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p. 509. All references to oxygen should read free atomic oxygen, not molecular oxygen.
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Figure 1 TWIN MEMBRANE WAVE ENERGY CONVERTER
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LIGHTWEIGHT STRUCTURES IN SPACE STATION CONFIGURATIONS
Marc M. Cohen

Architect, Space Human Factors Office
Mail Stop 239-2, NASA-Ames Research Center, Moffett Field, CA 94305, US.A.

Since the beginning of manned spaceflight 25 years ago, the leading assumption about spacecraft structures
has been fo reduce weight as much as possible in order to minimize launch loads. The development of space
technology has ‘spun-off’ a great number of lightweight structural techniques and materials which have
contributed to a revolution in terrestrial construction techniques. However, in the coming space station era,
we will not be constrained by launch loads so much as by launch payload volumes. The paper re-examines

some of the traditional assumptions about lightweight structural applications in space, particularly with
regard to our evolving understanding of the space environment, space station mission requirements and
operations and human factors and describes the development of architectural, structural and environmental
Jgsign concepts for orbital space stations.

1. INTRODUCTION

Since the beginning of manned spaceflight 25 years ago, the leading assumption about space-
craft structures has been to reduce weight as much as possible in order to minimize launch
loads. The development of space technology has 'spun-off" a a great number of lightweight
structural techniques and materials which have contributed to a revolution in terrestrial con-
struction techniques which we recognize today. However, in the coming space station era, we
will not be constrained by launch loads so much as by launch payload volumes. While light-
weight structures will continue to be vital, some of the parameters will change as we enter
the era of a permanent manned presence in space when long duration missions are the norm.
Hence it is necessary to reexamine some of the traditional assumptions about lightweight
structural applications in space, particularly with regard to our evolving understanding of the
space environment, space station mission requirements and operations and human factors.

This paper describes the development of architectural, structural and environmental design
concepts for orbital space stations. Beginning with a review of the orbital environment, the
discussion addresses the first fairly serious concepts presented during the 1950s and traces the
maturation of configurations up to the present American, European, Japanese, Canadian and
Soviet space station programs. Both the USA and the USSR have prior space station experi-
ence, with Skylab and Salyut respectively. Both space programs learned a great deal from
these endeavors, and many "Lessons Learned" retain validity. The continuing debate of zero-
gravity vs. artificial gravity can be examined from the biomedical, commercial and
perceptual/cognitive and operational points of view. The long term practicality of small space
stations can be compared to large space settlements and lunar or planetary bases. The fron-
tier in space station design problems can be addressed in terms of technology and engineering

design, although the key problem continues to be financial. For large lightweight structures

and lightweight materials, suitability will depend increasingly on the human performance
requirements and characteristics, especially for large space truss construction.

Before delving into space station configurations, 1t is necessary to define the notion of "confi-
guration." Configuration refers to the complete ensemble of a space station orbital system,
including primary structures such as truss supports for solar arrays and pressure vessel shells
for habitable modules, secondary structures such as external instrument or payload attache-
ments and internal architectural elements, and the ways in which the space station 1s
designed to operate within its dynamic environment. These operations include a considera-
tion of flight mode and orbital path, the orientation to the sun for solar power collectors, 1o
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the nadir for earth observations and to the orbital velocity vector for rendez-vous and dock.-

ing with other space craft.

Figure 1-1 for an example of the full elements of a Space Station Configuration.

The evolution of space station configuration concepts follows the increasing understanding of
environmental factors, mission requirements and operaticnal characteristics of space stations.
Each of these three considerations are discussed with their immediate and long-term implica-

tions for the use of light weight structures technology.
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Figure 1-1. Example of a Space Station Configuration Concept.

2. THE ORBITAL ENVIRONMENT

The space station operates within a severe environment which places many demands and con-
straints on the materials and fabrication techniques which are available for engineering and
building the configuration. While all these factors pose serious hazards to crew safety that
are beyond the scope of this paper, it is possible to describe the environmental factors as an
analogy to building a structure on Earth as a response to a terrestrial climate. Environmental
and other external factors can be classified into two groups: the natural environment and the
man-induced environment. Some immediate safety implications of these factors for space sta-
tion structures and materials should be described before discussing configurations.[1]

2.1 THE NATURAL ENVIRONMENT
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All these operations imply critical view angles, particularly win-
dow and video camera observation of proximity operations, thermal radiator exposure away
from direct sunlight and communications antenna links to relay satellites and ground sta-
tions. The most difficult part of any space station configuration design tends to be the inter-
connection and integration of all the different parts with their often conflicting requirements.
A space station configuration is a set of compromises made in the hope of accommodating all
functions at an adequate level, without infringing too much on any one key capability. See
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500 microns for organic films.[3] NASA recently launched a satellite called the Long Duration
Exposure Facility to test various materials for free molecular oxygen and micrometeoroid
exposure. The preliminary indications are that all materials subjected to the LEO environ-
ment can expect a predictable surface erosion that is linear over time. These results imply
that virtually any exterior surface material will have a limiting lifetime at LEO of some
period of years after which it must be replaced or the entire spacecraft lose its safety rating.

At higher orbits such as geosynchronous orbit (GEO) or at the fixed Lagrangian Point L-5,
the free molecular oxygen problem is eliminated, but the meteroroid and debris problems
remain and the radiation problem increases outside the Earth’s electro-magnetic fields.

MICROMETEOROID FLUX AND SHIELDING

Micrometeoroid flux is one of the most serious natural environment issues for spacecraft
structures, both conventional and lightweight, of all the environmental phenomena.[4] Both
the space shuttle and the Salyut space station have recorded hits by sub-millimeter size parti-
cles on their windows. The damage was not serious, but at least in the case of the space
shuttle, the affected window was replaced upon return to earth. The NASA space station
program baseline assumes a probability of a hit by one one millimeter particle once each year.
Of course, larger meteoroid particles exist, and it may be possible to protect against particles
of up to ten millimeters. However, the problem of hypervelocity collisions and their cons-
quences is receiving a great deal of attention right now. Experimental evidence in ballistic
tunnels indicate that when a penetration by a particle travelling at orbital speeds occurs, the

mass scattered by the failure is about 100 times that of the incident particle, resembling the
explosion of a hand grenade.

The critical consideration in pressurized spacecraft is to protect the pressure vessel wall from
impact. Up to the present, kapton foil in multiple layers has been the principal means of
energy absorbing shielding and insulation for both manned spacecraft and for unmanned
satellites. In addition, all manned spacecraft have consisted of aluminum pressure vessels,
often with corrogated aluminum "bumpers" for micrometeroid protection. With the use of
bumpers, if a bumper succeeds in breaking up a high velocity particle, the force of the impact

by the secondary scatter is inversely proportional to the distance of the bumper from the
pressure vessel shell.

The materials with the greatest promise for protecting against meteoroid and space debris
impact in the future are the modern plastic composites such as kevlar, epoxy-graphite and
carbon-carbon fibers. These materials are already in use in bullet-proof vests and in custom
armoring for limosines. Laminated composites are excellent for the outer shielding of a space
station because of the way in which that they delaminate to absorb energy rather than frac-
ture parallel to the impact trajectory. However, for the very same reason that laminated
composites make good external shielding, they may make poor pressure vessels for habitable
modules on space station. Composites are in use for uninhabited pressure vessels, but the
inhabited modules have the safety requirement to inspect the shell visually and non-
destructively from the interior for fatigue, fracture propagation, cleaning and other mainte-
nance. With an aluminum pressure vessel, the performance charateristics and failure modes
are very well understood and non-destructive testing techniques such as radiography, ultra-
sonics and dye penetrants are well developed. Composites are still relatively new, and
although they are in use in aircraft and some rocket booster stages today, they are not con-
sidered to be reliable enough for highly critical applications in a manned spacecraft. However,

composites do present the promise of significantly lighter weight and higher strength pressure
vessels in the future.
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a surface coating with a high coefficient of emissivity. It is conceivable that future Panelg
might have a lightweight composite honeycomb core with a metal radiator bonded to it
Since there is no atmosphere to carry away heat, there is no effort maximize crenelated sur-
face area for maximum air circulation. Instead, the emphasis is on maximum flat surface
area with non-interfereing thermal view angles. On the space shuttle, the radiators are
located on the inner surfaces of the payload bay doors. On the space station, the radiators
will be located normal to the orientation of the solar arrays to minimize thermal interference
from direct sunlight. Radiators might even be installed on the backside of the solar array

panel except for the problem of a gimballed fluid connector. Body mounted radiators will be
simpler but less efficient because they will be omnidirectional.

