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FOREWORD

The work degcribed in this report was initiated under contract by the
Aerospace Medical Laboratory and the Flight Control ILaboratory, Directorate
of Advanced Systems Technology, Wright Air Development Division, Wrighte
Patterson Air Force Base, Ohio. Research was conducted under Air Force
Contracts No. AF 33(616)-5472 and No. AF 33(616)-7752 entitled, "Human
Engineering Support to the Air Force Flight Control and Flight Display Inte=-
gration Program." These contracts support Taesk 71573, "Human Engineering
Support of the Instrument Evaluation Facility," of Project 6190, "Flight
Display and Flight Control Integration Program.” Mr. J. H. Kearns, Flight
Control Laboratory, is the Air Force Project Engineer. R. H. DiVall, Captain,
USAF, Engineering Psychology Branch, was the Task Scientist and Contract
Monitor until 15 August 1960. At that time, Captain DiVall was succeeded
by 1/Lt. J. P, Loftus, Jr. Dr. F. A. Muckler and Mr. M. R. Green served as
Principal Investigators for The Martin Company .

Tnis report has also been issued as Martin Company Engineering Report

Number 10,873. Examination of literature sources for this biblicgraphy was
concluded 1 September 1960.
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ABSTRACT

The purpose of this report is to present a bibliographic survey of research
on critical varisbles in the design of operator controls. Major emphasis in
selecting articles was placed on the problems of (a) types of manual operator
controls, (b) selecting operator controls, (c) physical dimensions of operator
controls, (d) inadvertent control operation and control coding, (e) environmental
factors and personal equipment, and (f) layout of controls. Where pertinent,
material has been added in the areas of (a) skilled operator movement characteristics
and (b) display-control relationships. Of prime interest was the physical character-
istics of operator controls,
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INTRODUCTION

Objectives of the Present Report

Design Elements of a Man-Machine System

he ultimate objective of any man-machine system is to achieve some desired
system output. The effectiveness of any element of the system, whether machine
or man, must finally be judged in terms of the contribution of that element to
the total system output. An obvious design objective, therefore, is that the
elements of the system be designed to make the maximum positive contribution
without compromising the other elements. However, moving from these platitudes
to actual system design is by no means a simple transition. The major problem
encountered is the immense complexity of most man-machine systems, and the problem
is most evident in the detailed design of the system elements directly connected
with the human operator.

Even in simple diagrammatic form, the smallest muber of pertinent system
elements related to performance appears to be eight-fold., Taking for example,
the closed~-loop manual tracking situation, the following major elements may he

distinguished:

Command

C H D Progranm
& %

System

v Output

]
|

These elements are labelled as follows:

D = Display Information

H = Human Qperator

C = OQOperator Controls

Vv = Vehicle {Machine) Elements

My = Modification of Vehicle (Machine) Dynamics

Mo = Modification Performed on Operator Control Qutput
Mp = Modification Performed on Feedback before Display



For most man-machine systems, each of these elements represents a major technical
area. Literally hundreds of research publications are available, for example, on
the display of information to the operator (D). And, if the system under design
is as complex as manned aircraft, this element (D) may represent dozens of
instruments all of which supply some item of information to the pilot or crew
member. Further, in the case of manned aircraft, the unit (V) representing
vehicle (or machine) elements consists of hundreds of separate items.

The Design of Operator Controls

The present report is concerned primarily with one of the units in the
preceding figure, namely, the unit labelled "C" or operator controls. There is
a growing literature pertaining to this subject, and the present report attempts
10 collect as nuch of that literature as possible in bibliographic form. The
final section of the report, therefore, lists some 372 references that pertain
to the design of operator controls. The major purpese of this biblicgraphic
survey is to gather in one place sources of information that may be usable by
design specialists in solving particular problems in operator control design.

However, no attempt has been made at this time to describe or evaluate the
data contained in these references. The original reports obviously should be
consulted for detailed information. For discussions of the general problem area
and various aspects. of the technical issues involved, the reader is referred to
the list of General Sources presented in Seetion II.

Major Topic Areas

Selection Criteria

In the majority of investigations of man-machine systems, some form of
operator control is used. Thus, a survey of the literature on operator controls
could include all such studies where some form of control was involved, and it
would probably become a survey of the entire field of man-machine systems.
However, extensive bibliographic surveys of the field are already available
(cf., e.g., 276%). Rather, an attempt was made to restrict the survey to the
characteristics of manual operator controls alone., In so doing, a number of
major topic areas were selected :

l. types of manual operator controls

2, selecting operator controls

3. physical dimensions of operator controls
4., control forces

5. skilled operator movement characteristics

*Throughout the various sections of this report, underlined numbers refer to the
reference citation in the BIBLIOGRAPHY.



£. 1inadvertent control operation

T. control coding

8. envirommental factors and control operation
9. layout of controls

10. ©personal equipment and control operation
11, control-display relationships

In some cases, an attempt was made %o cover the particular area thoroughly. In
others, pertinent literature only was cited since the toplic went beyond the objec-
tive of this survey yet was a part of the overell problem of the Gesign of opera-
tor controls.

A basic dichotomy may arbitrarily be established between (a) the physical
characteristics of the operator's control and (b) the behavioral characteristics
(evg., speed, force, accuracy, etc.,) of the operator's response in using the
physical control. In actual practice, of course, these variables are inextricably
bound, but in evaluating the research literature it iz sometimes useful in maintain-
ing a distinction between them. With reference to the diamgram on page 1, the physi-
cal characteristics of the control are represented by thc box labelled "C". The
operator's behavioral characteristics belong in the box labelled "H". The major
interest in this report concerns "C", but it 1s impossible to exclude some of the
related data on behavioral phenomena.

Types of Manual Operator Controls

Ely, Thomson, and Orlansky {11L4) list nine major comtrol types:

1. hané pushbutton

2. foot pushbuiton

3. toggle switches

4. rotary selector switches
5. knobs

6. cranks

7. handwheels

8, levers, and

9. pedals

The literature cited here 1s in large part concentrated on these particular controls.
The selectlon criteria for citation were either studies which systematically investi-
gated parameters of the control, studies invelving a unigue application of the control,
or studies where a new control type was used.

guantitatively, the literature appears 1o center predominantly on knobs, cranks,
and levers, Investigation of crank parameters is among the earliest in the available
literature, particularly with respect to the extensive studies reported from the Foxboro
Company during World War II (132-136; 187). While many kinds of levers and sticks have
been studied, much of the literature is devoted %o the alrcraft joystick. The recent
widespread use of pushbuttons incites considerable interest in this control type, but
the number of published studies is not large. The Bell Telephone Laboratories are



understood to have conducted a very extensive program in the study of pushbutton
parameters (e.g., 104).

