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NOTICES

When Government drawings, specifications, or other data are used for any purpose other
than in connection with a definitely related Government procurement operation, the United States
Government thereby incurs no responsibility nor any obligation whatsoever; and the fact that
the Government may have formulated, furnished, or in any way supplied the said drawings,
specifications, or other data, is not to be regarded by implication or otherwise as in any manner
licensing the holder or any other person or corporation, or conveying any rights or permission
to manufacture, use, or sell any patented invention that may in any way be related thereto.
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Qualified requesters may obtain copies of this report from the Armed Services Technical
Information Agency, (ASTIA), Arlington Hall Station, Arlington 12, Virginia.
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This report has been released to the Office of Technical Services, U.'S. Department of Com-
merce, Washington 25, D. C., for sale to the general public.
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Copies of WADD Technical Reports and Technical Notes should not be returned to the Wright
Air Development Division unless return is required by security considerations, contractual obliga-
tions, or notice on a specific document.
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FOREWORD

This repart was prepared by the Maintenance Design Section, Human Engineering
Branch, Behavioral Sciences Laboratory, in support of Project 7184, "Hman Perform-
ance in Advanced Systems,® Task 718406, "Design Criteris for Ease of Maintenence,”
vith Major L. D. Pigg as task scientist. This paper was presented at the Joint
National Meeting of the Institute of Aerospace Sciences and the American Rocket
Society, June 1961, Los Angeles, California.
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ABSTRACT

Results of research on problems related to human performance of maintenance
actions in space systems are reviewed. The interactions of sensory, psychammotor,
and motor functions are discussed, along with problems of remote-handling applica-
tims in the space enviromment.

PUBLICATION REVIEW

@/m % Ao
ALTER F. GRETHER
Technical Director
Behavioral Sciences Laboratary
Aerospace Medical Laboratory
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HUMAN ENGINEERING PRINCIPIES OF DESIGN FOR IN-SPACE MAINTENANCE

INTRODUCTION

Successful space flight will require extremely reliable operation of the space
vehicle systems. Presently available camponents do not have inherent reliabilities
sufficiently high to satisfy the overall requirement for space flight. Thus, a
major effort toward system reliability improvement is indicated.

This effcrt can take one or more of at least three courses: components redun-
dancy, components relisdbility improvement, or in-flight repair by crewmen. As a
practical matter, efforts in all three directims appear necessary. Soame redun-
dancy in the form of parallel units for critical elements is probably unavaidable.
Weight restrictions dictate a limit to redundancy, however, and complementary
actions must be taken. Components reliability improvement can be brought abaut
through special development effarts, but here, too, there are practical limits.
Thus, the repairman is called into the system. He repairs the element which has
failed while its redundant backup element is in operatiam.

In the opinions of several writers, using man in this maintenance function
constitutes the best hope for achieving the required reliability of space systems.
Perhaps the case is best represented by McRuer, Ashkenas, and Krendel (ref. 1L) who
state "...with a small stock of spare modules and parts, and a men, an actual
physical system with anly one or two parallel channels can approach an effective
system with much mare redundancy. Thus, a prime human role in space will bs that
of failure detectim, replacemsnt, and repair.®

Information on the general problem of design for maintenance in space is
lixited. Much research must be accamplished before effective utiligzation of man in
this role of great potential importance can be realised. This research must cover
at least the problems of intra- and extra-vehicular maintenance operatims, remote-
handling spplicatimms in space maintenance, and integrated systems design for
maintainability in space. This paper describes results of research eff arts direct-
ed toward solution of some of these problems by the Human Enginsering Branch of the
Asrospace Medical Labaratory at Wright-Patterson AMr Force Base, Ohio.
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DESION CRITERIA FOR MANUAL MAINTENANCE

Several studies have been carried ocut to determine the effects of weightless-
ness and frictionlessness m sensory processes, basic psychamotar performance,
amual spplication of forces, and discrimination and handling of inertial objects,
inocluding stores, camponsnts, and tools. These studies have made use of sero-g
adroraft, ar air-bearing dsvices which suppoart man ar odbjects in mear-frictionless
states for indefinite time pericds, to simulate the weightless-tractionless aspect
of the space enviromment.