MICROGRAVITY

Microgravity, often referred to as "zero-g" or weightlessness has important implications all
human activities on orbit. The biomedical effects of microgravity can be quite pronounced,
including disorientation, space sickness, loss of muscle tone, bone demineralization and fluid
shifts within the body. With regard to lightweight structures, microgravity and the vacuum
of space are particularly significant for construction and assembly techniques. NASA has
acquired as small amount of experience in assembling and erecting structures in space, and
the microgravity aspect, combines with the pressurized space suits to create new and difficult
conditions for construction work. NASA astronauts have conducted several flight experi-
ments in the erection and deployment of large truss structures on the space shuttle. The
success of these experiments shows the feasibility of space-suited astronauts assembling large

structures on orbit. The assembly of large space structures is discussed in a later section of
this paper.

2.2. MAN-INDUCED ENVIRONMENT

The man-induced environment around the space station is not as absolute as the natural
environment in the sense that people can take actions to make it better or make it worse.
Never the less, the space station designer confronts continually the need to design for the
"worst case scenario," but in the case of the human induced environment, the worst case may
be difficult to predict. Among the factors considered part of the man-induced environment
are: space debris impact, collision with other spacecraft, vibration and external contamina-
tion. Special if temporary factors that may be included in the man-induced environment are

the high gravitational, extreme noise and vibration imposed on the spacecraft structure dur-
ing the first minutes of launch.

SPACE DEBRIS IMPACT PROTECTION

Probably the most serious and unpredictable man-induced hazard is space debris impact.
The mechanics of space debris impact are essentially similar to the meteoroid flux, except
that while the meteoroid flux appears to be a fairly constant particle population, the space
debris problem appears to be growing. Some of the space debris population can be attributed
to anti-satellite testing, but the great majority of it can be traced to spent upper stage rocket
boosters. Both the USSR and the USA appear to have developed techniques to prevent

"reservoirs" of spent upper stage debris from forming in the future, but the prospect of
expanded anti-satellite testing by either side is cause for concern.

COLLISION HAZARD

g — — -

——

P86

The impact problem can be regarded as having one ex'tr.eme case of an large p.iece of space-
craft hardware, possibly an entire active spacecr.aft f:olhdlng with t}}e space stfat1on. The pri-
mary concern in proximity operations manuvering 1s not "that the 1mpa,c.t might Qex;.letxi{ate lzi
habitable module (although that is a possible "worst case ) but that an impact mig ;, noct

out a piece of equipment. For example, an impact might break one or more strut e eInte.n S
of a large truss structure, possibly even severing a box-truss of 5 meters square cross fsec 1on};
In this case, safety in redundancy has been interpreted to me?n more tha.n one truss do1: ezz;l

of the major structural elements, as shown in the "dual keel" configuration discussed in the

section: Current Space Station Programs.

VIBRATION

Collision hazard may represent the "worst case" of impact jby other spflcec.ra,ft on t}{)e spa:ie
station, but even during routine and normal dockings, the induced oscillations Cz:{l e ?mtﬁ
significant. The undamped oscillations imparted to a large space structure by an .1mpef1: ;c

hut still normative docking could continue virtually indefinitely. As the coml?matgon of flex-
ural, torque and tumbling motions is a very conr%plex phenomenon, pos1:-dock1ngl a.fr‘npm‘;g. or
control will need to be highly sophisticated. Levinson and Kane. show an exa;r.np e (} and 1nk1-
tially deformed, non-uniform" beam of 20 meters. in length, which after ar; }mp:r e::;c 1(())(; a-l
ing" requires approximately 1000 seconds to "bring the §ystem to.re.st ;e a.tlvej 'Z ti S
vertical."[5] One implication of this type of free body m(.)tlon analysis Is that a rigid s 1;:. .
which minimizes flexure and internal oscillations is. desu.a,ble. A major application O'HIg -
weight structure technology is to the large three d1men§1c.)nal truss structures that Wi 1priy
vide the skeletal system for the space station. Large, rigid truss structures are particularly

appropriate for supporting large, floppy solar wing arrays.[6]

Another aspect of vibration in the space station .is structure—box:ne noise. In the v.:c;umoorf
space, noise does not dissipate out of a structure into a surroundlng ?,tx?losphere as 1 263 t
earth. Instead, the noise bounces around inside the structure until it is ﬁnally converte tﬁ
heat. Noise control and absorption have proved to be more complex than conditions on ;ar
where the entire structure has the ground and atmosphere t? dampen 0}1t structure- ::).rne1
vibrations. Despite the best efforts of acousticians ’.co ?redxct and de51g.n the a,f:cc;us ;)(ia.
environment for Skylab in 1973, the astronauts’ subjective responses va,rl.ed c.ons1 erahy.
"The crew’s comments with respect to noise in the sle.ep areas are mtere.stmg in tl:xl?,t ;1 ey
range from ‘excellent, very quiet’ to ‘can’t rest - there i1s no noise control in vehicle. = ts}i;
the complaints about noise levels in certain compartments appeared to increase wi

length of the mission.[7]

Preliminary studies of aluminum versus composite shell Ir}’_odu.le pressure vessels, for bfoth sin-
gle and double wall shells "tend to indicate that morg»,{roxse is transmitted at most zeq{}z:}z
cies by a shell made from composite materials," apngmmately te1.1 dB greater a,bt1 moslloh e
spectral peaks occuring from 100 to 800 Hz. In/_thls study, the single and double }\ln.fa f_sbe _
are constructed of ten laminated layers, each réinforced by fiberglass and/or graphite 11 ers,

with each layer oriented in any arbitrary di}eétion.[S]

EXTERNAL CONTAMINATION

Perhaps one of the major constraints on the applica.ti9n of plastic composit.es t? hg.htwelgh(’;
truss structures is the problem of external contamination. External contamination 1st.ca.u?;afe
by a variety of sources, such as the venting of atmosphere or foter from '.che space Staofgense
support system, and the leakage of propellants. Ga§eous or liquid conta.rmnates maydcdecreas-
on virtually any surface of the space station, clouding w1ndows,. obscuring le.nsestan g
ing the efficiency of photovoltaic collectors. Of these various contaminants, .

513




) sunf
nigh

SINNCe
ace
\rea

ocat]
vill |
rom
ane\
imp

A1C
/Iicxﬁ
1clt

hift
f s

cqu
ne
o3T¢
ler
1C¢
Ty
118

hazardous appears to be hy ]
greatest threat of hydrazine
shields and Space suit helmen
materials is required for resist

loads as completed stry

¢ ctures,
ural components ne

ed to resist

against this requirement
of which offer various adva

.Nq_ﬂ_A -

166

mission requirements. Space station development can be divided chronologically into roughly
four periods: early visionaries, popular concepts, the first generation (Skylab and Salyut), and
current programs. Future space settlements are discussed in a seperate context which
includes lunar and planetary bases.

3.1 EARLY VISIONARIES OF SPACE FLIGHT

The first period of "early visionaries" spans from 1869 to 1928 and includes the work of Hale,
Verne, Lasswitz Tsilkovsky, Oberth, von Pirquet and Noordung. Most of these idealists had
only vague mission requirements, and seem to have been motivated principally by their desire
to show that space flight in general and artificial satellites in particular are possible. Many of
the ideas associated with space stations today originated during this period.|9] The early
visionaries of space flight are also of interest to this discussion because of how little they were
aware of the environmental issues that are described above, and how ingenuous were their
mission requirements.