There are a number of examples of complex control systems involving either
combinations of the basic types or unique applications. Varieties of keyboards
or keysets have been subjected to study (e.g., 6; 116) involving combinations of
either pushbuttons or switches., There are many combined controls; for example,
some operational aircraft joysticks may have as many as five knobs and switches
mounted on the primary control. One type of combined control which has wide
application is the ganged or concentric control (33; L43). Particularly of interest
are two- and three-dimensional controls, of which the aircraft stick or wheel is
the most common exemple. One of the earliest references to human engineering
improvement of a complex control system is the attempts to improve the typevwriter
keyboards during the 1930's (e.g., 26). Despite very vigorous efforts in this area,
little was accomplished presumably in large part because of the immense re-training
problem involved. Two applications o complex control problems of great interest
are investigations of remote control (91) and the design of prosthetic devices (177).
The latter is, of course, a specialty area in itself.

Some controls have recently found application outside conventional lines.
One pertinent example is the use of the small-sized "bowling ball" control for
two-dimensional control tasks in replacement of other control types (e.g., 351).
Even the simple stylus, so well known to psychologists through decades of research
with rotary pursuit apparati (e.g., 3, 4, 5), has found other uses (e.g., 32).
Perhaps the most disturbing lack in this 1iterature, however, has been the apparent
avoidance of the most common operator controls of all, namely, the design of hand
tools. Only one reference could be found in this area- on hammer size (49). This
would appear to be an area of great promise for control design.

Finally, there have been occasional passing attempts to classify control types
particularly from the behavioral point of view (e.g., §6). Obviously, the classi-
Tication of control types at present is simple enumeration based on common nemes,
cranks, sticks, levers, knobs, etc. However, some of these types have very similar
propertles; for example, the rotary selector switch is very close t0 the knob except
that the former is for discrete positioning rather than continuous positioning.
Whether or not 1t would be useful to expend some effort on the problem of control
type classification is a matter for debate.

Selecting Control Types

There are a number of excellent general discussions of this problem and the
material will not be repeated here (cf., e.g., 1lh; 293). In general, the main
criterion for the selection of the appropriate control type appears to be the
overall task requirements; in short, what is the operator expected to do? Once
the task and control requirements are stated, the contrel type or types are fairly
clear and the rest is a matter of detailed design (ef., e.g., 11b, pp. 2-7).

Experimentally, the major issue is the comparison of various control types
for given operator tasks. A surprising number of studies were found in this area.
Over 50 studies would appear to be applicable. However, with the exception of the



studies of force~displacement gradients (e.g., 12; 155; §2§) which have a remote
application to begin with, there is no systematic series of studles on this problem.
A wide range of experiments is possible, and 1t is believed that the results of
these investipgations would have very wide applicability. The need, however, is for
systematic studies using a variety of controls and operator tasks rather than for
additional isolated investigations.

Physical Dimensions

One of the most basic and most important aspects of control design is the
physical dimensions of the control device. Most of the experimental literature
on this problem appears to be concentrated on knobs and cranks. For example, some
seven studies on the problem of crank radius alone are listed. A number of sources
provide recommended physical dimensions for control devices (e.g., 114) based on
a number of criteria. -

The criteria for selecting optimum physical dimensions appears to differ
according to the control involved. Cranks and levers are more closely bound to
task requirements than other controls. The lever, for example, frequently must
be designed to provide some mechanical advantage, and thus considerations of the
operator mey be secondary. This was certainly the case with the early aircraft
joystick prior to the introduction of boosted controls. On the other hand, pushe-
button sizes are often determined primarily by finger dimensions and spacing
requirements. This might lead to the possible generalization that the physical
dimensions of at least some if not many control devices are irrelevant ‘o task
requirements, provided minimum anthropometric and layout standards are met, Experi-
mentally, studies of the interaction of control types, operator tasks, and control
physical dimensions are implied.

Control Forces

In discussing the problem of control forces, the writer has found it useful
to distinguish between the physical forces inherently a part of the control device¥
and the muscular forces exerted by the operator. The literature is very extensive
in this area, and some attempt has been made to collect most of the directly
pertinent studies. General discussions of the literature are not easy to find.
Fitts (121, pp. 1316-1331) and Hick and Bates (199) are the best sources for basic
experimentation since they discuss research results in the framework of general
system theory. Chapanis, Garmer, and Morgan (72, pp. 315-323) provide a very
clear elementary report. Design recommendations for control forces may be found
in Ely, Thompson, ard Orlansky (1l4%) and Woodson (371). For general treatments
of control force problems in aircraft and flight simulator design, McFarland (280),
Orlansky (287) and Muckler, et. al. {268) may be consulted. The guestion of human
muscular force is properly that of the area of biomechanics and an annotated

¥Ely, Tnomson, and Oriansky (11l4) use the general phrase control "resistance” to
refer to physical control forces. This distinction, although useful in distinguish-
ing between physical control forces and operator muscular forces, will not be used
here.



bibliography of pertinent studies is availsble (181). The extensive work of
Dempster (105) provides significant data while aT the same time superbly
illustrates the immense complexity of the technical problems,

Physical Control Forces. Any operator control will include inherently
many of the various parameters subsumed under the rubric of physical control
forces. Control friction, inertia, damping, elasticity, loading, stiffness,
centering- all these names represent forces against which the operator must
work when he uses the control. Among these forces, effects of variations in
control friction has been most widely investigated. Unfortunately, no clear
pattern of results has emerged. Much the same can be said for the entire
literature.

In most cases, the design engineer attempts to minimize force effects
(e.g., friction and inertia). In other cases, however, the force feedback on
the control provides informetion about the status of the system, and in aircraft
contrel, force feedback may be systematically and deliberately introduced (e.g.,
102} as part of the total pilot-aircraft guidance and control system. This
technique implicitly assumes that the operator is able to discriminate and use
changes in physical control forces. Thus, it may be seen that physical control
forces may range in importance from undesirable residual effects to fundamental
parameters in control system design. This fact is sometimes ignored when
recommendations for physical control forces are made.

