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PREFACE

Characteristically, new scientific knowledge reaches general application in classrooms years
after it has been obtained. This long delay stems, to a large extent, from a lack of awareness
that information is available and that it has relevance to secondary school curricula. To
accelerate this process, the National Aeronautics and Space Administration has prepared a
series of documents concerning Skylab experiments to apprise the educational community
in detail of the investigations being conducted in the Skylab Program, and the types of
information being produced.

The objective is not to introduce the Skylab Program as a subject in the classroom, but
rather to make certain that the educational community is aware of the information being
generated and that it will be available for use. Readers are urged to use these books as an aid
in planning development of future curriculum supplement material to make the most
appropriate use of this source of scientific knowledge.

National Aeronautics and Space Administration
Washington, D. C. 20546
May 1973
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INTRODUCTION
The Skylab Education Program

This year the United States’ first manned scientific space station, Skylab, was launched into
orbit to be the facility in which successive crews of astronauts can perform more than 270
scientific investigations in a variety of fields of interest. These investigations can be divided
into four categories: physical sciences, biomedical sciences, earth applications, and space
applications.

The Skylab Program will produce information that will enhance present scientific
knowledge and perhaps extend the frontiers of knowledge on subjects ranging from the
nature of the universe to the structure of the single human cell. It is the objective of the
National Aeronautics and Space Administration that the knowledge derived from the Skylab
Program’s investigations be made available to the educational community for applications to
high school education at the earliest possible date.

For this reason, the Skylab Education Program was created to assure that maximum
educational benefits are obtained from the Skylab effort, documentation of Skylab
activities is adequately conducted, and understanding of scientific developments is
enhanced.

This document, one of several volumes prepared as part of the Skylab Education Program,
has the dual purpose of (1) informing high school teachers about the scientific investigations
performed in Skylab, and (2) enabling teachers to evaluate the educational benefits the
Skylab Program can provide.

These‘ books will define the objectives of each experiment, describe the scientific
background on which the experiment is based, outline the experimental procedures, and
indicate the types of data anticipated.

In preparing these documents an attempt has been made to illustrate relationships between
the planned Skylab investigations and high school science topics. (Refer to Table 1.)
Concepts for classroom activities have been included that use specific elements of Skylab
science as focal points for demonstrations of selected subjects. In some areas these address
current curriculum topics by providing practical applications of relatively familiar, but
sometimes abstract principles; in other areas the goal is to provide an introduction to
phenomena rarely addressed in high school science curricula.

Table I Related Curriculum Topics

SUBJECT
INDUSTRIAL
ARTS—
EXPERIMENTS ARCHITECTURE| BIOLOGY PSYCHOLOGY PHYSICS
Time and motion study Gravitational Task time measure-| Masses in
Motor sensory performance effects on co- ment techniques; | motion
ordinated weightlessness as
muscle move- a stressed condi-
ment tion
Web formation Web spinning Spider web pat-
mechanisms terns
Habitability /crew quarters | Analysis of habi- Perception of con-
Inflight aerosol analysis tational environ- fort
ments




It is the hope of the National Aeronautics and Space Administration that these volumes will
assist the high school teacher in recognizing the educational value of the information
resulting from the Skylab Program which is available to all who desire to make use of it.

Application

Readers are asked to evaluate the investigations described herein in terms of the scientific
subjects taught in secondary schools. The related curriculum topics identified should serve
as suggestions for the application of Skylab Program-generated information to classroom
activities. As information becomes available from the Skylab Program, announcements will
be distributed to members of the educational community on the NASA Educational
Programs Division mailing list. To obtain these announcements send name, title, and full
school mailing list (including zip code) to:

National Aeronautics and Space Administration
Washington, D.C. 20546
Mail Code FE

This volume describes a series of experiments being conducted on Skylab that will measure
and evaluate the ability of the crew to live and work effectively in space. The methods and
techniques of Human Engineering as they relate to the design and evaluation of work spaces,
requirements, and tools are described, and the application of these methods and the Skylab
measurements to the design of future spacecraft is discussed.
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The Skylab Program

The Skylab orbiting space station will serve as a workshop and living quarters for astronauts
as they perform inyestigations in the following broad categories: physical sciences,
biomedical sciences, Earth applications, and space applications.

