific, leg and foot motions and to learn whether the time consumed in these 
motions (and their accuracy) depended on the location of the path and the 
direction. The motion times are not normally distributed, but cluster at the 
small time values and taper off at larger times. This is at least partly due to 
the fact that it takes necessarily a minimum time to accelerate, move, and 
decelerate the mass of leg and foot—on the other side, there is no inherent 
limit to the slowness of a motion. The slower motion times being meaningless 
for this experiment, each subject's performance was measured by his five 
fastest motions per test session and condition. This procedure yields a reliable 
index of the subject's capacity to move the masses of leg and foot with the 
necessary accuracy as rapidly as possible. 

No significant differences in travel time were found among lateral mjotions. 
Among the sagittal motions, it took significantly less time to move the lower 
leg fore or aft between knee angles of 90, 105, and 120 degrees, than to move the 
leg elevated to 150 degrees back to 135 degrees. In comparing sagittal with 
lateral motions, the forward motion of the vertical or almost vertical lower leg 
(90 or 105 degrees) proved to be significantly faster than lateral motions of the 
lower leg at 150 degrees. If the lateral motions were performed at the smaller 
knee angle of 135 degrees, however, their speed was not so clearly inferior to 
the forward motion of the more vertical leg. At small knee angles (90, 105, 
120 degrees), no significant differences in the travel times were observed 
between sagittal and lateral motions. 

In general, forward motions of the approximately vertical lower leg were a 
little faster than lateral motions of the distinctly elevated leg. Backward 
motions of the elevated lower leg were slightly slower than fore and aft motions 
of the approximately vertical lower leg. Anatomically, sagittal motions of the 
lower leg comply naturally with the layout of the knee joint. Lateral motions, 
however, cannot be effected in the knee joint, but the thigh has to be rotated 
about its long axis at the hip joint. Different muscle groups and mass move- 
ments arc involved in the sagittal and lateral motions. The effects of gravita- 
tional forces are also somewhat different. At present, however, no further 
anatomical and mechanical explanations for the differences in motion times are 
offered. 

No differences at all existed in the accuracy of motions, that is. in the segments 
first hit on the goal targets. Forc-aft motions of the lower leg were no more 
accurate than movements to the sides. Motions to the left were no more 
accurate than to the right, although all but one of the subjects were auto- 
mobile drivers. Forward motions were neither more nor less accurate than 
backward movements. Accuracy was not affected by whether the foot was 
moved to or from the middle of the three targets. 
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The results cannot easily be judged against other data since none were 
obtained under comparable experimental conditions. The author, however, 
was surprised by the speed and accuracy of the foot motions, which in his 
opinion are competitive to some hand motions. Systems of ' elementary 
motion times ', such as MTM, WF, REFA, etc., widely used in industry (Barnes 
1963), quote ' reach ' times over distances of about 15 cm for the hands that 
are not at all faster than the travel times of the foot motions. 

Great caution is mandatory in applying and, especially, extrapolating the 
experimental results to, for example, the arrangement of pedals in automobiles. 
It must be kept in mind that the subjects sat on a very short seat pan with a 
low-friction surface. Their thighs were horizontal, the location of the knee did 
not change appreciably during the motion of the foot and lower leg. The 
subjects performed expected motions in a predetermined direction at an instant 
of their choice. The objective of the experiments was to achieve high speed of 
motion. Accuracy of motion was of secondary concern, missing the goal target 
did not bring about penalties. Other experimental parameters, other types of 
body posture, body support, or of foot and leg movements very probably 
would produce results different from the ones reported here. 

3.7. Conchisions 

Very few differences in performance existed within and between discrete 
sagittal and lateral motions of the foot and lower leg. After rather short 
learning periods, all motions could be performed with about the same accuracy, 
although forward motions of the vertical or nearly vertical lower leg were 
slightly faster than backward or lateral motions of the elevated lower leg. 
The travel times were very short, about 0-1 seconds. Observed differences in 
travel times are too small to carry much weight for practical purposes. 

The results encourage further research which could lead to assigning tasks 
to the feet that heretofore have been considered in the domain of the hands. 

TSgfc Jesse Simmons, TJSAF, contributed essentially to the success of the experiments as 
assistant experimenter. 

Under the direction of Dr. Herbert H. Stenson and Mr. Ronald L. Knoll, Messrs. Richard 
Arena, Denis Donovan, Kenneth H. Ivey and Howard Kleitz conducted about half of the 
experiments at the Behavior Research Laboratory, Antiorh College, Yellow Springs, Ohio 
(Contract F 336l5-o7-C-1280). 