Operator Control Forces. Chapanis, Gerner, and Morgan (72, p. 316) have
succinctly summarized the significant problems in this area:

"In dealing with the question of control forces, there are usually
three different values we would like to know for = particular control. One
is the maximum control force, the greatest force that an operator can exert
under any and all conditions of using the control. On the other end of the
scale, we are interested in minimum control force. This is not a matter of
physical exertion but rather of psychopnysical discrimination.... Then, thirdly,
there usually is an optimum control force, some value in between the minimum
and maximum forces, which gives the best performance."

Each of these topics can be examined separately.

The study of meximum muscular exertion is predominantly a problem of
biomechanics, and a number of studies has been published defining limit values
(e.g., B4, g&, 160, 192, etc.). Much of this literature was motivated by aireraft
design problems. Maximum pilot forces have been a major practical problem for
some time, and, as aerodynamic loads have increased with aircraft performance,
it has been necessary to add supplemental forces for the pilot (ef., e.g8., 310},

A major deficiency in this literature is the fact that, for the mest part, too
few subjects were used,

As Chapenis, Garner, and Morgan noted, the question of minimal control
forces involves discrimination rather than strength. If physical control forces
are Iintroduced to provide information to the operator, it is reasonable to ask
if the operator can indeed discriminate force changes. Definitive and classic



data on this problem have been provided by the studies of Jenkins (226; 227; 228)
for joystick controls.* Briefly, to indicate the type of findings, denkins' data
and Hick's data (196) indicate high and positive constant errors with small forces,
and a trend toward less error around 10 lbs.

The series of studies investigating the effect of varying force and displace=~
ment cues on performance is nore sophisticated. The studies of Bahrick (12; 13;
14; 48), Gibbs (154; 155), and Weiss (358; 359; 360) represent superb examples of
experimental rigor. Of particular interest are the studies of Gibbs where dig-
placement cues are minimized and the so-called isometric or pressure control is
used. Gibbs presents evidence that the pressure control is superior to the free-
moving type control. The literature is not, however, consistent on this point,
and a great deal more work is indicated.

The fundamental problem is that of the effect of feedback on skilled perform-
ance. Force and displacement cues provide proprioceptive feedback to the operator,
and the question is, do these cues aid in skilled performance. This is hardly an
academic question when control systems are being designed to deliberately provide
these cues to the operator.

Optimum Control Forces. Despite the extensive literature in this entire area,
the current state of knowledge can be summarized by a guotation from Ely, Thomson,
and QOrlansky (114, p. 25):

"An optimum amount of resistance cannot be specified as yet, and
should be determined empirically for each specific task."”

Thls is certainly not very helpful to the designer of operator control mechanisms.

Skilled Qperator Movement Characteristics

In addition teo the problem of operator force exertion and discrimination,
effective control operation will be determined by the basic speed and accuracy
abilities of the operator. That is, the characteristics of skilled movement must
be known in order to predict control performance. The study of skilled movement
has had a long theoretical and experimental history. There are a number of
thorough reviews (e.g., 56; 185; 278, pp. 277-319; 323), so no attempt was made
to collect this very extensive liferature. One of the major activities of time
and motion study has been the determination of the molar and molecular character-
istics of skilled behavior (cf., e.g., 22).

The majority of this literature, however, have been concerned wilth the behav-
ioral elemente of skilled movement. There have been a number of investigations
examining skill and accuracy of linear arm movements (e.g., 57; 191) ang rotary
nand movemerts (e.g., 70; 165), In fact, a rather large amoumt of literature has
collected solely on precision settings with control knobs. Aneylsis of this type
can be on the very molecular level (e.g., 182; 321). On the other hand, there appears

* The studies of force discrimination date back, however, at least to the
begirning of this century (cf., e.g., 137, 372).



to be no systematic attempt to examine skill characteristics with various types
of controls. For exemple, many of the variables studied with control knobs could
also be studied with other types of controls.

On a somewhat more molar level, some studies have been concerned with simple
speed and accuracy of reaching movements to various control areas. The classic
study concerned the accuracy of blind positioning movements (}gg). Speed and
accuracy of reaching for visual positioning movements have been investigated for.
the prone (5C) and seated (163) positions. The findings of these studies have
rather strong implications for the placement of controls spatially with respect
Lo the operator.

A very old problem in skilled movements is handedness. This literature is
irmense, and no attempt was made to exhaust it bibliographically. Illustrative
exemples, however, include handedness and crank operation (303}, handgrip controls
(84) end knob operation (38). —

As noted, the analysis of skilled movement is an old and complex area. No
attenpt is mede to cover this literature which, in fact, would be an undertaking
of great magnitude. Reference was made to literature and theoretlcal reviews,
and they should be consulted for any operator control design.

Inadvertent Control Operation and Control Coding

Regardless of precautions, inadvertent and accidental contrcl activation is
probably a certainty for most control panels. The design objective is frequently
caid to be to make the control "idiot proof”, but this is always difficult so
long &s the unconscious ingenuity of the operator exceeds, that of the designer.
The classic study of accidental control operation errors is Fitts and Jones (12%)
in their anelysis of "pilot errors" in the use of aircraft controls. This study
has apparently served as the impetus for a substantial amount of literature in
the prevention of control cperation errors.

As Ely, Thomson, and Orlapsky (114, pp. 40-4L4} point out, there are a
nunber of ways of preventing {or at least reducing) accidental control errors.
They list such methods as: (a) recessing, (b) isolation, (c) crientation, (a)
covering, {e) locking, (f) operation sequencing, and (g) control resistance.
The most effective technigue will probably be a function of the particular con-
trol situation.

By far,the most widely studied technique, however, is control coding.
Control coding should achieve two objectives, first, reduction of accidental
errors, and, second, improvement of operator performance. Many coding tech-
niques have been studied including color (68), forms (10), letters (10}, numerals
(10), shape (47), size (27), and spetial reference (1L4Z). Quantitatively, the
majority of the studies have investigated shape coding, and a great deal is known
about this particular problem area. The definitive monograph by Hunt {(215) on
aireraft control coding is sitrongly recommended. The effectiveness of many of the
coding %echniques rests on the fundamental ability of tactual discrimination;
{1lustrative examples of which have been included in the bibliography.