The spacecraft will remain operational for an eight-month period, manned on three
occasions and unmanned during intervening periods of operation. Each manned flight will
have a crew of three different astronauts. The three flights are planned for durations of one
month, two months, and two months, respectively.

A summary of objectives of each of the categories of investigation follows.

Physical Science

Observations free of filtering and obscuring effects of the Earth’s atmosphere will be
performed to increase man’s knowledge of (1) the sun and of its importance to Earth and
mankind, and (2) the radiation and particulate environment in -near-Earth space and the
sources from which these phenomena emanate.




Biomedical Science

Observations under conditions different from those on Earth will be made to increase man’s
knowledge of the biological functions of living organisms, and of the capabilities of man to
live and work for prolonged periods in the orbital environment.

Earth Applications

Techniques will be developed for observing from space and interpreting (1) Earth
phenomena in the areas of agriculture, forestry, geology, geography, air and water pollution,
land use and meteorology, and (2) the influence of man on these elements.

Space Applications

Techniques for adapting to and using the unique properties of space flight will be developed.

The Skylab Spacecraft
The Skylab cluster contains five modules (see illustration).

1) The orbital workshop is the prime living and working area for the Skylab crews. It
contains living and sleeping quarters, food preparation and eating areas, and personal
hygiene equipment. It also contains the equipment for the biomedical science experiments
and for some of the physical science and space applications experiments. Solar arrays for
generation of electrical power are mounted outside this module.

2) The airlock module contains the airlock through which suited astronauts emerge to
perform activities outside the cluster. It also contains equipment used to control the
cluster’s internal environment and the workshop electrical power and communications
systems.

3) The multiple docking adapter provides the docking port for the arriving and departing
command and service modules, and contains the control center for the telescope mount
experiments and systems. It also houses the Earth applications experiments and materials
science and technology experiments.

4) The Apollo telescope mount houses a sophisticated solar observatory having eight
telescopes observing varying wavelengths from visible, through near and far ultraviolet, to
X-ray. It contains the gyroscopes and computers by which the flight attitude of Skylab is
controlled. Solar arrays mounted on this module generate about half of the electrical power
available to the cluster.

5) The command and service module is the vehicle in which the crew travels from Earth to
Skylab and back to Earth, and in which supplies are conveyed to Skylab, and experiment
specimens and film are returned to Earth.

Skylab will fly in a circular orbit about 436 kilometers (235 nautical miles) above the
surface of the Earth, and is planned to pass over any given point within latitudes 50° north
and 50° south of the equator every five days. In its orbital configuration, Skylab will weigh
over 91,000 kilograms (200,000 pounds) and will contain nearly 370 cubic meters (13,000
cubic feet) for work and living space (about the size of a three bedroom house).
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Section 1

Human Engineering



BACKGROUND

Human engineering has been defined as that area of knowl-
edge dealing with the capabilities and limitations of human
performance as related to the design of machines, jobs, and
other modifications of man’s physical environment. Human
engineering seeks to ensure that man’s tools and environment
are properly matched to his physical size, strength, and
speed, and to the capabilities of his senses, memory,.cognitive
skill, and psychomotor functions. These objectives are in con-
trast to forcing man to conform or adapt to his physical
environment. However, given the condition that man must
adapt to a new environment (weightless spaceflight), human
engineering techniques seek to measure his ability to conform
to this new environment (Refer to Section 2.), and to ascer-
tain the degree to which the planned design of the habitat
facilitates efficient manned operations. (Refer to Section 3.)

Human engineering has also been termed human-factors engi-
neering, engineering psychology, applied experimental
psychology, ergonomics, and biotechnology.