The experimental equipment was set up and maintained by Messrs. Ralph E. Roberts and 
Noel F. Schwartz, Research Instrumentation Branch, Training Research Division, Air Force 
Human Resources Laboratory, WPAFB, and by Mr. James M. Campbell, Behavior Science 
Laboratory, Antioch College, Yellow Springs, Ohio. 

The statistical analysis of the experimental data was carried out by Professor Edmund 
Churchill, and by Miss Margaret Marshall, Anthropology Research Project. Antioch Collego 
Yellow Springs, Ohio (Contract F 33H15-67-C-1310). 

The author enjoyed encouragement and help throughout planning and conduct of the experi- 
ments as well as during the analysis and reporting period by his colleagues of the Anthropology 
Branch, its Chief, Mr. Charles E. Clauser, and by Dr. Julien M. Christenson, Director, and 
Dr. Melvin J Warrick, Assistant Chief, of the Human Engineering Division, Aerospace Medical 
Research Laboratory, WPAFB. 

The research reported in this paper was conducted by personnel of the Aerospace Medical 
Research Laboratory, Aerospace Medical Division, Air Force Systems Command, Wright- 
Patterson Air Force Base, Ohio 45433. This paper has been identified by Aerospace Medical 
Research Laboratory as AMRL-TR-69-.57. Further reproduction is authorized to satisfy needs 
of the US  Government. 
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Cot article preaente uno revuo bibliographiquo se rapportant aux operations do commandos 
effectuees par le pied et decrit uno nouvelle experimentation. 

Les rosultats publics no clarifient quo quelquos aspects isoles de la motilite de la jambe et du 
pied. On a assez souvont otudio l'aspect do vitesse dans les operations effectuees par lo piod ainsi 
quo l'aspect de force qui pout etro appliquoo a une pedale, mais les rochorchos ont ete effectuees 
avec tellement do conditions experimentales differentes qu'il n'est pas possiblo do decrire un 
mocanismo general pouvant etro applique a un type de pedale. Los opinions concornant les 
avantages et les inconvenients des operations manuelles companies aux operations oxecuteos par 
uno pedale no semblent, en general, pas basees sur des resultats exporimentaux. 

Dans une oxperionce on a demande a 20 sujets de sexe masculin en position assis© do deplacor 
lour pied droit aussi rapidement que possible vers des ciblos circulairos eloignees do 15 cm. La 
direction de ees mouvements discontinus n'avait pas un offet appreciable sur la precision du 
mouvement. Les mouvements vers I'avant do la partie distalo do la jambo on position verticals 
on presquc vert icalo ctiiicnt legeromont plus rapidos quo les mouvements vers l'arriere ou que les 
mouvements latoraux <le la jambo elevoo. Tous les mouvements pouvaiont etro executes on 0,1 s 
environ. 

Die Literatur iiber fussbetatigto Kontrollhebel wird zusammengofasst und iibor cine neue 
Untersuchung berichtet. Die veroffontlichten Resultate kliiren nureinigespezielleGesichtspunkto 
der Bein und Fussliewegungen. Selbst die relativ hiiufig untorsuchto Gosehwindigkeit der 
bottitigton Pedale und die auf die Podale ausgetibto grossto Kraft konntennioht allgomoingiiltig 
festgostellt werden, weil sic unter vorschiedenartigen iiedingungen untersucht wurden. 
Meinungen iiber die relativen Vorteile und Naehtoilo von Hand-und Fussbetatigung von Kont- 
rollhobeln scheinen nicht inimer auf experimenteller Orundlago zu boruhen. In einem Versuch 
hewogton /.wanzig sitzende erwachsene junge Manner ibren recbten Fuss so schnell wie moglich 
iiber eine Strecke von 15 cm auf rundo Ziolpatten. Die Richtung der einzelnen Bewegungon 
hatte keine Wirkung auf die Treffsicherheit. Vorwartsbewegungen des nahezu vertikalen 
Uhterschenkels waren etwas schnoller als Ruckwiirst-oder Seitwarts-Bewogungen des mehr 
wnagerochtcn I'ntiT-schoiikels. All. - Ait in von Bewegung konnten in kiirzester Zoit von etwa 
0.1 sec ausgefiihrt werden. 

References 
A\ in i). M. M.. and TBOMBLEY, D. J., 1967, Experimental determination of an optimal foot pedal 

design.    Journal of Industrial Engineering, 17, 550-559. 
HARM-:*.  H.  M.,   1903.  Motion an/1  Time Study:  Design ami  Measurement of Work'. 5th edition 

(New York:  WII.F.V). 
BARNES. R. M.. HAKDAWAY, H., and 1'ODOI.SKV. ().. 1942, Which pedal is bes< r    Factory Maiuige- 

MI nt and Maintenance, 100, 98 99, January. 
Box. A., and SKI.I.. R. (i.. 1958, Ergonomic investigations into the design of master controllers. 