Sensory Performance

My intriguing quwstions sbout man's performance in space concern the
responses of kis sensory processes {0 the enviromental factors of weightlessness,
isolation, stress, eto. Noet of the answers will came only after man has success-
fully jourmsyed into space. Somes work has been done and most of it is gensrally
well known. Two studies are worth msntioning here.

Visual Acuity:

Increased puritive and negative acoelerastiwe foroes produce losses in visual
scuity (ref. 17). To see if weightlessness would also affect visual acuity, sub-
Jects wre tested for Dinocular and monocular near and far vision on two types of
acuity targets while they were exposed to sero-g aboard a C-131 aircraft (ref. 15).
Statistically significant decrements were found for sero-g scores by camparison
with comtrol soores in l-g flight. Differences in accamodation and types of
targets did not icantly affect the results. The average decrement was the
equivalent of a 68 imcresse in visual angle of targets at threshald legibility.
For ardinary purposes of vision this is not of practical consequencs.

Vestibular Punctions:

The effect of aircraf t-produced weightlessness on goldfish, pigeons, and
animals was studied to see whether the so-called gravi-receptors of the vestibular
region of the inmer ear are indeed sensitive to accelsration (ref. 11). The gold-
fish asswmed wusual positions, even inwverted, during weightlessness. Pigeons did
not dencnstrate the postural reflex which, under l-g, causes compensatary head
mnovement in response to body rotation. The righting reflex of cats was notioceably
absent. These results cnly tend to verify what has frequently been noted by human
subjects during weightlessness: that spatial disorientation is apt to occur.

nsory-Motar Perfornance

are accustomed to lifting and moving things by overcoming the existing pull
of gravity on both cur limbs and the objects we handle. Ve learn very early to
Judge the weighte of odjects and to predict their movements by the foroces in our
limds as w handle them. In a weightless enviromment, there is no gravitational
faroe to overcome and even the smallest force will accelerate a free-floating
object. Thus, man's jJudgment snd effectivensss in the handling of objects may
suffer in the space enviroment.

£
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Disorimination of Mass:

One interesting question concerns man's ability to discriminate differences in
mass of weightless objects. To provide an answer, a laborstory study was carried
cut to compare man's ability to discriminate small differences in mass with his
ability to discriminate differences in weight (ref. 16). Four weight series were
used, each consisting of a standard (1000, 3000, 5000, ar 7000 graas) and nine
camparison stimuli. Judgments for mass differences were made with the same weights
supparted by compressed air on an air-bearing tabls in simulation of weightlessnsss.
Results show that difference thresholds (the amounts by which two stimuli must
differ to be perceived as different at least SO peroent of the tims) are spproaxi-
nately twice as large for mass as for wight, and, further, that they are approxi-
mnately proportional to the mass of the objects handled. This propartionality is
also true for weight for which the difference ratio is generally found to bs .0S.
Tas, the difference ratio for mass is spproximately .1; i.e., for two cbjects to
be perceived as different in mass, they must differ by 10 percent. Ths difference
in discriminability of mass and weight is related to man's inability to achisve
standard accelerations and movements of objects having only mass.

Positioning of Objects:

In other studies (refs. 12, 13), performance in positioning of "weightless®
objects was measured to see if loss of the cus of gravity would affect speed and
accuracy of handling operations. Subjects positionsd objects of varying mass
through different distances and directions whils the objects were airbarne over an
air-bearing table. Doth fixed subjects (standing) and tractimmless subjects
(seated on an air-bearing platfam) were used.