Probably the earliest description of a space station is "The Brick Moon," a story by Edward
Everett Hale, published in 1869, in which a brick satellite is launched in orbit by a giant
catapult. The intended mission of this ceramic sphere of 60 meters in diameter was to serve
as an aid to navigation. However, the spacecraft is launched prematurely with the workers
still on board and it becomes a "space station" only by accident.[10] Although Hale had no
notion of space as a vacuum or the need for a pressure vessel or life support system, it is
interesting to reflect that a "brick" shielding might be advantageous for meteoroid and radia-
tion protection, and that brick-like insulating tiles provide thermal protection to the space

shuttle orbiter.

The first three decades of this century were a fertile period for space flight visionaries. In
1903, Konstantin Tsilkovsky presented the first space station concept incorporating a closed
ecologically based life support system. Tsilkovsky’s ideas have exerted enormous influence
over the development of the Soviet space program.[11] Tsilkovsky was also the first to pro-
pose the idea of a space station that would rotate to generate artificial gravity. Probably the
first serious study of mission goals was conducted by Hermann Oberth in 1923 who coined
the term "space station" and suggested uses for earth and weather observation, communica-
tions linkages, astronomy and as an orbital refueling station for other spacecraft.[12] In 1928,
Herman Noordung proposed the first rotating torus type space station, comprised of a
"Wohnrad" (living wheel) crew quarters, a solar power concentrating mirror collector, and an
earth-pointing observatory. The sole function of the Wohnrad appears to be earth observa-
tion and broadcasting of navigation warning signals.[13] Noordung’s concept became the
archtype of the rotating torus that most people envision when they think of a space station.
However, all of these early visionaries had very little notion of the operational character of a
space station. Never-the-less, many people are still making proposals on the basis of this one
conceit of angular accelleration, that by generating a centifugal force, we could create artifi-
cial gravity. Whether that artifical gravity is useful or desirable for specific mission require-
ments is often overlooked.

3.2 POPULAR SPACE STATION CONCEPTS

For the next twenty years, rocket scientists and physicists devoted relatively little attention
to space stations as they apparently worked on preparations for the next world war. As a
side effect of that war, the rocket technology was developed that first made it practical to
actually consider launching a space station into earth orbit. It is not surprising that the lead-¥
ing rocket engineer of that period, Werner von Braun was also the first person to write for
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program as a national priority. In 1952, von

the popular press to advocate a space station

Braun published a now famous article in Collier’s Magazine, "Crossing the Last
which he proposed a rotating torus, to be I
Braun explains the need to minimize weight
station:

In at least one design, the station consists of 20 sections made of flexible nylon and plastic fa-
bric. Each of these sections is an independent unit which later, after assembly into a closed
ring, will provide compartmentation similar to that found in submarines. To save shipping
space, these sections will be carried to the orbit in a collapsed condition. After the "wheel"
has been put together and sealed, it will then be inflated like an automobile tire to slightly
less than normal atmospheric pressure. This pressure will not only provide a breathable at-
mosphere within the ring but will give the whole structure its necessary rigidity.|14]

Von Braun appears to have been blissfully unaware of the meteoroid problem and he down-
See Figure 3-1 for an artist’s rendering of von Braun’s

played the radiation hazard as well.
original concept.
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Figure 3-1. Von Braun’s Rotating Torus.

As early as 1960, Carter and Bogema reco
inflatable structures for space stations:

Behavior of rubber-like materials under meteoroid attack is very uncertain. The inflation
procedure for a flexible skin with internal equipment is complex;
would have to be given very careful consideration.
loss of structural stability of the station.[15]

Even with the development of modern rubber products, uncertainty continues to cloud the

prospects for inflatable structures on any large scale in space. Never-the-less, proposals for

inflatable structures continue to surface, and a limited application to flexibl
in the NASA shuttle program.

reliability of such a system
.« . Complete loss of pressure will cause

e tunnels is in use

In the same year that von Braun wrote for Colliers, Arthur C. Clarke published Islands in the
Sky, the first novel about a zero-gravity space station. Clarke was more precient than von
Braun in predicting a zero-gravity station at least for LEO. Clarke is also the first to
describe in any detail on-orbit operations by space-suited astronauts engaged in extravehicu-
lar activity (EVA) construction activities. [16] Clarke was remarkably sensitive to the human
performance characteristics of his "Inner Station" in LEO, and described the careful, slow
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Frontier," in
aunched into a polar orbit of 1,075 miles. Von

and describes one concept for a lightweight space

gnized some of the critical reliability problems of

1o

] ! . J r blem in
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zero-gravity.

3.3 FIRST GENERATION SPACE STATIONS

Both the USA and the USSR have conducted programs using intermittently inl'labiged, :em-

r stations. Both the American Skylab and the Soviet Salyut were designed as ber.I;-
s ?’p(i({iiies derived largely from existing space flight hardware.‘ In facfs, Sky.la.l? was bui t
i?;r?sg)ailly usin’g an Apollo program Saturn rocket upper stage casing for its principal habit-

able pressurized volume.

The Soviets launched and occupied the first of these temporarydspace.a statfz‘i(;gz, dSalzu}‘fa%);t;n
] t mission duration o ay -
d by Salyuts 3 through 7, with the longes . . -
:’971111320202’2W 03; thre}z/e on Salyut 7. The Salyut series represents small 1ncrelrlnientai hlmtl');(g:;
e | ' rith an overall length o ,
1 - t complex, and the largest wi
ments, with Salyut 7 being the mos e e R008k Eed
i rut core of 4.15m and a total weight of approx. 47,
largest diameter at the Salyu : - o e tralt
i t 7 consists of an assemblage of the bdoyuz | ;
150.3m" of habitable volume. Salyu oo b imangenk hodicien W
; 1443 "modular transport ship. alyu pp
the Salyut core, and a Cosmos 14 : ot clugiiice] i
] * ing 16m and generating 7kW of electrical p |
100 m“ of solar photovoltaic panels spanning . ‘ b oF el
: 1t 5 technologies, the only lightweight stru
de from the traditional pressure vessel . ; .
gcs.':mce in the Salyut series is the solar panel design. See Figure 3-2 for a sketch of Salyut 7,

the most advanced of the Salvut series.
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Figure 3-2. Salyut 7.

The American Skylab was launched in 1973 and was visited b;y threeb?ze{;)vls 0501:11;?
astronauts each. Skylab had approximately 354m° of pres.surlzed ha 1.a.1 ek pour the,
comprised of an assemblage of an Apollo command module, dOCkmg- SOBRSE; 80 g%m in the
Saturn workshop. Overall length was 40.72m, and the gre.aa,test dlameterkwtash o.f Sk eich,
Saturn workshop, and the mass was approx. 89,000kg. See Figure 3-3 IoRapReit
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Skylab had two sets of solar arrays, one for general
Ap?llo solar telescope. The Skylab general station power
kW average power, but due to the loss of one of the tw

and three "wing sections."[18]

Sk : ;
ony;az)oxr'letli);esents ;c)he.ﬁrst. occasion on which temporary lightweight structures were deployed
eduk Worf:;llcy fa.slls on orbit. During the launch sequence, the outer shroud around }t,he

op tailed to seperate properly, tearing off a large part of the thermal and

micrometeoroid shield as well as one of th
e two solar arravs. hi .
to deploy because of a jammed restraining strap. E SHONDNTY I S

+7 .Y

Wing 2

+X

/ / _
Coemand module ‘\\\\\\\
Docking adapter \ Workshop

Airlock

Figure 3-3. Skylab. o

Figure 3-4. Parasol deployed over Skylab Saturn Workshop.