Among the problems of human engineering are the design of
(1) visual displays for ease, speed, and accuracy of interpreta-
tion of information; (2) audio signal systems and voice com-
munications systems for accuracy of communications; (3)
controls; and (4) seats, work stations, cockpits, and control
consoles in terms of man’s physical size, comfort, strength,
and visibility. Human engineering addresses itself to problems
of physiological stresses arising from such environmental fac-
tors as heat and cold, humidity, high and low atmospheric (or
environmental) pressure, vibration and acceleration, radiation
and toxicity, illumination (or lack of it), acoustic noise, and,
in the case of spacecraft, weightlessness. Finally, the human
engineer is concerned with man’s psychological stresses aris-
ing from work speed and load, and problems of memory,
perception, decision-making, and fatigue.

The foundation of human engineering was laid by Frederick
W. Taylor, who demonstrated that proper design of work
stations and procedures led to greatly increased productivity
of workers. Early systematic studies were made by Frank B.
and Lillian M. Gilbreth whose system of categorizing hand
movements is still a standard time and motion study tech-
nique. The Gilbreths were uniquely qualified to undertake a
task requiring understanding of the human factor as well as a
knowledge of materials, tools, and equipment because of Mrs.
Gilbreth’s training as a psychologist and Mr. Gilbreth’s engi-
neering background.

World War II caused a great demand for psychologists and
physiologists to assist engineers in designing aircraft, tanks,
ships, submarines, and other weapons to ensure that these




Anthropometry

Displays and
Controls

2

devices could be operated under stress by men with relatively
little training. Often it was found that engineers had designed
the equipment for themselves and, as a result, large service-
men could not fit in the allocated spaces, small pilots could
not reach all the aircraft controls, or an appreciable percent-
age of the operators were lacking in sufficient strength or
were confused by complex procedures for operating the war
equipment. After World War II, formal courses in human
engineering were introduced in psychology and engineering
departments of colleges and by professional organizations in
the United States and many European countries.

Early research efforts were directed at providing experi-
mental data for some of the more obvious gaps in human
engineering knowledge, such as the variations in the physical
dimensions of men and women of different ages, the range of
strength and speed capabilities of humans, and the physical
conditions under which they could detect (or read) certain
visual images, and hear (or discriminate) certain sounds. As
more sophisticated techniques were developed, other sensory
capacities of touch, smell, and motion, as well as the more
complex and subtle problems of training, stress, and fatigue,
became amenable to laboratory experiments.

SCIENTIFIC CONSIDERATIONS

The specialized field of human engineering dealing with the
physical dimensions of the human body is called anthropom-
etry. In designing a console, work station, aircraft seat, or a
special piece of personal equipment, such as a spacesuit, it is
important that the design dimensions used can accommodate
as large a number of the intended users as possible. However,
designing a console tailored to the largest person may mean
that the smallest operator cannot reach all the controls unless
various features of the equipment are adjustable. Moreover,
people are not shaped in simple proportion, i.e., the person
with the largest head does not necessarily have the longest
legs, or the greatest waist measurement. There is no average
man. The person who is average in one dimension is not
usually average in another. To accommodate this discrepancy
in the population of operators, certain features of a machine
often need to be designed to be independently adjustable, as
in the case of an automobile seat. While adjustment flexibil-
ity is not always possible, as in the design of a custom made
spacecraft couch for a particular astronaut, it is important in
sizing most equipment to know what percentage of large
people and what percentage of small people will not be ac-
commodated, and to weigh the relative costs and advantages
of adding adjustments or building the equipment in different
sizes.

Problems associated with visual displays have been of consid-
erable interest to designers of aircraft, ships, submarines,

Anthropometry—literally, the
measurement of the human
body.



Sound

Control

spacecraft, nuclear reactors, electronic equipment, and tools
of all kinds. Human engineers have attempted to specify the
light intensity required for accurately reading various dials
and displays in relation to the illumination level of the back-
ground. Design recommendations have been established for
specific tasks and environments, optimum shape and spacing
of numerals and indicator marks on dials; colors that give the
best contrast have been specified; and the distance from
which markings of certain sizes can be read (resolution) has
been determined.

