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ABSTRACT

During ithe past decade a great desl of expendsble structure re-
sesrch has been conducted, also during this period investigators
have proposed many expandable structure applications. This paper
summarizes the mejor types ol expandabtle structures which ere ss
follows; inflateble balloon, rigidized membrene, airmett, foemed-
in-place, expandable honeycomb and variable geometry sfructures.
Emphasis is placed on materials, system characteristics, and ad-
vancements required to perfect eech type of expandeble structure.
Finally, a discussion is given on future significent expandable
structures experiments that will be conducted by the Air Force.
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INTHCDUCTI ON

Cre of the most impertant decisions to be made when designing future
space systems 1s the selection of msterials and structures to satisfy the
vehicle's mission requirements. Today's structures are required to resist
extremes in temperature, high vecuum conditions, ultraviciet and electron
radiation, and micrometecrite bombardment; whiie being as structurally
efficient as possible, There are many types of structures being utilized
inL today's systems and this peper will deal with one geperel type, expand-
atle structures, which are being applied to more and more applicetiona. It
is not tne purpose of this paper to in° ate that expandaeble structures are
en answer to all problems of btoth todey .nc the future. Obviously they are
not, otherwise this type of struct.. ~ would ve in widespread utilizetion.

Before going into the details of expandeble structures it would be wise
tc define the term "expandeble strurture®. An expandable structure is con-
sidered to be any structure that can be expanded from e small peckage volume
into a larger veclume structure; it may or may not heve a load carrying mise-
sionl, There is really only cne reason to utilize en expandeble structure,
that is to reduce its peckege volume during shipment. Some believe that
expendable structures heve an inherently higher strength to weight ratio
then conventional siructures; this is not true, at tegt e expandable struc-
ture will have an equal strength to weight ratio as cocmpared to the most
efficient rigid structures. Finally, the reliaebility of the expandable
structure is somewhat less than thet of a rigid structure. This is because
of the pessitility of an expandable structure failiug to depley o rigidize,

There are sore applications which lend themselves to expandeble struc-
tures, for examrle, imagine fmbricetion, ground shipment, and launching into
ortit an Echo I or II size rigid nonexpandable satellite.

There are six tesic types of expandable structures. These are: (1) the
thin skinned pressurized balloon, (2) rigidized thin skinned structures,
(3) airmat, (Y4} foamed-in-place, (5) expandable honeycomb or sendwich, and
(6 varieble geometry structures.? Verisble geometry structures as previous-
1y defined by the author were known as unfurlsble structures.



APPLICATIONS

There eare pumercus epplications bdeing considered for expandable struc-
tures, These are passive communication satellites, decoys, antennge, solar
energy collectors, space sbelters, space stations, space maintenance hangers,
re-entry veh:cles, recoverable booster system, and furniture,

FPassive Communication Satsllite

Expandeble structures have elresdy made & significant contribution to
the communication satellite area. Namely Echo I and Echo I1 launched into
orbit on August 12, 1960, end January 25, 1964, respectively, by the National
Aeropautics and Space Administration, The launching of these two satelliteas
has actually given considerable impetus to the whole area of expandable struc-
tures, New trends are developing in this area of passive communication sat-
ellitea, The current trend in expandable structures is toward the open grid
structure re her than & solid skin structure., There are at least three com-
panies (Viron, G. T. Schieldahl, and Goodyear Aercsrace), which are actively
pursuing different expandable grid sphere materisls approaeches. The open
grid satellite hes the sdvantage that although it provides a large radio
effective area it presents a minimal arsa to either air drag or solar pres-
sure,