Charles -

aartes Conrad and Joseph Kerwin of the first Skylab crew released the jammed solar areay

the same crou attach. ; el.rr;:ssmg. thermal. and meteoroid shield problem was solved when

Workshio seainst ed a g t-welght fabric parasol thermal screen to protect the Saturn
gainst overheating. This parasol was designed, built and tested in a matter of
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station power and one dedicated to the
array was designed to deliver 10.5

: . o "wings" on launch, the actual
was about half of this goal. The solar array consisted of a deployable opén box t;;e pboexzfrzl'

Ba it

weeks and delivered to orbit in an Apollo command module with the first crew of astronauts
to activate Skylab. During the first day of occupying Skylab, they deployed the parasol suc-
cessfully through the scientific airlock. Following parasol deployent, the interior temperatures
dropped from about 54 degrees C to 27 degrees C, making it possible to carry out the
planned mission activities.[19] See Figure 3-4 for a view of the first parasol deployed on
Skylab. The second Skylab crew deployed a more substantial thermal screen during an EVA,
securing it to external attachment points so that the scientific airlock could be freed for its

intended purposes.

3.4. CURRENT SPACE STATION PROGRAMS

Both the United States and the Soviet Union have active space station development pro-
grams. Both these space station programs may be considered as second generation because of
their qualitative advances over Skylab and Salyut. These second generation stations, when
fully assembled, will be permanently inhabited by crews on a continuous, rotating basis.
These designs are modular, comprised of a multiplicity of elements that can be added,
exchanged, relocated or removed by the crews. These stations will operate with a much
greater degree of autonomy than earlier stations or current. spacecraft, because it will be
unrealistic to supervise a crew of six or eight or more continuously from the ground in the

same ways that crews of two and three have been directed in the past.[20]

NASA SPACE STATION PROGRAM

NASA space station configuration concepts have evolved through a series of analytical design
studies over the past five years, in an effort to develop a baseline approach that meets mis-
sion requirements and is also affordable within ever-tightening budgets. Each of these
research study phases has contributed to a more sophisticated understanding of space station
structure and configuration. In the following overview of design development progress, the
overall configuration is regarded as a structural system which may be optimized to benefit
from lightweight structure research. This research is reviewed in the following section,

"Research in Lightweight Structures."

PRE-PHASE A SPACE STATION STUDIES

The current NASA space station program got underway in 1982 with two parallel studies
that sought to "bound the problem" of a second generation manned space station, These two
studies were the Manned Space Platform by McDonnell Douglas for NASA-Marshall Space
Flight Center and the Space Operations Center by Boeing for NASA-Johnson Space Center.
Although the initial assembly phases of these concepts were quite different, the fully assem-
bled configuration of both were remarkably similar rectangulated formations of modules
joined by special tunnel connectors or "berthing modules.” The few differences in terms of
lightweight structures were that the MSFC Manned Space Platform deployed its solar arrays
from a heavy structural power system module,[21] and the JSC Space Operations Center,
deploys its solar arrays from long masts.[22] Also, the MSFC Manned Space Platform
included a small box truss frame to provide a construction base for assembling satellites, as
shown in Figure 3-5. Note that the attachment of this truss to the module and tunnel con-
nection pattern is somewhat unclear. This lack of clarity resulted from the overall problem of
not having a multi-purpose structural system to hold the whole configuration together. The
JSC Space Operations Center had one down-pointing truss beam for a construction base or
scientific payloads. The designers of this configuration recognized its floppy nature and pro-
posed a system of automated damping actuators to control or "tune" its harmonic modes.
However, such a dynamic control system would have been extremely expensive and complex.
These "full-up" space station concepts are shown in Figures 3-5 and 3-6 respectively.
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Figure 3-6. JSC Space Operations Center.
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These two rectangulated configurations shared a set of common problems: large, floppy solar
array support structures, non-self-rigidizing module to module connections, difficulties in the
assembly and disassembly process and a lack of rigid strong-back to support scientific instru-
ments. The structural loading problem was particularly acute because the module to module
connections were carrying the large moments and torques generated by the large, floppy solar
arrays. This placed significant stress on the intermodule connections, which were compelled
to act as completely rigid joints to resist bending moments and wracking. In a classical expo-

sition of orthogonal thinking, Sherman Schrock of Martin Marietta expresses this rectangular
bias:

The structural stability is dependent on the docking port stiffness. . . . the stiffness achievable
is directly related to the diameter of the docking system and the diameter must be limited . ..
.[23] [by the circumference of the surface on which it is mounted]

As a solution to these problems associated with rectangulated structures, the author proposed
a triangular-tetrahedral concept for a space station which was first presented during March of
1983 at the Space Station Technology Workshop in Williamsburg, Va. This Tri-Tet
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approach proposed to eliminate the rigid joint .pr(?b'lem by 1'ep1§cing 1.;he rigid-join.ted rec-
tangular frame with a self-rigidizing triangular pin jointed frame, in which the bert%nng con-
nectors would not need to resist bending moments by themselves. | Instead, th(fz entire mega-
truss cell would act as a unit structurally. The spher-ical connection node.s with a s.;pecmlly
designed berthing connection mechanism solved the dlfﬁculpes of assemb‘hng a.nd dlS&SS'(:rp-
bling the structure as well. Although the Tri-Tet concept 1ncluded.one ‘berthing b.ea,m In
lieu of a module for mounting external scientific payloads, the available area of th}s bea.m
would not be sufficient for all the instrument packages that are part of thre space station mis-
sion requirements profile which was developed in 1985. A patent apphcatlon. was filed in
March of 1984 for the Triangular-Tetrahedral space station concept.[24] The Tri-Tet concept

is 1llustrated in Figure 3-7.

During the pre-Phase A period and throughout Phase A as well, several le%rge fruss structures
were advocated within NASA as a solution for some of these COIl.ﬁgU.l:a,thIl problems‘. TW?‘
representative large truss concepts of this period are illustrated in Figures 3-8 the '"Delta
configuration and in Figure 3-9 the "Big-T" configuration.[25]

i

o

P

- .

g ol
v - e

WA

Figure 3-8. Delta Configuration. Figure 3-9. "Big-T" Configuration.

PHASE A SPACE STATION CONCEPT DEVELOPMENT

From May of 1983 to May of 1984 a Space Station Concept Development Gz.'oup (CDG) ?et
at NASA Headquarters in Washington, D. C. The CDG established a baseline configuration
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This configuration featured a cruciform arrangement of
modules around a central multiple berthing adapter module. A straight box beam type truss
supports the solar array from the power module and a second box beam projects from a mul-

tiple berthing adapter to provide scientific and commercial payload ‘'mounting. Figure 3-10
shows a view of CDG-1.

which became known as CDG-1.

The CDG-1 modules were all cantilevered off of one or two axial berthing modules so that
they could be attached or removed with a minimum degree of complexity. In exchange for
this convenience, there was a decline in inherent safety compared to modules which are con-
nected at both ends and thereby have dual remote means of egress. To compensate for this
safety decrement, a "safe haven" philosophy was developed according to which each module
would stock enough food, water and life support consumables to support crew members
trapped inside until they could by rescued by a new orbiter launch, 21 to 28 days of survival
time in all. The CDG-1 configuration is an example of how structural configuration choices

can influence safety strategies.