Journal of the Iron and Steel Institute, 90, 178-187, October. 
CAI.IIWKI.L. L. S.. 1960, The effect of foot-rest position on the strength of horizontal pull by the 

hand.     Report .Vo. 423, U.S. Army Medical Research Laboratory, Fort Kno.r. Kentucky. 
COERMANN. R.. and KROEMER, K. H. E., 1968, Ergonomischo Oosichtspunkto beim Entwurf von 

Kraftfahrzeugen.      In  llandbuch  der   Yerkchrsmedizin (Edited by K. WAONKR and  H.-J. 
WAGNER) (Berlin-Heidelberg  New York: SI-RINGER). 

CORLETT,  E.  N.,   1965.  Stimuli significant  for  a recognition  of joint  rotation.     International 
Journal of Radiation Biology, 9, 531-539. 

CORLETT, E. N., and Mm;AW, E. D., 1967. The role of visual anil kinaesthetie feedback in the 
control of apparatus by a foot pedal.     Engineering Production Research Report A*.YO;67/9, 
/ 'niversity of Birmingham. 

CRAWFORD, W. A., 1954. Pilot foot loads.    F PRO-Memo 57, RA F Institute of Aviation Medicine. 
DAMON.  A.,  STOFDT,   H.   W„ and MCFARLAND,  R.   A..   1966,   The  Human  Body  in  Equipment 

Design (Cambridge, Mass.: HARVARD UNIVERSITY PRESS). 
DAYIES, B. T., 1966, Sensitivity of joint rotation.     Ergonomics, 9, 317-324. 
DOMEY,  R. G., and MCFARLAND, R. A.,  1963, The operator and vehicle design.    Chapter   14 

(pp. 247-267) in Human  Factors in Technology (Editeil by BENNETT el at.) (New York 
San Francisco Toronto-London: MCGRAW-HLIL). 

DREYEI'NS. H., 1960. Seats for people.     Machine Design, 152-157, November. 
DREYFISS, H.. 1966, Poople come in assorted sizes.    Human Factors, 8, 273-277. 
DREYFUSS. H.,  1966,  The Measure of Man.    Human Factors in Design (New York: WHITNEY 

LIBRARY OF DESIGN). 



360 K.H.E. Kroemer 

DRUKV, C. G., 1907, .Soino factors limiting the accuracy of control movements.    Engineering 
Production Research Report ENC'l&'ll'Z, University of Birmingham. 

Dunns, H., PREUSCHEN, R., and SCHULTE, B., 195/5, Zweckmaessige Gestaltung des Schleppor- 
fuehrerstandea.    Series Landarbeit und Technik, No. 20. 

ELBEL, E. R., 1949, Relationship between leg strength, leg endurance, and other body measure- 
ments.    Journal of Applied Physiology, 2, 197-207. 

ENDSDORFF, J., 1964, An optimal design for a foot activated lover mechanism.    Master's Thesis, 
Department of Industrial Engineering, Texas Technological College, Lubbock, Texas. 

GOUOH, M. X., and BEARD, A. P., 1936, Limitations of the pilot in applying forces to airplane 
controls.     Technical Note 550, National Advisory Committee for Aeronautics,  Washington, 
D.C. 

GRETHER, W. P., 1946, A study of several design factors influencing pilot efficiency in the operation 
on   controls.    Memorandum   Report   TSEAA-694-9,   Aero   Medical   Laboratory,   Wright- 
Patterson Air Force Base, Ohio. 

GROSSE-LORDEMANN,   H.,  and  MTJLLER,   E.   A.,   1936,   Der  Einfluss  der  Leistung  und  der 
Arboitsgoschwindigkeit auf das Arbeitsmaximum und den Wirkungsgrad beim Radfahren. 
Arbeitsphysiologie, 9, 454-475. 

HERTEL, H., 1930, Determination of the maximum control forces and attainable quickness in the 
operation   of  airplane  controls.     Technical   Memorandum  No.   583,   National  Advisory 
Committee for Aeronautics, Washington, D.C. 

HERTZBERG, H. T. E.,  1960, Dynamic anthropometry of working positions.    Human Factors, 
2, 147-155. 

HESS, P., and SEUSINO, J., 1963, Der Einfluss der Tretfrequenz und des Pedaldrucks auf die 
SSauerstoffaufnahme  boi Untersuchungen am Ergometer.    Int.  Z. angew.  Physiol.,  19, 
468-475. 