Solar Energy Collectors

The application of expandeble structures t0 a solar ensrgy collector
is one of the most chellenging areas being pursued ty some investigators
today3s4, A solar collector is a parebolic dish witk a highly reflective
coating on the concave surface which concentrates all of the sun's energy
et a theoretical focal point., A Bolar energy zollector must be lightweight;
currently design goals are .2 lbs/sq ft of projected reflective arsa. This
minimal weight requirement must be satisfied if a solar energy convarsicn
syatem utilizing a solar collector is to be competitive to other aystems
A solar concentrator must slso have the ability to hold its contour during
repeated ortital thermal cycling. Investigators in the past have side stepp-
od this area of research in solar concentrators; however, the Air Force has
just recently initiated an in-house progrem to determine the effects of
orbital thermal cycling oo metal petal solar collectors, foam rigidized solar
collectors, end expandable homeycomb soler collectors. Tests are to be son-
ducted on 2 ft, 10 ft, and 44.5 ft diameter solar collectors. The collec-
tor will be cycled repeatedly through the maximea and minime beat fluxes to
be encountered in lower orbit space miasions., Temperature profile, strain,
and deflection data will be ascertained from these tests.

Soler collectors must have e minimsl package volume, otherwise a major
space system may be required to carry excessively large canistere. For ex-
ample, although the variesble geometry metal petal soler collector is within
the state-of-the-art, its packeage length is omly about 50% of its dismeter.



Thus, a 4.5 ft diameter solar collector would have a ceanister length of

23 ft, such & length would probebly impose a severe hardship on a space
system during boost.

Spece Shelters

Since man has decided to sxplore the vast sea ¢f space he has set uwp
a nunber of major goals. One of these is manred flights to sxtraterrestrial
btodies, and the exploration of these bhodies. Expandable structures could
rlay a very important role in providing man shelter on these extraterrestrial
bodies. Complete shelters cculd be febricated on the Earth, packaged, hoost-
ed to finel destination, and finally deployed into a useful size shelter.
Mst likely the more probable application of expapdable structures would be
to expand large living or work areas on smaller more comventicnally bduilt
rigid structures. The rigid structural component could contain all of the
tasic ecuipment required for initisl survival of man.

Space Stations

Man has also had as a wajor target objective the establishment of per-
menent menned space stations. Permanent space stations must either be assem-
bled in orbit from many separstely launched prefabricated modules or it must
be expanded in orbit from some type of expandable structure, Both approaches
have adventages and disadventages and it would be fortuitous to aay at this
time which system should be utilized for advanced space stations. Undoubtedly
both modular in-orbit assembly and expandable structures will be utilized on
several of these apace atations,

Spece Maintenance Hangars

The Air Force has a well established space maintenance program in¢lud-
ing the development of estronaut maneuvering unite, remote controlled maneu-
vering units, space shuttlea, space maintenznce tools, adhesives, fastening
technijues, and finally, extravehicular spacesuits. Approved DOD-NASA ex-
periments on Gemini will establish the feasibility of man performing in-space
maintenance and the Air Force will conduct more advanced space maintenance
studieg ¢n the first space station, Space maintenance hangars would be one
more tool in the maintenance worker's tool box which would insure the main-
tainability of fut:re space wvehicles. The principal edvantage of utilizing
a space maintenance hangar lies in elimination of the pressure differential
between the inside and outside of the astronaut's space suit. Elimination
of thesme differentials would give man the mobility cf a nonpressure suiz
which would in turn greatly reduce space maintenance repair task times.
Secondary, but important advantages of such a hangar would be the ability to
rrovide man a controlled lighting intensity conclusive to maintenance tasks,
{ncreased maintenance mission capability, and additional protection of man
from the hostile environment of space., The author does not foresee expand-
able space maintenance hangars actually utilized for soms time to come.



Expandable Hendezvous Docks

The maintenance of large space stations in orbit is very dependent
on the ability to either by remote control or manual control reandezvous
logistics vehicles with the orbiting space station. A semi-rigid expsnd-
able structure could provide even & rigid conventionally built space station
with several advanteges, During boost into orbit the space station would
have a reduced volume in the area of the rendezwous dock, but during docking
operations the expanded nonrigid dock would provide excellent shock or energy
absorbing characteristics in the event of inaccurate rendezwvous technigues.