Electronics has made possible a number of new visual display
techniques: self-illuminating electroluminescent numerals and
holographic photographs, which when illuminated by coher-
ent light (Laser) beams, appear three-dimensional. Cathode
ray tubes driven by computers can provide a tremendous
variety of images, including letters and numbers (alphanumer-
ics), graphs, and television-type displays. Consequently, in
new aircraft, spacecraft, and other sophisticated applications,
many of the single-purpose dials and indicators are being re-
placed by relatively few computer-driven displays, which are
highly flexible and can display many different kinds of infor-
mation. Sometimes these displays can be called up by the
operator by feeding certain coded messages to the computer
via a keyboard. Alternatively, a number of different indica-
tions, both qualitative and quantitative, can be integrated on
a single display, such as the integrated aircraft landing dis-
plays now used on jet aircraft. The use of flexible, integrated
displays to replace multiple single-purpose indicators and
controls is rapidly developing throughout industry as a result
of lower cost computers and electronic components.

With respect to auditory displays (sound signaling systems),
human engineers can specify how loud various sounds must
be to be heard against background noises of differing levels.
Because consonants, which have relatively higher frequencies
and lower loudness, are known to carry more information
than vowels in the English language, the fidelity of voice
communications systems at these higher frequencies (about
2000 to 4000 Hz) is recognized to be more important that
the fidelity at lower frequencies. New electronic reading
machines and mobility aids for the blind have made use of
auditory signals to replace visual senses.

An important human engineering problem is the coordination
of displays with the controls by which responses to these
displays are made. In practice there are many violations of
even simple common sense design principles, such as locating
controls adjacent to displays when they are used together,
arranging for controls to move in the same direction as the
associated display, or having all displays and controls move in
the same direction to turn them off. Although the human
operator can adapt to areasonably broad range of forces and
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sizes of controls, some controls are still installed that require
either more strength or sensitivity than many operators can
exercise. Human engineering handbooks that summarize vari-
ous experimental data and contain recommendations for
proper display and control design and layout are now avail-
able.

Human engineers are concerned with the design of (1) man’s
environment to enhance his information processing ability
and (2) to maintain his body functioning normally. These
concerns require an understanding of man’s tolerance ranges
to heat and cold, to high and low pressures, to varying atmo-
spheric concentrations, to acceleration and vibration, and
now, in the age of manned space travel, man’s ability to
function properly in a weightless environment. Engineering
solutions to these problems can take the form of spacesuits,
diving suits, special clothing for extreme climates, and atmo-
spheric control units for sealed cabins and tanks. Alterna-
tively, working conditions can be arranged so as to limit ex-
posure to hazard, for example, by determining the least fa-
tiguing distance from an open door of a blast furnace, or by
recommending the maximum time that can safely be spent at
certain altitudes without supplemental pressure breathing ap-
paratus.

Bodily comfort is dependent upon a combination of ambient
temperature, pressure, humidity, air movement, and amount
of clothing, all of which affect the body’s internal mechan-
isms to keep the internal body temperature constant at
98.6°F. Proper respiration depends upon the combination of
ambient pressure and oxygen concentration. Constant high
accelerations, as experienced by astronauts during launch and
reentry phases of spaceflights, can drain the blood from the
eyes and brain and temporarily prevent man’s proper func-
tioning; such adverse effects can be prevented by orienting
the body properly or by the use of partial pressure suits that
keep the blood from pooling in the veins of the torso and
legs. Vibration is known to cause motion sickness if it occurs
at certain frequencies at which parts of the body resonate
sympathetically (2 to 5 Hz peak). Levels of thermal, pressure,
atmospheric, acceleration, and vibration stresses, which are
individually mild, can have violent effects when they occur in
some combinations.

Human factor considerations often determine whether a par-
ticular vehicle, tool, or environment is safe. The ability of the
human body to withstand various sudden acceleratory forces
is an important aspect of highway safety. Seat belt design for
automobiles is based on rocket sled experiments originally
conducted to design crash harnesses and parachute harnesses
for aircraft pilots.

Human reaction time is also a large factor in accidents of all
types. It has been shown that human reactions under the best

Environmental Stress—extreme en-
vironmental conditions such as
high or low temperature, high hu-
midity or loud noise that causes
discomfort to an individual, are
examples of environmental stress.