Many contreol operation errors are caused simply by inadeguate layout and
spacing of controls. The work of Bradley in this area for such controls as knobs
(44), pushobuttons (45), and toggle switches (L6) is definitive not only for the
specific data provided but also for methodological elegance. Practical examples
of crowded control panels are extremely common, and they may become even more so
with control minlaturization. Reducing control sizes may solve some problems,
but the overall gain may ve negligible if it means increased operator error in
the use of the controls.

Environmmental Factors and Personal Equipment

For mary men-pachine systems, the enviromment in, which the operator must
work is hostile. This is particularly true of high performance manned aircraft,
but it is also true of many terrestial occupations such as with arctic conditions.
Cperator control performance may be strongly affected by enviroumental factors,
and accordingly, these problems must be considered in contrel design. Perlaps
the most widely studied area in this context is the effect of acceleration on
performance; several surveys of the literature are aveilable (55; 157), and no
attempt has been made to cover this field, Reflecting the advent of space Flight,
studies are beginning to appear on the effects of weightlessness and performance
(e.3., 109; 332). 1In one area, envirommental variables have been rather closely
correlated with control performance. This is the study of the effects upon perfor-
mance of either hot (66) or cold (250; 283) temperatures.

One direct way that envirommental factors affect performance is through
the use of personal equipment which provides protection against adverse environ-
mental factors., Thus, the effect of clothing on dexterity (273), performance
decrerent (319), and muscular exertion (131) are examples of the kinds of studies
of 1mportance to control design. The effect of gloves on performance has been
videly investigated particularly by Bradley (36; 39) and Grothe and Lyman (178;
179; 256; 257). With small control kncbs, JenXins (220) has reported the surprising
result that gloved operation was superior to bare-hand operation.

The most extensive examples of the effect of personal equipment on per-
formance come from investigations of [light pressure suits. QGames, Lutz, and
Vail (;3@), for example, wefe able to show in detail limitations in control
accegssibility and operator mobility due to wearing a pressure garment. Fine
hand control under pressurization has been studied (e.g., 288) as well as gross
mobility restrictions for various control areas (164). These kinds of data are
particularly useful for control design and layout_ﬁﬁére pressure suits must be
worn by the operators. It would appear, however, that each particular design
problem will have to be examined specifically since the effects of sult pressur~
ization appear to be based on rather complex interactions between the control
and the individual subjects (e.g., 164).

Protection from adverse environmenits is essential for many man-machine
systems, and this protection will be supplied predeminantly by various forms of
personal equipment. It is evident that personal equipment variables directly
affect control design. Unfortunately, many current control panels do not take
this factor into accouni,even where the application is elearly in less than
optimum environments.
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Layout of Controls

In the preceding discussion, several references have been made to the
arrangement and layout of controls. The practical applications of this area
are obvious, and extensive literature is available. An attempt was made to
collect as much of this literature as was directly pertinent. However, the
sample is selective, and more thorough bibliographies and surveys should be
consulted (e.g., 7; 8; 113; 1llk). The handbook entitled "Layout of Workplaces"
written by Ely, Thomson, and Orlansky (113) is specifically recommended.

Each of the major control types has received experimental study with
results appropriate, in part at leas%, to the control layout problem. Thus,
ermpirical data is available, for example, on (a) general panel layout (326),
(b} cranks (150; 151), (c) ganged controls (43), (a) joysticks (333), (e}
keyboards (6], () mnobs (35), (g) levers (139, (k) pedals (209), (1) push-
buttons (457, (J) toggle switches (46), etcT Many of these studies, in
addition, nave investigated interaction effects of great interest as, for
example, the studies of Gerall, Sampson, and Spragg (1k9; 150; 151) on crank
performance as a function of crank position, radius, and loading.

Previous mention has been made of physical dimensions of controls; these
data also have obvious implications for layout. A central issue for control
layout is minimun allowable control dimensions without performance decrement.
Many complex control consoles require careful space saving. The extensive work
by Bradley on a number of different controls is well worth careful study.

Somewhat more complex is the problem of spatial orientation of controls.
The relative spatial position of the operator and the controls will distinctly
affect operator force exertion (e.g., 209) particularly with respect to the
prone (e.g., 51) and seated operator positions (e:g., 105). From the standpoint
of performance per se, the plare of rotation of cranks has been studied extensively
(e.g., 170) as well as the planes of movements of linear (lever) movement controls
(e.g., §E§). In these cases, however, performance levels appear to be determined
not simply by control orientation, but rather by the relationships between control
and display elements. This topic will be examined in the following section.

A final word on control leyout concerns anthropometric data, The physical
dimensions of the human operator must necessarily be consildered in control layout.
A great deal of anthropometric data is available (e.g., 765 181; 193), but unfor-
tunately these data are often ignored in practical applications of control layout.
They are difficult to interpret and the interrelated phenomena are complex (ef.,
Bafles &92), vet effective layout is not possible without anthropometric evaluation.

Control-Display Relationships

As noted, many of the most important behavioral consequences of control
variables are due not to control phenomena alone, but rather to the interactions
between control and display characteristics. The study of control-display
relationships is perhaps the most vigorously pursued research field in human
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engineering and dozens of publications are available. Since the area has received
thorough bibliographic atitention elsewhere (7; 8; 330), there was no reason to
duplicate those effects here. Only that literature which seemed directly appli-
cable to the previously discussed topic areas has been included.

An elegant study by Narva (282) illustrates the kinds of complex effects that
may be involved in control-display relationships. Subjects positioned a spot of
light on a scope face by using a small stick control. This control was used in
three spatial planes: wvertical, oblique, and horizontal. In each of the three
spatial planes, two display-control sensings were studied. One sensing ("natural™)
was based on congruency between control and display movement {(up~for-up in the
vertical plane, for example), and the other sensing ("acquired") was based on a
specific control-display movement relationship similar to aircraft control, (for
example, backwards-for-up in the horizontal plane). Superior performance was
obtained when the control moved in the ssme plane and in the same direction as the
display element. Performance with natural sensing and vertical plane movement was
consistently superior to other plane-sensing combinations. The data clearly
indicate that performance levels were determined not solely by the control plane
variable, but alsc by the interaction of control and display characteristics.