HINDLE, T., EDWARDS, E., and KIRK, S.,  1964, Motor ear design and driving skill.     Design, 
189, 61-65. 

HUGH-JONES, P., 1964, The effect of limb position in seated subjects on their ability to utilize 
tho maximum contractile force of the limb muscles.    Journal of Physiology, 105, 332-344. 

JENKINS, W. L., 1946 a, Tho accuracy of pilots and non-pilots in applying pressures on a control 
stick.    Memorandum Report TSEAA-694-3, Aero Medical  Laboratory,   Wright-Patterson 
Air Force Base, Ohio. 

JENKINS, W. L., 1946 b, The accuracy of pilots and non-pilots in applying pressures on  rudder 
pedals.    Memorandum Report TSEAA-694-3B, Aero Medical Laboratory, Wright-Patterson 
Air Force Base, Ohio. 

JENKINS, W. L., 1946 C, The accuracy of pilots in applying pressures on a wheel-type control. 
Memorandum Report TSEAA-694-3A,  Aero Medical  Laboratory,   Wright-Patternson Air 
Force Base, Ohio. 

KARPOVICH, P. V.,   1959,  Physiology of Muscidar Activity, 5th Edition (Philadelphia-London: 
SAUNDERS). 

KELLER, T., and O'HAGAN, J. T.,  1963, Vehicular control using the human balancing reflex. 
RM-220 J, Grumman Research Department, Bethpage, New York. 

KIRK,  S., EDWARDS,  E., and  HINDLE,  T.,   1964,  Designing the driver's workspace.     Design, 
188, 36-41. 

KONZ, S., KALRA, G., and KOE, B.,   1968, Human engineering design of a combined brake- 
accelerator   pedal.     Manuscript of a paper presented at the 9th Annual Symposium  on 
Human Factors in Electronics, Washington, D.C. 

KONZ, S., WADHERA, N., SATHAYE, S., and CHAWLA,  S., 1969,  Human Factors considerations 
for a combined brako-accelerator pedal.     Conference Record 69 C 58, Vol. 2. IEEE, New 
York, N.Y. 

KROEMER, K. H. E., 1966, Ungenuegende Beruecksichtigung arlx'itsphysiologischer Erkenntnisse 
bei  der  Konstruktion  von  Kraftfahrzeugen  als  Unfallursaeho.    Aulomobil.   Techn.   Z., 
38, 380-385. 

KROEMER, K. H. E., 1967, Was Man von Schaltern, Kurbeln und Pedalen Wissen Mtiss. Auswahl, 
Anordnung und Oebrauch von Betaetigungsteilen (Berlin-Koln-Frankfurt: BEUTH). 

KROEMER. K. H. E.,  1969 a,   Push forces  exerted in sixty-five common working   positions. 
AMRL-TR-68-143, Aerospace Medical Research  Laboratory,   WrigM-Patterson Air  Force 
Base, Ohio. 

KROEMER, K. H. E., 1969 b, Human strength: terminology,   measurement  and  interpretation 
of data.    AMRL-TR-69-9, Aerospace Medical Research Laboratory, Wright-Patterson Air 
Force Base, Ohio. 

KROEMER, K. H. E., and COERMANN, R., 1965, Die Gestaltung der Insasscnkabine von Kraft- 
fahrzeugen (Pruefliste und Bibliographie), Zbl.  Verkehrsmedizin, 11, 213-223. 

KROEMER,   K.   H.   E.,   and   HOWARD,  J.   M.,   1969,   Problems   in  assessing  muscle  strength. 
AMRL-TR-68-144, Aerospace Medical Research Laboratories,  Wright-Patterson Air  Force 
Base, Ohio. 



Foot Operation of Controls 361 

L.\rur, I... 1957, Physiological study of motions.    Advanced Management, 22, 17-24. 
LK (inns CLARK, W. E., and WEDDELL. <i., 1!)44, The pressure which can he excited by the foot 

of a seated opera tor with the leg in various positions.  R.N.P. 44/153, Royal Navy Personni I 
Research Committee. 

I.KIIU \\\. <;.. 1958, Physiological basis of tractor design.    Ergonomics,!, 1!)7 206. 
Li.nvn. A. J., 1968. The effect of increased extrinsic muscle loading on the accuracy of kinesthet IC 

positioning.    Report   No.   802,   U.S.  Army  Medical  Research   Laboratory,   Fort    Knox, 
Kentucky. 