Figure 3-10. CDG-1 Space Station Configuration

PHASE B SPACE STATION DEFINITION STUDY

The NASA space station program is presently in the "Definition Study" Phase B. This phase
started with a "skunkworks" that developed a "Reference Configuration" in an effort to match
the configuration concept to the actual mission requirements baseline. The Phase B Skunk-
works made several significant decisions: to connect the modules in a "racetrack" pattern so
that there would be two means of egress from each module, to provide a much larger truss
area and to fly the space station in a gravity gradient mode so that if the moment control
gyros were turned off, the station would remain in a stable attitude. Most significant of these
decisions from the lightweight structures perspective 1s the greatly increased truss area. Not
only does this choice allow much more extensive payload support, but it also replaces the
module to module connections as the primary structure carrying the bending moments from
the solar arrays.[26] Removing this major structural task from the module pressure vessel
shells and mechanisms in favor of a lightweight truss structure solution greatly simplifies the
structural analysis, design and fabrication of the modules themselves. The advocates of large
lightweight truss structures succeeded. Figure 3-11 shows a schematic view of the original
Phase B Reference Configuration truss structure. Note the resemblance to the pre-Phase A

'"sower tower" shown in Figure 2-1. The pressurized modules would be installed inside the
bottom "fork" of the truss tower.
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Figure 3-11. Phase B Reference Configuration Truss.

Further analysis of the Reference Configuration led to a further. set of refinements in October
of 1985, which have become known as the RUR-2 Conﬁguratlolol. The module p;t'tern \lva,s
changed to incorporate a spherical interconnection node derived from thef rlaélg;l a:'c-)
Tetrahedral Space Station Study. This decision finally Sf)lved thfa problem of mo flethe
module assembly and disassembly. The RUR-2 Configuration also 1n<%rea,sed once a'gamt x

total truss structural area in order to provide a stiffer s'tructure vertxcall'y and horizonta ty
between the solar arrays and to provide even more scientific and commer.cml payloz&d m(();'m -
ing surface. A mobile remote manipulator system arm (MRMS) to be b'l%llt. by 111:he anai) lla,xtl;
will run the length and breadth of this 5 meter box truss st.ructure to aid in the asserm fyth

the station and in the servicing of its components. See Figure 3-12 for a schemat}llc ?rD (i
RUR-2 space station configuration, updated as of February, 1986, also known as the "Dua

Keel" configuration.

As a follow-on to the RUR-2 Configuration decisions, not only the Canadian MR]\/?S buf; .the
European Space Agency and Japanese laboratory modules were added to thedc?n 1gu1;1'ai (110]21;
creating a truely international space station. Both the ESA a:nd J apanese II)(.iO u est}wo b
connected directly into the module connection pattern which Is mounted on e t J
transverse section of the truss structure. See Figure 3-13 for a detailed concept of. tfle in e.:rna,-1
tional module connection pattern. The American modules are shaded. and the 1n.,e.rlna,t1%I}1§S
components are labelled. This configuration continues to be refined in many detai s.r o
overall configuration can grow through the addition of more mc?dules, solar al;ljaysisolg%
structure. The present launch target date for the NASA /International space station :
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s 188.33m
(621.197) — _  a50m _ _ -] Earlier this year, the Soviets launched the core of their "Mir" space station. Mir means
ESALAB _— (147.6 f1) JEM _ Power "Peace" or "World" in Russian. This new orbital facility is expected to be comprised of a
T15.0m At core element and up to 4 Kosmos series workshop modules, plus 1 or 2 Soyuz-T and/or 1 Pro-
> {49-2 ft) gress robot resupply vessel. A detailed view of the MIR complex is shown in Figure 3-14.
=2 rald NI s r When fully assembled, Mir will be a modular structure to which it is possible to add, inter-
T:.s. HSO Module ’”gg\ U.S. Lab change or remove modules. Each of the Kosmos modules will probably be a different type of
ermal Comm and Track ' .
| ory which may be a temporary tenant of the Mir core.
Radiators . ROXDIXDIINX) System (TBD) laboratory y porary
Solar Arra (1exG0fy " 14.5m , 1 2 K5
FMAMS 47.65 ft 45m One interesting and as yet unanswered question about Mir is the oscillatory characteristics of
: : A 147.6 f Power A 5 i . . .
Radiator - the multiple Kosmos modules to the Mir core connecting ports. Illustrations available at this
12.25 1t | g ‘ S (10-4:H) time are not definitive, but it appears that the berthing port size is not very large and that
2 i3 1G e E ’ ESA Lab the connecting mechanisms and structures may not be very robust. The inference is to specu-
i ' Ai % ’ XXX Flight a5 - late about what degree of isolation from vibration the Soviets will achieve in their can-
280 5! lg Path “ Logistics tilevered Kosmos materials processing laboratories. However, the Soviets have succeeded with
- | JEM - = 0% S Module their "mass production" approach to space station development to the extent that they now,
&3 : = Nadir ¢ g;’;‘:g"(’;m'c for the first time, have two operational stations in orbit at the same time, Salyut 7 and Mir.
30.0m _L33.5m - __35.0m 60.0m
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Figure 3-14. Soviet Mir space station complex.

Figure 3-13. International module connection pattern.

524

COMPARISON OF NASA AND SOVIET SPACE STATIONS

An interesting observation is that "full-up" Mir complex resembles the early NASA "CDG-1"
cruciform concept. This resemblance suggests that the Soviet operations and payload accom-
modations baseline is probably at a level of complexity similar to that of NASA before the
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U.S. and international scientific user community began making their mission requirements
known. The Soviets have never shown any great interest in large truss structures in space
except for their deployable solar arrays. They have always minimized their solar array area
by flying in a solar inertial attitude, and so avoid the need to gimbal their solar arrays which
must then be supported further out from the space station core. In this respect their solar
array 1s similar to Skylab which also flew solar inertial. Thus the Soviets are taking a much
more gradual, incremental approach to their space station program in which they launch an
new station approximately once every five years. The technology jump between Salyut 7 and

Mir 1, at least in the areas discussed in this paper is not much greater in magnitude than the
Jump from Salyut 6 to Salyut 7.

In comparison to the incrementalism of the Soviet space station program, the NASA program
may be characterized by periodic major technology jumps. The new NASA space station will
be vastly more sophisticated than Skylab, in part because of the technology research pro-
grams which the next section describes. One of the keys to this research is the way 1n which

NASA has used both Skylab and the shuttle as laboratories for building, servicing and repair-
Ing space structures.

4. RESEARCH IN LIGHTWEIGHT STRUCTURES

Ongoing research in lightweight structures for the space station program may be divided into
four general areas: composites, inflatables, membranes and large space truss structures. Of
these four, large space truss structures are by far the most important. Membranes promise a
variety of applications. Composite technology is still in its infancy, with alot of undeveloped
potential. Inflatable structures promise some applications, limited however, by the same con-

cerns expressed by Carter and Bogema. It is possible to give a very limited overview of the
state of the art as follows:

4.1 COMPOSITES

That composites may be considered to still be in their infancy so far as applications to space-
craft are concerned is supported by the argument that no application has emerged yet to
which composites are uniquely suited. Nor is there yet an application or a technology that
would be impossible without composites. Rather, composites are employed today in space-
craft as a substitute for metallic structures in "non-critical" applications where weight savings
is desired. Omne possiblity for a composite-unique application is tethers for tieing platforms to
the space station by very long (greater than 1 km) high tensile strength cables. MacConochie

and Wilson have suggested "pultruded" tensile composite tests for kevlar/polyester,
glass/polyester and glass/vinyl ester formula.tions.[27]

For the space station, the most likely applications of composites are secondary structures
inside or outside the pressurized volume such as interior structural stand-offs or external
micrometeoroid shields. As was discussed in the first section of this paper dealing with the
orbital environment, composites are particularly well suited to external impact shielding. An
example of a possible substitution of a light-weight composite structure for an existing metal-
lic one might be the triangle grid floor that was used successfully as a foot restraint system in
the Skylab Saturn workshop. One of the few complaints the crews reported about this grid
system was that too many triangular holes were made unusable by the supporting structure
beneath the grid.[28] Rhodes and Mikulas point out that future "large area structures" may
need to be designed on the basis of stiffness rather than strength. They propose a composite
lattice triangle grid for general use in large structures.[29] If a Skylab-type triangle grid
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a stiffer material (of equal or lower weight) than the
Stl:u.(: Mg lcou!(rim’t;; ;(;;:iSt;'zz::f si?icziral supports might( be needed, a,llow.ing more efﬁci?nt
i Ii”mlt restraint, floor area. Local fiber crushing may be a concern in this ap.phcatlo.n
i thef % hardness of the composite lattice might not bear up against the a,lun.unum tri-
i a‘;)ceti:oms unless the triangle shoe bottoms were also changed to a composite of sur-
?ngelehzl;l(gies: approximately equal to that of the floor grid. See Figure 4-1 for a sketch of a
ac

triangle grid composite lattice panel.
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Figure 4-1. Triangle grid composite lattice panel.