The results of this study are similar to others in this general area, and a
major implication for control design may be stated. Changes in the level of
operator performance (e.g., speed, accuracy, and force) may occur with variations
of control parameters. In addition, however, changes in control parameters may
result in complex interactions with display elements. The designer should be
aware of this possibility when designing operator conirol mechapisms and systeums.
A simple change in the control may well introduce undesirable control-display
relationships.

Summary and Conclusions

The purpose of this report is to present a bibliographic survey of reseaich
on some of the critical variables in the design of operator controls. Major
emphasis was placed on the problems of (a) types of manual operator controls,

b) selecting operator controls, (c) physical dimensions of operator controls,

gd) inadvertent control operation and comtrol coding, (e) envirommental factors
and personal eguipment, and (f£) layout of controls. Where pertinent, additional
material was used in the areas of {a) skilled operator movement characteristics
and (b) control-display relationships. Of prime interest were the physical cher-
acteristics of operator controls, and the survey was designed to serve as a pibli-
ographic source of research in this area.

Ir an overview, research in this context is often characterized by thorough,
systematic, and methodologically elegant programs. The studies relating to control
coding, Torce and displacement cues, and the effects of gloves on control performance
are examples. For the most part, however, the majority of the studles are isolated
empirical demonstirations of particular phenomena which polnt to a possibly critical
area, yet fail to provide the kind of detailed research data that is necessary for
control system design. It is to be hoped that future research programs in this
area will not suffer from this deficiency.

1l



The literature in this area comes from a vast variety of sources, many of
wiich are not generally available, It is very probable, therefore, that published
studies have been missed which clearly belong within the general context. Omis-
sions of this sort are probably inevitable, and it can only bte hoped that the
mmber is small. Access to the actual reports is another mejor problem; in sone
cases it may be surmised that the reports are simply not widely available and
that obtaining them is a matter of great difficulty.

Citations were not elimi-
nated on this basis.



GENERAL SOURCES

It is difficult to find any thorough discussions of problems and facts
connected with the design of operator controls. There are, however, a number
of useful sources which examine certain aspects of the many variables involved
in control design. Some of these general sources are listed below; for the most
part their titles will be self~explanatory.

Andreas, B. G. Bibliography of Perceptual-Motor Performance Under Varied Display
Control Relationships. Rochester, New York: University of Rochester,
Contract AF 33(602)-200, Scientific Report No. 1, 1953.

Barnes, R. M. Motion and Time Study. (Third Edition) New York: Wiley, 19hkg.

Brown, J. L., and Lechner, M. "Acceleration and Human Performance." Journal of
Aviation Medicine, 1956, 27, 32-49. .

Brown, J. S., and Jenkins, W. O. "An Analysis of Human Motor Abilities Related to
the Design of Equipment and & Suggested Program of Research.” In Fitts,
P. M. (Editor) Psychological Research on Equipment Design. Washington:
USAAF Aviation Psychology Program Research Report No. 19, 1947,

Chapanis, A., Garner, W. R., and Morgan, C. T. Applied Experimental Psychology.
New York: Wiley, 1949. Chapters 10, 11 and l2.

Craig, D. R., and Ellson, D. G. "The Design of Controls.” In A Survey Report on
Human Factors in Undersea Warfare. Washington: MNational Research Council,

l9h9. Pp. 133“15]-.

Crawford, B. M., and Baker, D. F. Human Factors in Remote Handling: Survey and
Bibliography. USAF, WADD Technical Report 60-~476, Wright Air Development
Division, Wright-Patterson Air Force Base, Ohio, 1960.

Dempster, W. T. Space Reguirements of the Seated Operator: Geometrical, Kinematic,
and Mechanical Aspects of the Body with Special Reference to the Limbs.
USAF, WADC Technical Report 55-159, Wright Air Development Center, Wrighte
Patterson Air Force Base, Ohio, 1955.

Ely, J. H., Thomson, R. M., and Orlansky, J. Iayout of Workplaces. USAF, WADC
Technical Report 56-1T71, Wright Air Development Center, Wright-Patterson
Air Force Base, Ohio, 1956.

Ely, J. H., Thomson, R. M., and Orlansky, J. Design of Controls. USAF, WADC
Technical Report 56-172, Wright Air Development Center, Wright-Patterson
Air Force Base, Ohio, 1956.
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Fitts, P. M. "Engineering Psychology and Equipment Design." 1In Stevens, S. S.
(Editor) Handbook of Experimental Psychology. New York: Wiley, 1951.
Pp. 1287-13L0.

Fitts, P. M. (Eaitor) Psychological Research on Equipment Design. Washington:
USAAF Aviation Psychology Program Research Report No. 19, 1947.

Girden, E. A Bibliographic Evaluation of the Effects_of Acceleration on the
Control and Safety of High opeed Aircraft. USN, Office of Naval Research,
Special Devices Center Technmical Report 151-1-9, 1948,

Godwin, A. C., and Wallis, D. Some Human Factors in the Design of Controls:
An Evaluation of the Literature. England: Naval Motion Study Unit
Report 61, 195L,

Hansen, R., Cornog, D. Y., and Hertzberg, H. T. E. (Editors) Annotated
Bibliograpny of Applied Physical Anthropology in Human Engineering.
USAF, WADC Technical Report 56-30, Wright Air Development Center,
Wright-Patterson Air Force Base, Chio, 1958. Pp. 203-267.

Hartson, L. D. "Analysis of Skilled Movements." Personnel Journal, 11,
28-43, 1932.

Helson, H. "Design of Equipment and Optimal Human Operation." American
Journal of Psychology, 42, L73-479, 1949.

Hertzberg, H. T. E., and Daniels, G. S. Anthropometry of Flying Personnel: 1950.
USAF, WADC Technical Report 52-321, Wright Air Development Center, Wrighti=-
Patterson Air Force Base, COhio, 195k.

Hick, W. E., and Bates, J. A. V. The Human Operator of Control Mechanisms.
England: Ministry of Supply, Permanent Records of Research and
Development, No. 17.20Lk, May 1950.

Hunt, D. P. The Coding of Aircraft Controls. USAF, WADC Technical Report 53-221,
Wright Air Development Center, Wright-Patterson Air Force Base, Chio, 1953.