Rocket Sled—a device used to
test body restraints at extreme
accelerations and decelerations.



conditions, such as those that exist when an alert, expectant
test subject is required to push a button in response to a light
signal, is about %4 second. As the number, N, of response
choices from among which the subject must choose increases,
the reaction time increases as the logarithm of N. Reaction
times can also increase many times as a function of boredom
and fatigue, but reliable quantitative predictors for these fac-
tors are not now available.

Recent research efforts have attempted to determine the op-
timum work load for a human operator. This research is
motivated by the gradual disappearance of routine tasks
which can be performed at an even pace and somewhat inde-
pendently of the environment. Man is used increasingly as a
monitor of complex semiautomatic systems where the detec-
tion of certain low probability contingencies, or failure of the
system, requires a rapid and dependable corrective action on
the part of the operator. Examples of this type of monitor
function occur in industrial inspection processes, monitoring
of nuclear reactors, and the piloting of spacecraft and air-
craft.

Early studies of standing watch on ship and radar monitoring
indicated that man could remain vigilant only about % hour
for signals that occur rarely if ever (such as a ship on a
collision course with another at night, or in fog; or the ap-
proach of enemy aircraft or missiles). One technique em-
ployed to keep men on watch and radar operators alert is to
introduce artificial signals which the operator cannot initially
discriminate from the real ones.

The NASA has conducted simulations of long space flights
where not only was the workload negligible, but, in some
cases, sound, light, temperature, and gravity sensations were
reduced to a minimum. Under these conditions, man be-
comes decreasingly alert and may even hallucinate to substi-
tute imagined sensations to compensate for the lack of real
sensations (stimuli).

At the opposite end of the workload scale, human factors
research has determined the upper limits on what man can do
with his sensors and muscles, both in transmitting informa-
tion and in performing mechanical work. Man can transmit
about 35 bits per second during such activities as piano play-
ing and speaking, but for more routine manipulation skills his
rate is much lower. As an engine for performing mechanical
work, man is rather inefficient; experiments have shown that
the average man even while operating at peak efficiency can
produce about % horsepower for only about one minute. In
order to do so, his body produces several times that amount
of energy in wasted heat. (Refer to Volume 4, Life Sciences,
for a more detailed discussion of man’s energy expenditure.)

Bit—the discrete selection of one
out of two alternative choices.



Man Versus
Machine

Weightlessness

A fundamental problem of ever-increasing importance for
human engineers is determination of what tasks should be
assigned to man and what tasks to machines. It is a fallacy to
think that many given tasks can be best accomplished solely
either by a man or a machine, without aid from the other,
because often some elements of both provide a mixture su-
perior to either man or machine alone. For example, ma-
chines are superior in speed and power, more reliable for
routine tasks (being free from boredom and fatigue); can
perform computations at higher rates; and can store and re-
call specific quantitative facts from memory faster and more
dependably than man. Man, by contrast, has remarkable sen-
sory capabilities, which are difficult (and expensive) to dupli-
cate with instruments in range, size, and power. (The ratio of
the greatest to the least energy which man can either see or
hear is about 1:10'3.) Man’s ability to perceive patterns,
make relevant associations in his memory, and induce new
generalizations from empirical data remains far superior to
that of any computer existing, or planned. Thus, while man’s
information processing rate in simple skills is low, his infor-
mation processing rate for these pattern recognition and in-
ductive reasoning capabilities (of which little is understood)
appears far greater. The science of allocating tasks to man
and machines, based upon what each can do best, is still in
the early stages of development.

APPLICATION

The science of human engineering is applied to the design of
most modern industrial facilities to effect a safer and more
efficient performance from equipment and operators. This
science can also be applied to the design of other facilities
such as domestic appliances, houses, cars, schools, stores, etc.
It is expected that in the future the scientific methods and
principles of human engineering will assume an ever-increas-
ing role in man’s daily life. This role will be emphasized as
the population density increases, as urban development be-
comes more complex, and as technological developments
stress man’s built-in limitations.

On Earth, the gravitational field results in a continuous direc-
tional force “weight’” that acts on all objects. We learn to
perform each and every task in the presence of this force. As
a result, any task that requires physical effort is performed
with some of the body’s muscles working against or with
gravitational forces, in lifting the arms or legs, moving ob-
jects, and orienting the body to an upright position. These
muscular movements are strong habits. In the event that this
feeling of weight is removed, it is expected some confusion
may result, some loss of muscular coordination may be ap-
parent, or there may be problems associated with orientation.