4.2 INFLATABLES

There have been several successful if limited applications of ’lliihtweigh'; tx;;ﬂ;ber 1niz:2a$z
i |1 connectors. e tunnel that conn
structures in the space shuttle program for tunne ‘ :
shuttle middeck airlock to the European Space Agency (ESA) S?acelab and the ((ilocl?ngbtgxer;
nel that will be used to berth the shuttle to a manned space sta.t.lon are ’tfoth ma e1 of ru d
See Figure 4-2 for a schematic of the space shuttle to space station docking tunnel, propose

by Rockwell International Corp.

As recently as 1984, Frederick J. Stimler of Goodyear :Aerospace Corp 1,)rop(:'s.ectl-l aLt vbaln;etl}.fi (f
applications for "non-metallic space structures," including an unpres§unzed 11; "ezi a 1e x lge :
dized" space hangar, stowable acoustical barrier, ext..endable dock.lng turﬁmi tcs:};l) oy e
manned escape systems - escape capsules, and even an 1nflata})le habitat she. - In the }:a,s ;
this last idea, the habitat shell, he proposes a laminate comprised (from the inside t*:l tdg out-
side) of: an aluminum foil flame barrier, a seven ply rubber structural pre§suretha; er:llz
polyurethane foam meteoroid shield one inch thick and outer thermal coatings ldai) WO i
also resist free molecular oxygen erosion.[30] The structural pressure bladder would be (Iina
of Nomex unidirectional cloth coated with Viton B-50 elastomer, a p?oduct \.thch G’Soo yiaag
claims to have qualified to the strict requirements of the Shutt'le Orjblter cabin and pa:.:e a1
Module. Stimler claims that this ensemble would be lighter in weight that a con;ren ion:-
aluminum pressure vessel. However, it would be difficult to argue .tha,t such a comp (ﬁ( 8 rtu 4
tural cross section is either more reliable or less expensive than a single or double wall meta
lic shell.
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Figure 4-3. LDR mirror with tension membrane sunshade.

4.3 MEMBRANES

Membrane structures include fabrics, foils and thin films which are treated together in the
same class of lightweight structures because their applications are similar in some key
respects. Thin films and foils are used widely as insulating and reflecting materials in many
spacecraft, both manned and unmanned, and as part of thermal and meteor protection outer
garment of the current space shuttle extravehicular mobility unit [EMU] space suit. The gold
kapton foils with which many spacecraft are protected have become a common component of
design, but rarely are they thought of as "lightweight structures" in their own right.
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Perhaps one of the most innovative and challanging .applic.ations for membranes. 1S as an
ontenna surface, particularly for the primary reﬂ.ectmg. mlrror.of an antenna-like la}rge,
deployable reflecting (LDR) telescope. The non-distortion requlrerr.lents of such a mirror
demand an accuracy to within microns across a 20 to 30 meter diameter. In addition 1.30
ineredible precision for structural alignment and adjustment by automated actuator.s, ’.che thin
film or thin film coated surface of a mirror will need to handle thermal stresses within these

parameters.

A less demanding application of foils, thin films or thin film coated fabric would be the
sunshade that will protect the LDR mirror from thermal and light fluxes. An example of
such a fabric or thin film sunshade is shown in Figure 4-3. How this type of very large mem-
brane structure would be assembled or deployed is an open question. Early estimates of the
EVA labor time required to construct LDR from a space station facility range from 200 to
300 EVA man-hours. Additional internal crew time for operating remote manipulators, test-
ing and planning is more difficult to estimate.

4.3 LARGE SPACE STRUCTURES

Through the space station configuration development process, it has become clear that the
NASA space station will require a system of large space frame or space truss structures to
perform the major skeletal task of holding the elements of the station together and to resist
the large bending moments and torques within the dynamic system. Michael Card, Chief of
the Structural Dynamics Division at Langley Research Center summarizes three major con-
struction approaches for these large truss structures as follows:

(1) Erection of efficiently packaged components taken from the shuttle cargo bay.

(2) Deployment of ground-assembled structure.

(3) Fabrication of major structural elements from "raw" materials (shaping and joining flat
stock).[31]

NASA has proceeded to research many of these topics, conducting numerous simulation
experiments and several flight experiments. Computer modelling analysis, particularly finite
element modelling and the Nastrans software, which was developed by NASA have been par-
ticularly vital to the lightweight structures technology developent effort.

To summarize very briefly the results of this technology research; joint, packaging and assem-
bly procedure design are critical to the success of large space truss structures for the space
station. Most critical of all for large structures involving human construction efforts, the
human performance characteristics are key to their feasibility. Because erectable structures
are the simplest to analyse, design, manufacture and build on the ground, they have received
the most attention to date.

ERECTABLE STRUCTURES '

Erectable structures refer specifically to the piece by piece assembly of truss structures, typi-
cally comprised of strut and Joint elements, which when fully assembled are fully self-
rigidizing. Erection may be accomplished either manually by space-suited astronauts during
EVA or by automated assemblers, controlled from the space shuttle or other manned space
craft. Extensive testing of erectable truss structures has been undertaken in recent years in
Water Emmersion Test Facilities (WETF) to simulate these construction activities in the
imitation zero-gravity of neutral buoyancy. These WETF simulation experiments have
explored ga variety of approaches to manually erecting large space structures, and have
yielded some valuable insights about what is safe and reliable. For example, there have been
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proposals to save weight for the internal diagonals of the truss structure to be made of kevlar
tensile ties.[32] However, experiments with prototype joint and strut erectable structures have

led to some illuminating lessons, summarized elegantly by Jack Stokes of NASA Marshall
Space Flight Center:

First and foremost, the connector should be completely safe for crew operation. A design goal
should be that no stored energy shall exist in any of the components prior to, during, or fol-

lowing the mating of components. If stored energy components do exist, the energy level
should be kept to a minimurm|33]

These conclusions from experiments with full scale prototype structures suggest that tension
stiffened structures such as tensegrity structures may not be acceptable for erectable trusses.

As early as 1981, WETF experiments at Marshall Space Flight Center demonstrated the fea-
sability of EVA astronauts manually assembling large trusses in simulated zero-gravity.[34]
There are three WETFs in the United States, all of which are in demand for space mission
simulations of diverse kinds, located at Johnson Space Center in Houston, Marshall Space
Flight Center in Huntsville, Alabama and at McDonnell-Douglas Astronautics Corp. in Hunt-
ington Beach, CA. Not only are these facilities used experimentally to design the hardware
and construction procedures but also to train the astronauts who will carry them out in
space. These simulation experiments prepared the astronaut crews to undertake a flight
experiment during which large space stucture prototypes were assembled and disassembled on

During December of 1985, two astronauts, Jerry L. Ross and Sherwood C. Spring experi-
mented with two prototype truss structures from the orbiter Atlantis, on Mission 61-B. They
erected and dismantled the Langley "ACCESS" tower twice and the MIT /Marshall "EASE"
pyramid eight times over the course of two EVAS, totalling 12 hours.[35] The ACCESS tower
1s a truss/beam of about 1m triangular cross-section. In this flight experiment, it was assem-
bled to a length of about 12m. The EASE "pyramid" is actually a single tetrahedron about

4m on each edge. See Figures 4-4 and 4-5 for the ACCESS and EASE flight experiments
respectively.