Javitz, A. E. (Editor) Human Engineering in Equipment Design. New York: Gage,
An Electrical Manufacturing Combined Reprint, 1956.

Muckler, F. A., Nygaard, J. E., 0'Kelly, L. I., and Williams, A. C., Jr.
Psychological Variables in the Design of Flight Simulators Ffor Training.
USAF, WADC Technical Report 56-369, Wright Air Development Center,
Wright-Patterson Air Force Base, Ohio, 1959. Pp. 5h-62,

Mundel, M. E. The Determination of Basic Design Data for Convrol Type Location,
and Arrangement: Summary. USH, Office of Naval Rescarch, Special
Devices Center Memo Report No, 166-1-6L, 19L8.

MeCollom, I, N., and Chapanis, A. A Human Engineering Bibliography. San Diego
State College Foundation, 1956. Sections VILI, IX, X, and XI.
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McCormick, E. J. Human Engineering. New York: McGraw-Hill, 1957. Chapters
ll-lll' .

McFarland, R. H. Human Factors in Air Transport Design. New York: MecGraw-
Hill, 1946,

Orlansky, J. "Psychological Aspects of Stick and Rudder Controls in Aircraft.”
Aeropautical Engineering Review, 1949, 8, 1-10.

Peters, G. A., and Michelson, S. "Selecting Control Devices for Humen QOperators.”
Control Engineering, 1959, 6 (3), 127.

Seashore, R. H. "Work and Work Performence.” In Stevens, S. S. {Editor)
Handbook of Experimental Psychology. New York: Wiley, 1951. Pp.
1341-1362,

Simon, €. W. Bibliography of Control Display Relationships. I. Direction of
Movement. Culver City, California: Hughes Aircraft Company, 195C.

Taylor, F. V. "Human Engineering and Psychology." In Koch, S. (Editor)
Pgychology: A Study of Science. Volume V. New York: MeGraw-Hill,
Preprint, 1959,

Woodson, W. E. Human Engineering Guide for Equipment Designers. Berkley:
University of Californis Press, 1957. Pp. l-24 through 1-32.
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SUBJECT INDEX

A

Acceleration:
and ejection seat handles: 81%
and force exertion: 64
and motor performance: 55; 65; 128; 157
and toggle switch operation: 58
Accidental Control Activation: 11k
design for safety: 249
knobs: 35; 43; b
"pilot error': 120; 12k4; 125
pushbuttonss U5
recessing controls: 11k
toggle switches: 46
See Also: Coding, Controls
Aircraft Control Systems, Control Forces: 102; 260; 261; 268; 287; 290; 310; 367
Anthropometry:
applied physical anthropology: 181
hand nomograph: 76
and layout of controls: 11k
space requirements, seated operator: 105; 289
USAF flying personnel: 193
working positions: 19k; 264; 289
Arm Rests: 113
Arrangement of Controls:
See: Layout of Controls

B

Balaflex Tracking Device: 295
Bibliographies: 276
acceleration: 55; 157
applied physical anthropology: 181
control-display relationships: 7; 8; 330
control design: 86; 11k; 158; 199
control forces: 268; 280
control layout: T; 8; 113
work and work performence: 322
Biomechanies: 105; 181
Body Supports: 113; 11k
Bowling Ball Control:
vs. Jjoystick: 351

*Numbers following subject item refer to the citation number referenced in
the BIBLIOGRAFHY.
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c

Clutch Control: 210
Cockpit Controls:
layout: 238; 239
Coding, Conbrol:
color: 68
forms: 10; 11
letter: 10; 11; 59
numerals: 10; 11; 68
shape: Ul; 47; 68; 75; 110; 162; 202; 229; 230; 231; 232; 236; 335; 366; 370
size: 27; 116
spatial reference: 142
survey of: 215; 361
Combined Controls:
ganged conbrols: 33
hand and foot: 135; 136
pushbutton and lever: 156
wheel and stiek: T3
wheel and slide: 73
Comperisons, Control: 271; 293
adjustment range, linear vs. rotary: 11k
continuous vs. discrete adjustments: 11h
cranks, sitting vs. standing: 303
gloved operation: 363 39
hand vs. feot: 173; 189
hand=-foot vs. all hand: 135
handgrips vs. handwheels: 23h; 235
handvheel, crank, crossbar: 98
Joystick vs. pencil-type: 201
keyboards: 116
knobs, push-pull, lever: 312
knob vs. stick: 9Q; 221; 223
preferred-nonpreferred hand: 84; 85; 263; 303
pressure (isometric) vs. moving: 30; 119; 153; 15h; 157; 283; 357; 358; 359
prone vs. seated position: 51; 52; 53; 54
pushbuttons vs. toggle switches: U6
rolling ball vs. joystick: 351
stick, wheel, and rudder: 171; 173; 233; 307
telephone dial and keyset: &2
toggle switches: 93 i
two-handed vs. one-handed: 9; 84; 85; 134; 263
wafer vs. slewing switch: 116
wheel and stick, wneel and slide, joystick: 73
Concentric Controls:
See: Ganged Controls
Continucus AdJjustment Controls:
characteristics of: 114
See: Cranks, Handwheels, Knobs, lLevers, Pedals
Control-Display Relationships: 327; 329
bibliographies: 7; 8; 330
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direction of movement: 1483 166; 167; 173; 263; 354; 355; 356
moving scale instruments: 3k
perceptual set: 329
speed and loaed stress: 243; 328
spatial correspondence: 1hl; 213; 266; 327
S-R compatibility: 123; 126; 287
Cranks: 187
braking force: 303
direction of rotation: 303
force loading: 29; 200
friction: 149; 150; 151
hand and feet vs. hand: 135; 136
and handwheel: 98
layout: 1503 151; 166; 170; 317
one and two hands: 134
plane of rotation: 132; 166; 167; 1703 28h4; 303
position: 150; 151; 317; 359
radius: 15; 150; 151; 237; 252; 303; 3ui8
size: 347
torque loading: 237
See Also: Handvwheels