LLOYD, A. J., and CAI.DWKI.T., L. S., 1965, Accuracy of active and passive positioning of the leg 
on the basis of kinesthetic cues.   Journal of Comparative and Physiological Psychology, 
60, 102 10ft. 

Munis. \V. B., and JOHNSON, E. K.. 1952, An optimum range of seat posit ions as determined by 
exertion of pressure  upon a foot pedal.     Report No.  86,  U.S.  Army  Medical Research 
Laboratory.  Port Knox, Kentucky. 

McCoRMICK,   E.   .1..   1964.   Human   Factors   Engineering   (New   York San   Francisco—Toronto— 
London: Mi (:HAW-HILL). 

Mcf.iHUMi, H. A.. 1003, The role of human engineering in highway safety.    In Human Factors 
in  Technology (Edited by BENNETT e.t al.) (New York—San Francisco—Toronto London: 
MCGRAW-HILL). 

MILLER,  H.  H..  1944. The energetics of man-plus-gencrator in the operation of signal corps 
generator GN 35.     Engineering Memorandum No.  12CR, Climatic Research  Unit. Signal 
Corps Ground Signed Agency, Fort Monmouth, Sew Jersey. 

MORQAN, C. T., ( 'OOK, J. S., C'HAPANIS, A., ami LIM>, M. W. (Editors), 1963, Human Engine: ring 
Guide to Equipment Design (New York-Toronto London: MCGRAW-HILL). 

MiI.I.KR.   E.   A..   1936.   Die  guenstigste   Aiiordiiimg  im  Sitzen   betaetigter  Fusshebel.     Arbrits- 
physiologie. 9, 125-137. 

MULLER,  E.   A..   1938,   Dor   Einfluss  dor  Sattelstellung auf das  Arbeitsmaximum   und  don 
Wirkungsgrad beim Kadfahren.    Arbeitsphysiologie. 10, 1-7. 

Mi I.I.KR, E. A., 1939, Der Einfluss der Traeghcit auf das Arbeitsmaximum beim Radfahren, 1967. 
Arbeitsphysiologie, 10, 436-439. 

MULLER, E. A., 1967, Personal Communication. 
.Mi I.I.KR, E. A., ami GROSSE-LORDEMANN, H..  1937. Der Einflus der Tretkurbellaenge auf das 

Arbeitsmaximum and den Wirkungsgrad beim Radfahren.    Arbeitsphysiologie, 9, 619-625. 
NICHOLS, D. E., and AMKTNK. H. T.. 1959, physiological appraisal of selected principles of motion 

economy.    Journal of Industrial Engineering, 10, 373-378. 
REBIFFE, R., 1966, An crgonomic study of the arrangement of the driving position in motor cars. 

Proceedings of Symposium of the Institution of Mechanical Engineers, London, England. 
RKKS. .1. E., and GRAHAM, N. E., 1952, The effect of backrest position on the push which can be 

exerted on an isometric foot podal.    Journal of Anatomy. 86, 310  319. 
ROHMERT. W., 1966, Maximalkraefte von Maennern im Bewegungsraum der Arine undBeine. 

Forschungsbericht   Nr.   1616   des   Landes   Nordrhein-Westfalen   (Koln-Opladen:   WEST- 
1IBDTSOHSB VKKLAO). 

ROHMERT,  W.,  and JENIK,  P., 1971, Isometric muscular strength in women.    In   Frontiers of 
Fitness (Edited by R. J. SHEPHARII) (Springfield, III.: C. 0. THOMAS). 

SCHNEIDER, M., 1966, Personal Communication. 
Si nrr.TK.   B.,    1952.    Arbeitserleiehterun-g   dureli    Anpussung   der   Muschine   an   den    Menschen 

(Munchen: HANSER). 

TROMBLEY, D. J., 1966, Experimental determination of an optimal foot ]>edal design.    Master's 
Thesis, Department of Industrial Engineering, Texas Technological College, Lubbock, Texas. 

THIMBU, D. A., and SCHNEIDER, M.,  1963, Operation time as a function of foot pedal design. 
Journal of Engineering Psychology. 2, 139   143. 

WISNKR, A., ami REBIKKE, R.. 1963, L'utilisation des donnees anthropometriques dans la con- 
ception du postode travail.     Le Traeail Humnin,29, 193-217. 

WlSNER, A., anil REBIKKE.  B.,  1963, Methods of improving work-place layout.     International 
Journal of Production Research. 2, 145-167. 

WOODSON. W. E.. anil CONOVKR, I>. \\'.. 1964. Human Engineering Guide for Equipment Designers. 
2nd Edition (Berkeley—Los Angeles: UNIVERSITY OK CALIFORNIA PRESS). 