For the fixed subjects, change in cbject mass produced no proncunced effect,
but changes in both distance and direction led to significant changes in psrform-
ance. Response time increased whiles accuracy decreased with distance. Response
time was less for nsar-to-far movemsnts than for left-to-right movements, although
accuracy was grester for the latter. Thus, in this case, ths usual correlation
between speed and accuracy vas not found,

Far the tractionless subjects, the results differed primarily in that change
in mass did produce significant differences in response time, with heavier nasses
involving longer response times. Also, by camparison with fixsd sudbjects, trac-
tionless sudbjects had significantly poorer performance in terms of accuracy. How-
ever, response times were shorter--a function of the shorter time availadble for
response in the d¢mamic action-reaction condition.

Operation of Switches:

In another study (ref. 11), sudbjects cperated different types of switches to
turn lights an and off as they were flown through sero-g trajectories. Push-button,
toggle, md rotary switches wre paired with a master switch so that acouracy could
be checked and camparisons in terms of speed of opsration could be mads. Small but
statistically significant decrements were found in speed of cperation of all three
sets of switches in the weightless enviroment ty comparison with cantrol perform-
ance at l-g. The toggle switch showed the greatest decrement, the rotary switch
set the lsast. Speed of operation was greatest with the push-buttan set under doth
l-g and weightlessness.
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Mot Performance

As for pure motor performance in the space enviromment, two studies provids
useful data (refs. 9, 10). In these, subjects riding on sn air-bearing platfam,
thus tractionless, were asked to apply maximum push-pull farces at varicus distanoes
and angles from @ singls handhald.

Torquess

For certain handhold anglse the average maximm continuous foroe which a man
could exert was equivalent to & torque of 2.5 pound-feet--that is, a push or pull of
2.5 pounds at a distance of 1 foot from the handhald, 1.25 pounds at 2 feet, etc.
These are definite limitations on design of wnits requiring application of foroe for
Bare than 3 seconds by a worker using anly a handhold to retain his positicn at work

Impulses:

Also measured was the ability of tractionlsss sudbjects to apply impulses while
snchored bty a handhald 2 feet from the point of applicatian of foroe. A LO-pound
push foros could be spplied effectively for only 1/2 seccnd, whils lssser forces
down to 5 pounds could be applied for longer periods up to 1 secand. The limitation
of the impulse is determined by the movement of the subject away fram the point of
application as a result of the ocounteractive force. Related to this reactive move-
mont vas the interesting demonstration that it is possible for a subject to seat an
object agaxinst a frictional force ty using s high-force, short-durstion impulse, and
then bring himeelf to rest while hilding onto the cbject, without unseating it, by
applying an opposite force (less than the fricticmmal m‘dlmanum.

Bandtool Operations:

Qualitative cbesrvations have been made of handtool cperatians bty a free-
floating man in the weightless enviroment of the sircraft, where six degrees of
freedan are possible (in contrast to the three degrees of movement available on an
air-bearing platform). Work without a handhold or other msans of attachment wes
impossible. BEven with s handhold, the strength of the wrist was not sufficient to
compensate for the resctione to the forces exerted in simple handtool operations;
thus, swkvard dody movements resulted.

[ESION CRITERIA FOR REMOTE MAINTENANCE

Research is also wnderwsy to establish lmman enginsering principles governing
design and use of remote-handling and sssociated equipment for space operations.
The role of such equipment is spparent in comection with the tasks accamplished
outeide the space wehicle where, becsuse of the quantity mnd severity o physical
hasards, it is isprobadle that man will be able to work effectively without same
means of extending his perceptual and physical skills beyond a restrictive sacunt
of protective shielding. HRemote handling will allow man to work beyond such shield-
ing in areas of high radiation, near ar total vacuum, extremely low temperature,
etc. Thns, mmy current space proposals include ideas of use of remote manipulative
oquipment, ranging from the simple to the complex, for many jobs in places where asn
camot go without special protective devices (which hamper his mobility and acticm,
and ngy themselves include remote-handling sppendages).
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Task Varisbles

Mmong the tasks for remote handling in space will be assembly, disassembly, and
naintenance of space systems, inoluding inspection, repair, servicing, and checkout;
experimentatim, inocluding exploration, sampling, and testing; transfer of persomnsl,
supplies, and equipment; and emsrgency cperations, such as escspe and rescus (ref.
S). These tasks have much in caman with remote-bandling tasks involved in ground-
bame operations. Thus, many of the research results relating to these tasks will

apply in design for remote handling in space.
Task Distance:

The effect of this variable on performance of a manipulative task wvas iovesti-
gated with a CEL® Model 8§ Master-Slave Manipulator (ref. 2). Performmnce time
increased significantly as the task was moved from a position 7 feet fram the oper-
atar's eyes Lo 9 feet, and again as it was moved t0 11 feet. This reflects the loss
in visual resolution and depth perveption accampanying increased distance. At dis-
tances of 100 feet oar more, telescopic or television monitoring is necessary for

practical purposes.
Object Sise:

The effect of this variable was inwestigated in a task in which different sises
of hexagonal mits were removed from bolts (ref. 3). Perfammos tims was not sig-
nificantly changed as nut dimeter was increased from 3/L inch to 2-1/4 inches (the
practical limit for the mamipulator slave hand).

Angle and Height of Task Display:

These variables were studied in conmnection with the nut-removal task described
sbovw. For the standing cperatar working at seweral different task angles, signifi-
cently better performance resulted when tasks wre presented at a working height LS
inches from floor level, by comparison with both lower and higher working heights.
Without regard to task height, psrformance was better in the LS© to 65° ~ange of
task angles messured from the harisontal plane. The two variables were found to
interact, however, so that horisontally oriented tasks were performed best at the
lowest height and pocarest at the highest working height. Vertical tasks were per-
famed best at intermediate heighte.

Equipment Verisbles

Haqy remote-handling problems relate to the design of the equipment itself.
Much attention has already been given to the effects of change among the many vari-
sbles of design of msmipulators and sccessaries (ref. 5). Sensary feedback (tactual,
kinssthetic, visual, and even suditary), movemsnt ratice, force ratics, power pro-
visions (mechanical, hydraulic, electrical), snd suxiliary controls, to nmme a few,
have deen studied. Two studles of this nature are reparted below. But first it is
wartimhile to lock at the effects of the manipulator iteelf on human performance.

Renote wersus Direct Eandling:

Remote handling is esplcyed at a price. By camparison with direct samual per-
fammoe, use of mechanical master-sleve manipulators generally reduces efficiency

¥#Central Research Laboratories, Red Wing, Minnesota
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to a significant degree. To calibrate this factor, a standard manipulative task was
perfamed wvith both modes of handling in an experimental setup which cantrolled for
extranescus effects such as practice and sequence of test (ref. 2). Operatars of the
CRL Model 8 manipulator tock 6 to 10 times longer, depending an task distance, to
perfam the task than did direct handlers. The factar of 6 was found for the 7-foot
task distance, the factar of 10 for the ll-foot distance. The ratio of 8 to 1l
(found at 9 feet) vas most representatiwve of remote tasks performed at the modal
distance .

Weight Discrimination:

Studies were conducted to determine the effect of remote handling on abdlity
of subjects to make Doth absclute and differential judgments of weights (refs. 6, 7).
By camparison wvith direct handling, remote handling produced absolute estimates
which were kigher and more accurate an the awverage but mare variable. There vas
less tendency for remote estimates to be influsnced by immsdiately preceding hand-
ling operations (contrast effect). Difference thresholds, the amounts by which two
stimull must differ to be perceived as Jdifferent at lsast SO percent of the tims,
were nearly doubled with remote handling. Thus, sensory feedback is attenuated by
remote hmndling so that two objects differing less than 8 percent in weight cannot
be effectively discriminated.