D

Damping, Control: 1L; 208
See Also: Forces, Control
Design of Controls (General): 72; 86; 87; 88; 97; 98; 99; 1125 113; 11h; 121;
158; 187; 198; 199; 207; 218; 271; 2Th; 277; 287; 371
Detent Action: 11k
Direction of Movement Relationshlps:
See: Control-Display Relationships
Discrete Adjustment Controls:
characteristics of: 11k
See: On-off Controls: Plunger-type Controls; Pushbuttons; Switches
Display-Control Relationships:
See: (Control-Display Relationships, Layout of Controls
DQistribution of Work: 113; 308
hand vs., foot: 173; 189
hand-foot vs. all hand: 135

E

Ejection Seat Handles:  81; 338

Elasticity, Control: 1k

Enviromental Facltors:
acceleration: 55; 58; 64; 65; 81; 157
pressurization: 138; 165; 288; 305
temperature: 1; 66; 159; 250; 256; 273; 274
weightlessness: 108; 109; 152; 332
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F

"Feel”, Control:
See: Torces, Control
Foot Controls:
Balaflex tracking device: 295
clutch: 210
distribution of work: 113
foot restss 113
operator force: 533 78; 209; 228; 258; 304
pedals: 23; 24; 59; 186; 228; 287; 295
prone position: 653
reaction time: 69
review: 21; 113; 11k
simultaneous hand and foot: 135; 136
wheel, stick, and rudders 171; 173
See Also: Pedals, Rudders
Forces, Control {Machine): 28
aircraft control systems: 102; 260Q; 201; 268; 287; 290; 310; 367
and amplitude variations: 12; 13; 1b; 48; 117; 357; 358; 359
crank: 29; 200; 303
damping: 1k; 208
elasticity: 1k
friction: 2; 12; 42; 150; 151; 161; 178; 195; 225; 267; 346
handwheels: 200
inertia: 2; 106; 208; 224; 360
isotonic forces: 106
levers: U8
mass: 12; 1k
pedalss 24
pressure controls: 12; 30; 119; 153; 15h4; 155; 283; 304; 357; 358; 359
pushbuttons: 10k
spring centering: 89
spring loading: 13
spring tension: 342
stiffness: 89; 208; 309
stylus: 66; 67
torques: 13; 98; 106; 185; 208; 237; 301
Forces, Control (Operator):
aircraft door operation: 278; 279
bibliography: 7T2; 181; 268; 280
biomechanics: 833 105; 181; 286
and body position: 60; 62; 77
designing for human strength: 323
discrimination of: 137; L1Th; 196; 226; 227; 233; 2h2; 299; 311; 339;
3%0; 341; 353; 372
effect of clothes on: 131
exertion and acceleration: 55
foot: T78; 209; 258
forearm: 106
grip pressure: 345
limb position: 60; 61; 62; 212; 21k; 296; 297
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maximums 6b; 9h; 115; 160; 192; 211; 212; 265; 2703 275; 297; 364; 368

muscular contraction: 118

muscular tension: 100

power and velocity: 2hb; 247

prone position: 51; 52; 53

proprioceptive feedback: 12; 13; Ik4; 140; 205; 357; 358; 359

push-pulls 139; 143; 304

rate of application: 240; 241

seated operator: 105; 211; 212

torque, compensatory: 208; 365
maximum: Gh; 300; 315
weightlessness: 108; 109

Friction, Control: L2

cranks: 1k9; 150; 151

knobs: 346

and knob dismeter: 42

Joystick: 2; 195

lever: 2253 267

pedestal sight: 161

proprioception and coulomb: 12

pushbuttons: 114

surface, and gloved operation: 178

G

G-Forces:
See: Acceleration
Ganged Controls:
control-display preferences: 33
knobs: L3
layout: L3
three-digit, multiple~turn dials: 362; 363
Gloves, and Control Operation: 1: 36; 39; 10L; 178; 179; 220; 231; 2hk; 24s;
256; 257; 313
Grip Pressure, Measurement: 305

H

Hemmer, Size: 49O
Hand Dimensions:
gloved: 24k; 245
nomograph: 76
Hand vs. Foot Control: 135; 173; 189
Handedness:
control "transitivity': 308
and crank operation: 303
and handgrip controls: 8i; 85
and knob operation: 38
orientation of controls and bilateral transfer: 294
preferred~-nonpreferred hands: 84; 85; 263
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and skill: 298
and tactuval discrimination: 10

Handgrips:

31; 262

ejection handles: 81; 338

force: 2
friction:
one hand

I
161
vs. two hand control; 8hL; &5

vs. handwheels: 234; 235

Handrails:
dismeters
weightles

Hand Tools:

Handwheels:

applying

:+ 180
sness: 109
159
133; 197; 272
force to: 227

control loading: 200
and crank; 98
positions: 359

and slide

NG

and stick: 7T3; 307

valves:

113

vs. handgrips: 235

See Also:

I

Cranks, Wheels

Inertia, Control: 2; 106; 208; 224; 360

See Also:

Forces, Control

Isometric (Pressure) Controls: 12; 13; 14; b8; 153; 154; 155; 357; 358; 359

Joystick:

30; 107; 1535 155

foot pedal: 30k
lever: 119; 15h

pressure

discrimination: 196; 226; 227; 228; 233

temperature: 283
Isotonic Control Forces: 106

J

Joystick: See Levers

K

Kinesthetic
See Also:
Keyboards:

Discrimination: 25; 17h; 311
Tactual Discrimination, Propriocceptive Feedback
6; 116; 1k0; 141; 1h4; 188; 255

spatial s-r correspondence: 266; 285
telephone: 103- 104
and telephone dials: 82

tilting:

320

typewriter: 26; 96; 107; 129
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Keysets: See Keyboards
Knob, Control:
clockwise-counterclockwise movements: 352
coding: 27; 41; 4T; 75; 110; 202; 216; 229; 230; 231; 232; 236; 335; 361; 366
dismeter: L2; G5; 344
direction of movement: 354; 355; 356
friction: 346
ganged, minimum dimensions: U3
gloves and knobs: 363 39; 221
grip pressure: 345
inertia: 360
layout: 35; 37; 43; Lb
movement stereotypes: 38; 4O
plane of movement: G5; 344
precision setting: T0; Tl; 90; 95; 165; 168; 169; 217; 219; 221; 331; 3363 337
selection of: 291
shape: L47; 110; 202; 216; 229; 230; 231; 232; 236; 335; 366
size: 27
standardization: 92
vs. stick control: 93 221; 223