Be-Entry Vehigles

The moat formidable application of expandable structures lies in the ex-
pandable winged re-entry area. The elevated temperatures encountered during
re-entry create numercus materials and structural problems. The Air Force
and NASA have eatagliuhod expandable re-entry vehicle programs mainly in the
paraglider area, s There is no doubt that the development of an expandable
re-entry vehicle progrem would he extremely beneficial to the nation's space
program in the ares of asllowing the astronsut to selec¢t a normal landing
field. This would eliminate the necessity for a world wide recovery task
force which is expensive to deploy. Expandable re-entry vehicles could also
be utilized to rescue astronauts from damaged vehicles or to recover unmanned
objects from space for subsequent inspection. Finally, such a recovery ve-
hicle may someday be utilized to recover the firat and second stages of boost-
ers for reusage.

Miscellansous Applications

Expandatle structures have many other potential epplications in space
missions, Space furniture, fuel tankage, crewv transfer tunnels, and solar
sails are but just a few of these applications. Undoubtedly sxpandable
structures will provide many solutions to major and minor subsystem require-
ments on future apace wehicles

NONHIGID VERSUS RIGIDIZED EXPANDABLE STRUCTURES

There has elvays seemsd to be some divergent opinions on whether ex-
pandable space structures should be rigidized or nonrigidized structures.
Nonrigid proponents point out that i{f the space wehicle requires internal
pressurization for human occupanay, it is efficient to maintain structural
rigidity thiough this internal pressurization. Furthermore, they claim that
although puncture would result in loss of internal pressure; the structure
would not collapse due to the Zero *G" environment. Certainly these are
valid points, but the author considers that if a rigidized structure can be
inade to have as high a strength to weight ratio as a preasure stabilized
structure, why not utilize a rigidized structure for added structural con-
fidence., 1n addition, msnned apace stations which would rotate to induce



artificial gravity would impose loads ot a space structure when it had been
depressurizad due to some accident., Rigidized expandable structures are
planned for future long term pessive commmunication satellite applications to
reaist deformation csused from punicture and solsr pressurc. Eariy expandable
re-entry vehicle concepta were based on inflatable noorigid structures. OCne
of the biggest technical problema to be encountered with tnese systems was
developing flexible sealants for the fabric which would minimize porosity
while resisting the re-entry tempersture. A rigidized re-entry system would
totselly eliminate thia protlem. It should be realized that s nonrigid struce-
ture is asdvantageous for rendezvous docks and space maintenance hangers.

Crew transfer tunnels, because of their relative size and mission application,
mey slso utilize nonrigid structures.

INFLATABLE BALLOON

Lefinition: The balloon is defined as a fabric or film tag inflated
with @ gas. A balloon usually hes the ghaps of a sphere, & cylinder with
dzoed ends, cigar or & tcrus,’ Since the author wrote *Expandable Struc-
turee for Aervaspace Applications®, there hes been little advancement in the
area of inflatsble balioon atructures. In reviewing the suthor's somnsats
in the above document the following summery is Dresented.

Materials

Usually the inflatable balloon atructures are fabricated from mylar,
tedlar, H film, or polyethylene rlastic films ranging from 1/2 mil to several
mils thick, Quite often in the case of decoys, solar collectors or passive
comminication satellites, these films are asluminized to provide visual, heat,
or redio reflectivity. These materisls are all utilized in featherweight
structures, Heavier duty higher load carrying structures employ the woven
or filament wound structures to carry the structural load while utilizing an
vrganic plestic gas barrier to retain internal pressure. All of the above
cited materials systems are teaperature limited, of course nickel base, boron
fibers, or other high temperature fibers may be utilized to increase the
temperature limit of the expandable satructure materials.