Mass Discriminstica:

Since objects in space do not have wight, it is useful to know what the
difference threshold for remotely handled masses will be. The discrimination study
was repeated (ref. 8), using objects supparted by compressed air (over the air-
bearing table msntionsd previcusly). It was thus a mass-discrimination study. The
difference threshold in this case was 23 percent, more than double the difference
threshaold for remotely handled weights. A summary of results of the several dis-
crimination experiments shows that loss of weight as a cue leads to doubled differ-
ence thresholds, which are, in turn, daubled by remote handling:

Basis of Type of Difference
Discrimination Bandling Ratio
wight direct 05
. reacte .08
nass direct -10
" reacte 023

Node and Rate of Indexing:

Mechanical master-slswe asnipulators hawe suxiliary devices by which the slawe
hand is mowd to areas not reachadbls ty namal articulation. This is called index-
ing. It is namally coutrolled bty a hand-cperated, two-way switch. Performance
with the hand switch wes campared with perfamance with a foot-opsrated switch on a
task requiring indsxing (ref. k). Three representatiwe rates of indexing were used.
Fo sdvantage in task speed was fomd for either mode of indexing, but fewer errors
(aropping cdbjects, indexing in the wrong direction) occuwrred with the foot control.
Thare was slso evidencs of faster learning (to an ssymptote of perfarmance time)

é
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with the foot control. These results were not altered by change in rate of index-
ing, even though such change was shown to affect speed of performance significantly
(higher rate--sharter task time) for most tasks. For tasks involving only short
indexing distances, there was no advantage in faster indexing.

Color Coding of Jaws:

In another study, involving intricate manipulations of small objects, differ-
ent colors were used for the slave fingers to see if task perfamance could thereby
be improved (ref. 2). Significant differences were not found. Thus, color coding
of the remote-handling equipment itself is not indicated. More appropriate use of
color to improve remote-handling performance may possibly be made in design and lay-
out of the task to be performed.

Operatar Variables

As in any task requiring skill, individual differences exist in remcte-handling
performance. These can result from differences in inherent manual dexterity, co-
ordination, visual acuity, depth perception, and other such factars. Operator
screening is a means of cantrolling them. Beyond this, there are still many other
operator variables which affect performance. Two have been studied:

Practice:

Naive subjects were used for remote performance of a block-manipulation task.
Performance time decreased to a practical asymptote within just a few trials, in-
dicating that beginner operatars adapt to the grosser aspects of the master-slave
manipulator with little difficulty (ref. 2). Far satisfactary performance of more
intricate tasks, several hours of training may be required.

Seated versus Standing Operators:

A study was conducted to determine the extent of limitations upon the work
range of the manipulator resulting when the operator is seated (ref. 1). This was
thought to be a way of approximating the effects of confined quarters which may
exist in space applications. Contours of effective performance were progressively
reduced in area as the plane of the task was lowered to the level of the knees and
below. In general, the range of effective performance for the seated operator was
approximately one-third the range for an unrestricted standing operator.

FURTHER RESEARCH NEEDS

This paper deals only briefly with results of a very limited program of
research on problems related to lnman performance of maintenance actions in space
systems, A great -umber of other research effarts pertinent to these problems are
being carried out by meny different agencies. Success in manned space operatims
will depend a great deal on the success of these and future efforts.

While the total, necessary, additional, human factars effort cannot be speci-
fied, further work which should be dome to extend the usefulness of the results
reparted in this paper can be identified,
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Additional research is needed on design criteria for extra-vehicular operations
in space. Design information, principles, and procedures of operation far all
equipment used in or for maintenance in space must be developed and validated. In-
cluded in this research are human engineering principles of design and use of hand-
tools; of envirommental protection devices, including partial shielding; and of
maintenance aids, such as checklists, handbooks (or information storage devices),
and test equipment.

Additional research is also needed to develop basic remote-handling concepts,
and to establish criteria for comparing and evaluating different types of remote-
handling systems with respect to their usability in the space enviromment. Solu-
tins to perceptual problems connected with remote operations in space are needed.
Problems of remote visual access, including use of closed and open circuit tele-
vision, depth and movement perception, illumination, glare, contrast, and tactual
and kinesthetic feedback are representative.

These are just a few of the many considerations impartant to effective mainte-
nance operations in space systems, Research is underway to provide needed answers
for many of the questions. Much more must be undertaken to satisfy the overall
need.
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