L

Iayout of Controls: 113; 11k
angular orientation, control panel: 61; 326
asymmetry: 20k
bibliographies: 7; 8; 113; 114
checklist: 113
cockpit: 127; 238; 339
cranks: 150; 151; 166; 167; 170; 317
ganged controls: 43
handgrips: 8b4; 85
Joystick: 2; 9; 333
keyboard: 6; 116; 320
knobs: 35; 37; 43; 4h; 95
levers: 19; 325
location of controls: 213
movement analysis: 248
operator position: 213
orientation of controls and bilsteral transfer: 294
pedals: 209; 258; 269
plane of operation: 203; 334
plane of rotation: 95; 132; 166; 167; 170; 284; 303; 34b
pushbuttons: 45; 104L; 285
seated operator: 105; 211
standing operator: 113
toggle switches: L6; 114
switch panels: 173
workplace: 113; 251; 253; 264; 289; 292; 316
work surface helghts: 111
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levers:

arrangement: 19
force: 1h; L48; 64
gloves and: 36; 39
Joystick: 2; 9; 1h; 30; 73; 140; 173; 201; 222; 282; 287; 302; 333; 351
pencil-types 201
pantograph ves. Jjoystick: 130
plane of movement: 2Lg; 282; 334
precision settings: 219
pressure controls: 123; 155

(See Also: Isometric Controls)
rroprioceptive feedback: 205; 357; 358; 359
pushbuttons and: 156
stick and slide; 73
stick and wheel: 7T3; 307
stick vs. knobs: 9; 221; 223
stick, vheel, and rudder: 171; 173
straight, push-pull, force:; 139
stylus: 3; l; 5; 32; 66; 67; 306

Loading, Control:

See: Forces, Control

M

Manual Areas, Optimum: 22; 109; 11l; 113; 122
See Also: Layout of Controls

Mass, Comtrol: 12; 13; 1k

Meovements, Skilled:
classification: ©56; 184
clockwise and counterclockwise: 352
dimensional analysis: 182
horizontal plane; 57
linear arm movements: 191
location and discrimination: 122
manual dexterity: 350
precision settings: TO; T1; 90; 95; 165; 168; 169; 217; 219; 221; 336; 337
rate and time characteristics: 321
stereotypes: 38; 59; 123; 126; 25L4; 312
time and motion study: 22; 248
work and work performance: 322

N

Nonpreferred Hand: See: Handedness

0

On-off Controls: 113
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P

Pedals: 23; 2k
force: 233 53; 209; 228; 304
layout: 269
movement analysis: 248
optimum areas: 113
pianoforte damper; 186
population stereotypes: 59
prone position: 53
reaction time: 69
stick and wheel: 171
See Also: Foot Controls
Personal Equipment:
clothing and dexterity: 250; 273; 281
clothing and performance decrement: 318; 319
clothing and strength: 131
gloves: 1; 36; 39; 101; 178; 179; 221; 2bh; 245; 2563 257
pressure suits: 138; 164; 288; 305
"pilot Error", Control Operation: 120; 124; 125
Plane of Rotation, Controls:
cranks: 132; 166; 167; 170; 284; 303
knobs: 95; 34
Plunger-~Type Contrels: 113; 312
Preferred Hand: See: Handedness
Pressure Controls: See: Isometric Controls
Pressure Suits, and Performance: 83; 138; 165; 288; 324
Priority of Controls: 113
Prone Position:
aircraft comtrol: 63
speed and accuracy of reaching for controls: 50
force application: 51
vs. seated position: S1; 52; 533 Sh
Proprioceptive Feedback: 12; 13; 1l 140; 205; 357; 358; 359
See Also: Isometric Controls; Forces, Control
Prosthetic Devices: 1753 176; 177
Pushbuttons: 6; 116; 2k0
control~display spatial arrangements: 141
diameter and spacing: U5
gloves and: 36; 39
layout: 116; 255
and lever: 156
spacing: 5
speed and load stress: 243
telephone: 82; 103; 10k
vs. telephone dial: &2
See Also: Keyboards
Push~-Pull Contrels: 113
vs. knob, lever: 312
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R

Reaching for Control Areas:
accuracy of: 122
from prone position: 50
switchboard: 80
toggle switeh: 36; 342; 343
wafer: 3; 116

3

Switchboard: 80 (8ee Also: Keyboards)

m
“

Tabs: 305
Tactual Thumd Control: 20
Tactual Discrimination: 145; 1L6; 206
hand: 349
kinesthetic discrimination: 1T74; 311
knobs: 27; 753 110; 216; 229; 230; 231; 232
letters, numerals, and forms: 10, 11l
pushbuttons and switches: 116
switch handles: 1642
thumb control: 20
Telephone:
dial habits: 79
dial and keysetss 82
See Also: Keyboards, Pushbuttons
Temperature:
handle load, and tracking accuracy: 66
opening devices under arctic conditions: 159
cold and manual dexterity: 250; 313
Three-Dimensional Controls:
aircrafts: 190
prone position: 51; 63
Thurb Control: 20
Time and Motion Study: 22; 248
Toggle Switches:
acceleration and manipulating: 58
comparisons of: 93
gloves and: 363 39
plane of orientation: 343
spacing: 46
spring tension: 342
Torque: 106; 109; 301
crank radii and: 237
loading: 98
maximum operator forces: 9Ob; 185: 300; 315
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positioning responses and: 13

rotary control: 208

See Also: Forces, Control
Transitivity, Control: 308
Trigger, Rifle: 147
Two-Dimensional Controls:

prone position, force: 52

wheel and stick: T3

wheel and slide: T3

x~y stick vs. two knobs: 9

3ee Also: ILevers, Wheels
Two-Handed Controls:

interchanging direction of display movement: 148

positions of handwheels: 369

side and center: 282

vs., hands and feet: 135

vs. one-handed: 93 84; 85; 263; 133
Typevriter Keyboards: 26; 95; 107; 129

v

Valves: See: Handvwheels

W

Wafer Switch:
vs. slewing switch: 116
Weightlessness; 152; 332
ability to apply torque under: 108; 109
Wheels:
applying force to: 227; 275
and slide: 73
and stick: 73; 307
See Also: Cranks, Handwheels
Wrist Rest: 113
Workplace Iayout: 113; 253; 264; 289; 292; 316
See Also:r Layout of Controls
Work Surface Height: 111
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