Characteristics

Inflatable balloon atructures have high strength to weight ratios and
high ratios of expanded volume to packaged volume, and they are reusable;
however, these structurea are usually limited to bodies of revolution, and
collapse if punctured,

Applications

These inflatable structures have been used for pessive commnication
satellites (Echo I}, booms on a paraglider atructure, ground based shelters,
drag ballutes, and other smaller structures. Inflatable structures are also
utilized as a basic component of many chemically rigidized structures, such
as honeycomb, foamed-in-place, and rigidized membrane structures.
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Mvancements FRequired

New flexible higher strength plastic films need to be developed which
are tailor mede for inflatable structures, Mast of today's infiatable bal-
loon materials wers developed by private industry for commsrcial applications.
In particular i{f aome of the newv exotic high temperature fidbers are to be
utilized efficiently in !ufleatadle structure applications, nev flexidle high
teupsrature sealing materials mist also be developed. Finally, new and better
adhesive jointing technigues must be developad to be utilized in the fabri-
cation of these new materials.

RIGIDIZED MEMBRANE STRUCTURES

Definition: This type of atructure is defined as an inflatable bal-
loon structure that is# either mechapically rigidized or chemically rigidized
efter deployment.

Meteriale

Generally two basic types of rigidization technigues are applicable to
rigidized membrane structures. These are mechanical and chemicel, significent
advances have been made in botL arsas.

In the mechanically rigidized area, structures are fabricated from
laminates of thin lightweight metallic foils sandwiched over a thin plastic
film. Once these structures are inflated toc proper design pressurss the
metallic foils yield and take a permanent set. In a *Zero G* savironment
this small amount oOf rigidity obtained from the stretched foil structure is
sufficient tc meintain a2 lerge paasive commnication satellite'’s shape with-
out internal pressurizetion, Echo 1I, an example of this conastruction,
utilized s material composed of 00018 inch foil sandwichad over a layer of
.00035 inch mylar, Figure 1 is a photograph of Echo I1I.

The wire or metal grid sphere mentioned in the introduction of this
paper is another example of a mechanically rigidized expandable structure.
Currently there are three tasic techniques which cen produce these open wire
grid structures. These are chemically etching foil, expanded metal fabrie
techniques and finally miniturizetion of conventionel chicken wire fgbrica-
tion technicues, Each type of open grid material has its advantages and dis-
advantages. For example, the tochnique which utilizes chemical etching to
create the openinge in the meterial can be utilized to provide a grid mate-
rial which is eitremely thin, Fabrication of a material of this type con-
stitutes laminating a light gauge sluminum or metal foil to a plastic film,
printing e non-etching grid on the foil, subjecting the material to an acid
or alksli etching solution, and fipal naturelization of this svlution,




Utilizing materials of this type, large pasaive coaxunication setecilites may

bte tuilt wnico will have lerge reaer cross sections, tut minizal eir resis-
tence. Cne of the keys tc thic reelization is the develorwmeant ¢f pilaatic
t:1ms which will aisappesar ip e space environment fairly rapidly. The open
£T1C metaiile materiels are laminated to & plastic film to provice & temporery
«as verrier for inflation cr deploywent purposes. Today's piastic films al-
though taey mey eventuully degraue ib space, taxe far too long to aiserpear.
1t is desiratle tc eliminate this film immedietely after deployment to pre-
vent unfavoreble ortital perturbations which would identify an orbital deccy
or degrece the ortit of & communications satellite.

Ir the chemically rigidized structure area a number of chemical rigidi-
zation technijues have been developed which will rigidize films or impregnated
fatrics. Flasticizer boil-off is an old technique which has been invegtigated
fcr many space g plications. Plastics which have been investigated for this
area are vinyis, polyurethaenes, acrylics, and gelating or proteins. 4ll of
these systems require rather high plasticizer percentageas of the total system
woight. Once in space, the piasticizer constituting 20 to 308 of the struc-
ture's weight is released or discarded, which causes rigidization. Another
disadvaatage of the plasticizer boil-off system is that as soon as the struc-
ture is exposed to the space envircnment it begins to cure. For meny space
ziriications, the Air Force is desirous of haeving a system that cures on com-
mand. For example, it mey well take ome or two ortits tefore a large solar
ccllector ic accurately deployec; however, 8 soler collector cured by plas-
ticizer boil-off techaique would have already been cured btefore accurate
centour is achieved.