These flight tests provide verification that astronauts can assemble the primary truss struc-
tures of the space station on orbit and contributed to the design decision to select a 5 meter
erectable truss as the baseline structural system. In addition to the space station structure,
large truss structures will support a variety of co-orbiting platform, tethered and free-flying

satellite applications. See Figure 4-6 for a concept of a large erected /assembled tetrahedral
truss platform.

Future large truss structure assembly operations may be automated to relieve the astronauts
of some or most of the strenuous and repetitive tasks. Possible automation devices include
shuttle and space station amounted assembling machines. A more advanced possibility is

on-orbit fabrication of the strut and Joint elements which are then automatically assembled at
the point of manufacture,
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Figure 4-5. EASE truss flight experiment in orbiter cargo bay.
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DEPLOYABLE STRUCTURES

Deployable structures refer to structures that
ground prior to flight and are then unfolded a
to erectable structures, however, it may be p
members into deployable structures.

are completely assembled and packaged on the
nd locked into a rigidized position. In contrast
ossible or even necessary to incorporate tension

To date, deployable masts, beams and trusses have seen
some of the most extensive applications in satellite and solar array systems. Common exam-

ples of deployable structures in use on spacecraft today are the Astromast on the Voyager
planetary probes and the Seasat Extendable Support Structure (ESS). ESS structural

M graphite/epoxy" as a substitution for

Because of the complexity of deployable structures, and the fact that generally there is only
one chance to deploy correctly, the cost structure is different from many other spacecraft
structures. Hedgepeth, Mikulas and MacNeal, describe this situation: '
The first generation of space structural s
ited numbers. This means that
duction quantity. Consequently,

be the cost of design, analysis, t

ystems will almost certainly be produced in very lim-
the costs of development cannot be spread over a large pro-
the largest cost of a space structural system will continue to

largest cost will be launch and space erection. The smalle

st, by far, will be the manufacturing
costs of materials, hardware, fabrication, assembly and in

spection. [37]
This observation reflects the often contradictory
the reliability of the analysis. The simpl
predictable it is likely to be and the

relationship between cost of an analysis and

er a structure is to analyse, the more reliable and
higher the confidence in the analysis itself. For

! Authors’ emphasis.
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able structures, the major costs are in analysis and testing on the ground.' For.SI‘mEpvlsl‘;:
GRRIYE e tures t‘he major costs are in the use of the space shuttle an<_3 EXpensive ‘f
ereCtab.le Str;(’ 1 1'n’istial construction of the space station, deployment or partial deployme}nt (.)
R ay be the most economical approach. However, once the DAL station 1s
truss structurgzs} mo,n les a permanent orbital construction facility, the cost .of orbital assemtjly
Sgaapletes ant ' )efures \'rn;w 'drop dramatically. Automated assembly t.gchnlques would play a
o8 eI:ectable 'S Il:lc’% cost reLluction. Wherever automated systems are introduced, .the'huma,n
o 11{'0;1 Lc'hanges from direct manual control or labor to system monitoring and
perfoimaziirgresqlee Figure 4-8 for a concept of a deployed/assembled cellular large truss
remote C 2 Reeem

platform.

Figure 4-7. ESS deployment sequence from space station truss mounting.
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Figure 4-8. Large hybrid deployed /assembled cellular platform.

A fascinating application of a deployable truss structure is one that does not lock per-

manently into position after a one-time only deployment, but rather remains flexible and con-
trollable. This "Deployable Controllable G

robotic operations. As a flexible berthing b
its geodesic envelope, this truss could serve
manned spacecraft.[38] This application wo
ferent lightweight structure technologies.

€am, carrying an extensible rubber tunnel within
as a docking port for the space shuttle or other
uld be a unique case of combining two very dif-

FABRICATED STRUCTURES

Fabricated structures are those in which are made from raw or flat stock material, generally
by a highly automated machine. Grumman Aerospace Corporation built such a machine for
the Marshall Space Flight Center. This "beam builder" spits out a 1 meter deep beam of
4mm thick aluminum cold-formed angle sections. The beam weighs 1.275 kg/m and can
take an axial load of 573 kg. With one loading of rolls of sheet aluminum for the longerons,

I ross braces, the machine can turn out approximately 300m of

highly automated fabrication and assembly process may be
liecessary at some point in the future, in the near term there appear to be several
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T the least of which is its high level of complex-
Jiseyantages 0 t'he fizgﬁ?s;oznnglr;ii};;nr;%g1ity. Note that the "raw" materials are r.lot all
itysand problema;m & ss braces are provided to the machine pre-formed and then are riveted
iruely zaw, ang 't te crloace Joe Goodwin of Grumman conceived this method for very large
o solseldec. In otp su ‘ ort solar power satellite arrays with platform lengths on the order
platiorm structurest. . NIfSA is ready to undertake the construction of space tru.ss stx:uctures
o ooom Y thii l'Ixr1leenvisions the state of the art in automation and robotics will have
Prlihe Szal‘syG:e(:fe?;l orders of, magnitude and the fabrication approach may look more
advance

promising.

SUMMARY OF LIGHTWEIGHT STRUCTURES RESEARCH

: : to.
' in all areas of lightweight structures for space s
f research remains to be done in a . .
: gOO(Ii’ doel?al.b(iy the main research challange in the foreseeable future will be to c%)e.it;erriuifl ;il;i
o bling large space truss structures on orbait.

] designs and methods for assembling rge sp . . N
OQiLTEZTor evi]uation and selection of truss designs will be the time z:;nd (é(;lmallf;x;tj{) i:?url;is
o ' ] ds on the astronauts. u -

tion effort, particularly the deman . T T
f?l' t};'e C(;n:,::aul(;mited to about ten days and the current shuttle EMU space suits are llmxti(i
Slonb m;ezz hours operating time before they need servicing of the life support systems;lonThe
;20‘?111(2111 Thus technology advances are needed in the E\I/)Al tech?}?kt)gy. ?}:e:h:sag;m;priate
. ight experiments believe that wit

rauts who have conducted these flig . ate
a’Strlct)rsa}cl;:ions foot restraints, remote manipulator system assistence an.d Syfa?teI;lS sg;l)pi):(t)], =
i mbly of ;)ermanent large truss structures from the sh.uttle orbiter is feasible. 40] At
aJsszent ythe limiting factors on EVA, beside the suit and llfe.support systerfl z;,ssexclll hznds
P;e sica’l workloads, fatigue and wear and tear on the space .su1ted astronafuts g to}:rz Stimates.
Il?ief:ra,use labor time for a spacesuited astronaut during EV A 1s very expenswe',t .le Y
ranging from 50,000 to 200,000 dollars per hour, the human factor becomes critica

ogy assessment.

5. ZERO GRAVITY VERSUS ARTIFICIAL GRAVITY

. e con-
The debate between artificial gravity and zero graw’}coy be%)ul}ltby vorioB;j;\Et?znjn\i]ra(ﬁ{ments
: i ' ft have been built as zero- ;
tinues to this day. Until now, all space cra - ite of
however, the artificial gravity approach has not been ruled out an.d re?malnsttaecii;zr;pace
many co’nceptual thinkers. For lunar and planetary bases, ltl}e ﬁiueigonfl,s I;(:;; oteher celestial

1 et : ' itational fields they fin
crews will simply have to live with whatever gravi . . g
: ‘ tary bases will enjoy gravity w

bodies. From another perspective, lunar and plane | Ry |
: : - ificial gravity. But for future generation sp

of the problems associated with creating artlﬁc%a : i

st’ationslj space colonies, interplanetary explorations and other long duration space missio

the artificial gravity question remains unresolved.