The following experiments, discussed in Section 2, consider
the effect of weightlessness on physical activity.




Experiments in
Weightlessness

Time and Motion Study

e Effects of weightlessness on the time and manner of ac-
complishing particular tasks.

Motor Sensory Performance (Skylab Student Experiment)
e Effects of weightlessness on motor sensory performance.
Web Formation (Skylab Student Experiment)

e Determine if a spider can function normally in a weight-
less condition.

The weightless condition can also impose unique require-
ments on the provisions for day to day living activities. The
role played by gravity in ensuring that (1) a flow of water is
available at a faucet; (2) waste products flow through sewers;
(3) objects and people remain in their places when required,
must be deliberately designed into the spacecraft.

The Skylab is the first space mission where man will experi-
ence long periods of weightlessness. The living accommoda-
tions provided in Skylab are assumed to be adequate; how-
ever, only limited data is available concerning man’s problems
in living and working in weightlessness. Section 3 of this
volume covers the astronauts’ evaluation of the living accom-
modations. The data obtained in the evaluation will be used
for the design of future manned spacecraft.



Section 2

Performance in a
Weightless Environment
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CREW ACTIVITIES/MAINTENANCE STUDY
BACKGROUND

Previous space missions have indicated that man in space is
capable of conducting many of the activities that he accom-
plishes on Earth. However, very limited data have been ob-
tained concerning man’s capabilities to perform various kinds
of physical work in weightless space. The work in Skylab
consists of a number of physical tasks related to the perfor-
mance of the experiments and the conduct of daily opera-
tions. In this investigation, data will be obtained with respect
to the astronauts’ ability to assemble or disassemble equip-
ment (manual dexterity), maneuver inside the spacecraft
(locomotion), and transfer and handle masses (mass handling
and transfer). With these data, the designers of future space-
craft will be able to design tools and equipment that are more
effective in a weightless environment.

On Earth, in the presence of gravitational forces, many
people have learned to manipulate tools and accomplish tasks
efficiently. They have learned certain tasks such as turning a
screwdriver, working with a wrench, and lifting and moving
objects of various sizes from one place to another. These
tasks appear to be relatively simple with respect to how they
are accomplished, but it is important to consider the part
gravity plays in these tasks.

Consider the forces involved when an individual applies a
downward force to turn a wrench or to close the hood of a
car. There is an equal and opposite reactive force on his body
and, depending on his position and restraints, he will tend to
move in the direction of this force (in this case—upward).
The gravitational force, however, provides his body with the
restraint that he needs to overcome this tendency to move.
Gravity also results in a force of friction which keeps his feet
from sliding but, more important, it provides a large stable
component of force vertically downward (his weight). As
long as he is applying a force less than his weight, he can
work effectively in a stable position. He learns to rely on the
stability that gravity has provided.

When an astronaut in the weightless environment of the
Skylab applies a single directional force, his body, without
the stable force component (his weight), will begin to move
in the opposite direction. He must learn to ‘“counter” his
applied force by holding on to some stable fixture in the
work area.

The same counter force is required when he attempts to
transfer masses in space. Although a mass is weightless in
orbit, it still requires some coordinated effort to put it in
motion, or to change its direction, or to stop it after it gets
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moving. It may require some experience in order to learn to
handle objects in space with the same dexterity as they are
handled on Earth.

Of course, if the astronaut wants to move his own body from
place to place within the Skylab he only needs to push him-
self from a wall or floor with a small force and he will move
in a straight path until he is stopped by the opposite wall or
ceiling, although, if the pushoff force is not transmitted
through his body’s center of gravity, he will have some com-
ponent of attitude rotation in the resultant force that may
cause him to arrive at his destination improperly oriented.
Since an equal force will be required in deceleration, he must
be prepared to absorb the impact safely. Therefore, some
experience in locomotion is needed in order for the astronaut
to learn to stop properly.

Another aspect of working in space is the dexterity nee<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>