Undoubtedly cne of the most promising plasticizer boil-off systems in-
volves geiatin, Gelatin, dehydrated cross linked films have been made with
strengtns exceedins <1,00C psi. Films containing ¢C to 30% plasticizers,
such as ;lycerine or glyccls, are quite tack free and flexible, Ultraviolet
and electron radiation tests cp these specimens heve shown that geletin is
juite suited to space applications. It is nearly transparent to ultraviclet
radiction, and is relatively unaffected bty electron raediation of 1 rads.
Gelatin is, however, water soluble. It might be added that there appear to be
5O 1ein clouds in space. Gelatin can be croeslioked to the point that it is
ne longer soluble in toiling water; bowever, it will swell under this con-
dition. Gelatin has a high stiffness as & free film, 1,000,000 pei. Gelatino
ard fiberglass laminates fabricaeted and tested Y, Forest Froducts Laboratory
exnibited the prorerties shown in Tatle 1. It should be noted that Moosanto
nesearch Laberatory hes prepared laminetes that have significantly higher
Lending und tensile, and compressive strengths than shown in Table 1. Flexural
strengths s high es 77,900 psi heve been obtained on MRC iaminates.ll .s
one cal seeésgelatin fiberglass laminates heve quite remarkabtle stiffness
properties st elevatec temperatures, The Air Force Aero Fropulsion Laboratory
has ;ust eswarded & ccntract to Viron Livision of Gecphysics (priaze), Swift
and Compeny (sub-contractor; and Monsento Hesearch Corporation (sub-contract-
or) to investigate plasticizer boil-off rigidizec gelatin structures for
space applicaetions, Gelatin and other protein materials are tc te modified
to provide even better properties than are now reported. Monsanto Research
hes alreedy come up with techniques to aluminize gelatin by vapor dispoasition



for solar collector or antenna asppiicaetions.

Radijation has teen utilized by some investigators as & method for
rigidizing membrane structures, Hughes Aircreft Company has fcr a number of
vears, worked on both ultreviclet and infrared cured plastic resins.l< Foly-
ester resins seem to cure juite well on exposure to ultraviolet rediation,
vhile epoxies can te made to cure with exposure to infrared radietion. Ultra-
violet cured systems, cnce croas linked to complete rigidity, will then de-
grade with additional exposure to ultraviolet radiatiom. This problem may
be eliminated by the addition of absorbers which are activated after final
cure of the system. The author is coacernec that the ionizing rediation
level in space may cause rigidization of a polyester structure before it is
fully deployed. Eritish Patent 9,9, 151 records the curing and crosslinking
of resinous films by electron irradimtion. Ccatings consisting of thin filme
of unsatureted polyesters were sudjacted to an slectron beam of 100 Kev under
nitrogen and cured in onme (1) second.*3 Infrared or heat activated systems
such as epoxies are cured by raising the temperature of the resin system tc
a pocint of high reactivity., This increase in temperature can easily cause
e large soler collector of 44.5 ft diameter to lose accurate contour because
of creep it the mylar reflective surface. Solar collectors thet ere rigid-
i2ed by this process are fabricated from one (1) or two () mil myler and
the actuel solar concentrator aree is coated with the heat activated epoxy
system, After deployment of this collector structure, but tefore final
rigldization, the parabolic comtour is held by inflation pressure. If the
structure reaches a temperature ebtove 150°F for any length of time during
its uncured stage, the mylar will stretech or creep considerably causing
the solar collector to lose contour,l4 These ultraviolet cured or infra-
red cured structures require thet the structure have orientation equipment
on board to insure that the plastic resin receives the proper dosage of the
activation radiation.