The arguments given in favor of artificial gravity &l‘e.Prim"ml_y blomedIC(?.II ¥ Iflz_ezt S}ZZII;:
demineralization and to maintain muscle tone, particularly in th.e fo 10;7 azc d coilveni-
Also, there is a belief that gravity provides an element of psychological (:,o;n 01; ;;S e,
ence, that objects will stay where they are put, Wi.thout the need .for spec1at.res raIl 3 eeatiio
sures. One new argument for artificial gravity is tha'? of spétlal percephlon e e e
within the space station, that in a so-called zero-gravity fenvu'onrnent, t.te aSe Sy M
experienced some trouble with up-down orientation, thus if a clear gravity cu

vided, this problem could be eliminated.

i i ‘ dvantages
There are several objections to artificial gravity which are independant of the a
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claimed for zero gravity. The movie 2001
Clarke, portrays an artificial gravity
approaches the center axle of

with the torus wheel. This approach could only work if the axis of the doc
through the center of mass of the shuttle craft.

center of mass "envelope" is near the tajl (
of the docking tunnel.[41] Thus, any angul

make it rotate about its tail, not about its docking tunnel.

ity operations around the spa
crew members in the space

To add an element of differentia]
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Figure 5-1. Artificial Gravity Parameters.

-gravity and they want the

payloads require 1 X 10°g isolation from vibration. So

require even greater steadiness. Since structure-borne vi
produced by crewmembers movi
commercial and scientifi

forms or freeflyers. Although there has been some e

Z€ro gravity, there is some evidence that clear visual
for the lack of 3 physi

its center of mass in concert
king port passes
However, for the present space shuttle, the
shuttle main engines) approximately 12 meters aft
ar acceleration applied to the shuttle will tend to

Sa it

rticularly as
szital coordinate systems.[42]

. - judicate the debate between artificial gravity and zero
It is not possible in th(liiOIDCZIEZ )}c?oora‘]tl}li forseeable future, space stations V\.flll proba]:;lz' Z‘;T:
gravity space Statlon-? affairs. It may be possible to develop a station Wl'tllll ts)epe;:eded o
tinue to be Zero’-gr‘(?wll yravity sections. However, significant advances will be tional and
gravity and art‘lﬁ(‘ilaél' %i lines to overcome the vibrational, infraStrucw.ra}l’ Operait;;ities for
nuImerous techn.lc-a 1io‘tf)lems of such a design. One of the most promlsmhg POSSS f radinl
Perceptual/ co.gmtlve : stations is the use of tethers which COu}fi Pedines e ma];s ant Cra-
artificial ggawty :r%aeﬁre of magnitude compared to rigid comgre;s1w;‘et;tru;1:1;e; P:gductivity
cture by an : ‘ who is Chief of the ; ad
i::, a medical doctor hand zeiljél lzcxil eillillrlleexfs summary of the intera,ctiops .of the co;'lohj
Branch a,'.c L et li?lslif tl'I:e tether mass limit and the motion sickness 11m;t t:)) c;;%aamz tac; :
effect limit, the .tractor it ef,}‘ect Cramer indicates that for a 6,060m (20’.000 (})10 lindrical
artificial earth-like gravity T 1.0g of centripetal acceleration, the cyli ]
station rotating at 0.3 rpm to g ds). Cramer’s graph of artificial grav
ipai:r tether would weigh about 4,550kg (10,000 pounds).
ev

ity parameters is reproduced as Figure 5-1.

8. FUTURE SPACE SETTLEMENTS?

s ineers have made numerous proposals for very large
SiEhe e e Se(icliiz;clllsetrit:ngff;lglilrlleihe form of free-floating habitats. Somff of t};?xsli
e e Sga;e r?s for popul,ations of as many as 10,000 people.’ Thiz1 L}?grar(l)ilsg ;g)rav-
P rOI).osalS avo.cate y tg ction site for these structures, where the earth’s an g in fixed
L-5 is atfa,\lr?rltz ::);1801:111 er, and an object placed there would theoretically rema ;
ity neutralize ;

without need for reboost propulsion.[43]

i i ics that artificial grav-
' I by a single conceit of physics .
] the torus concept is driven . ' | o
Howevel‘;), - c?iced by centrifugal motion, so is the entire L-5 concept d;xve: S‘tg;tlements -
1t};)'carl1 : P})lro ics. However, as the preceding discussion suggests, th}else arg. B
i , ifici ] aradl ;
;):i.g}l:g ;?:blema.tic with or without artificial gravity, L-5 or other such p g

: ‘ ' f replacing consumable
In addition to the problems inaicy CECUSRG 8 (33u‘i:,f:f;est of materials and parts
resources;. DRopeLatts, le’aka%z ir;);nnptf)f :\lrlelz)xf C;}; Sz Sc:tiirirllisz’ali;ign of 10,000 skilled Qroi:eslsiolna(ljd,
g r}fqulre Tan?fzf::;;gls for space based manufacturing. Even the bes.tlart;ﬁ;l:m: :}Sl ”
:?(?]Otgisa?ulﬁ'z };u(;port system will encounter a sca.rcit).r .a,m‘on% glll.oiszeserlx;‘atena s 0
too.expensive to recycle or manufacture in small quantities just fo '

d K. O’Neill of
One approach to the resupply problem are the nux,?erous de:Op()'?acl)i f;rai)iingflfrz the surface of
R E tic "mass driver )

i i ty to build an electo-magne ; : t where they
fl:;n;:;gﬁ SE;ZIiri\lfguld hurl lunar ores and other mat.erlals 1nt,o 10\3 ]u::;d?;zla& ut opera-
could be collected for use on a space colony-[44] ONexll et al. sdun elrosads on orbit is called
tional requirements for handling remotely controlled or collected pay
into question by statements such as the following: died only to the extent necessary to

tudied o
ipulation of buckets and payloads has been s ” ches/sec
;rs}:r:;?r? lil;)}zl;:t::;nf:l)nd;r:lental problems arise, and that the repetition rate of 10 laun /
1S a conservative choice.[45]

i icS erconducting,
By "fundamental problems," O’Neill refers to the physical mechanics of a sup
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linear system of 500g or greater. He offers no discussion of systems safety, reliability, quality

assurance on the lunar surface or on orbit.

The prime alternative to free-floating space colonies is to build lunar and planetary bases.
Locating the bases near the resources will greatly reduce the materials supply problem that
confounds the space colony advocates. The material resources needed for space-based
manufacturing are already on the moon, Mars and the asteroids. Lunar and planetary rocks
and soils will provide Micro-gravity materials processing could be conducted on small plat-
forms in low lunar or low Mars orbit, where it would be relatively accessible to both surface
bases and trans- orbital vehicles for the return of "exports" to earth. And lunar and plane-
tary rocks and soil will provide excellent shielding from meteoroids and radiation. Why tran-
sport them all the way out to L-5 when we can use them right where they are?

NASA and other space exploration agencies must give serious attention and analysis to the
economic issues of transport and location. LEO, GEO and L-5 have no natural resources
except for angular acceleration, microgravity and vacuum. Propulsion resupply will be a con-
tinuing demand of space settlements in any of these locations, even at L-5 where the station

will balance on a knife edge of stability between the two "gravity wells" of the earth and the
moon.

For the forseeable future, space stations will probably be relatively small orbital depots that
will serve as transportation and servicing nodes on a larger network of orbital and trans-
orbital transportation systems. Former NASA Administrator James Beggs has described the

space station as "the next logical step," and it should be regarded in this context as just a
step, not an end in itself.

The moon and Mars are very promising sites for future space sett]
which has a thin atmosphere and water ice in its soil. For these settlements, whole new tech-
nologies for automated underground tunneiling, construction and sealing tunnels to create
pressure vessels will be required. Nadar Khalili of the Southern California Institute of Archi-

tecture (SCI-ARC) is developing techniques for creating ceramic interiors by glazing and fir-
ing clay soil structural interiors at very high temperatures.

ements, especially Mars

The role of lightweight structures on lunar and planetary bases will probably focus on

parasols, temporary or contingency enclosures and possibly wind screens on Mars. For light-

weight structures, space stations and other space vehicles will continue to present the best
opportunities for innovative applications and design solutions.
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