Gas catalysis curing technigues have been developed in the areas of
epoxies, urethanes and polyesters. Early pioneering work in this aree wes
accomplished by R, Spain, Air Force Materiels Laboratory and Wyandotte Chemi-
cals Corporation. Gas cured urethane systems utilize water as a catalysis
and with the earlier systems required four (4) tc sixteen (16) hours to fully
rigidize. Milti-layer leminates were prepared that exhibited flex strengths
of about 20,000 pei, although periodically higher strengths have been achieved.
Gap cured epoxy materials in general reguire longer cure times, but develop
igher strengths, Cure times with some epoxy aystems are in excess of [8
hours. Strengths in these early egoxY gas cured laminates were between
25,000 and 30,000 psi in flexure,lD. 16

Cheracteristice

Rigidized membrane structures will not collapee if punctured and have
8 high ratio of expanded volume to packaged volume; although, these struc-
tures usually fail prematurely because of buckling stressos.




Applicaticos

Rigidized membrane structures are very asppiicable to peasive communi-
cation sateilites because of their relatively light weight, The techniques
for rigidizing these lightwei ht membrares are in the majority of instances
directly tranaletable to expandatble honeycomb structures.

Advancements Reguired

In the open grid meterial systems two advancements are needed, these
are; improved seaming and joining techniques and a rapid migrating plastic
film. The lster requirement has previously been discussed. AdvaLcements
are required in the plasticizer boil-off systems, namely plesticizers are
required which can be utilized in lower percentages of the oversll system,
but still produce flexability. &4 plasticizer which would omly occupy ten (10)
percent of the total resin system is a design goal. Ultraviolet or infrered
cured resin systems need to have cn-command curing capability. Todey these
systems will start to rigidize as soon as they are deployed in space. Tbe
systems designers would prefer to be able to deploy a structure, but have it
cure on-command not on deployment. Further, ultraviclet abaorbers or screen-
ing materials are required which after a predetermined period of time would
absorb or reflect the ultraviolet radiation thus preventing degradation of
the cured plestic resin system.

Ges cured rigidization systems require many advancementa. The epoxy ges
catalysis materials system needs to have its cure time reduced significantly.
Design goais for a cure time are about fifteen (15) minutea. Urethane gms
cured systems should have their cure time reduced, but these systems require
improvemsnts in shelf life, The majority of the gas cured resin systems cure
by absorbing weter vapor plus an acceleratcr. It is very difficult to prevent
these urethane resins from prematurely hardening. A shelf life of six (6)
months hes been reportedl?, but this is for a resin in a semled container.
long shelf life for an impregnated packaged structure is much more difficult
to achieve. All of the chemically rigidized structures should bte investigated
to deternmine the effects of the spa~e environment, tefore and after rigidi-
zation, on the muterials.

AIRMAT STRUCTURES

Cefinition: Airmat i{s an i{nflatable structure trat is held into a pre-
determined shape by drop threads. These threads act as cross ties, and by tai-
loring the lengths of these threads flat, airfoil, or other shaped penels cen
be maintained. There are thirty (30) drop threads per square inch on the
average, btut as many as s.xty (60) drop thrsads per inch may bte utilized in
some cases.

Materials

Organic eand metallic fibers are utilized in the basic eirmat structure
end organica or inorgeuics are utilized to seal the woven material. Dacron,




vylon, and cotton fibers are often utilized for non-hlgh {emperature applica-
tions. Neopreoe sné other orgenics are commonly used as seslante, but si.icone
rubbers ere utilizeu for high tempersture applicatonsa, Rene 41 and other
nickel tase fiber: sre employsa. A major considerstion in the meking of eir-
mat  ie the loom which it is woven on., Just recently Goodyear serocapece under
sn Air Force contract develcoped e twenty (20) foot wide loom which can weave
very deer sitmet panele of complex contours. This loow has the capebility of
weaving not only organic fiters, tut slso metellic fibters into sirmatt struc-

tures,

Characteristice

Airmet structures have & high strength to weight retic, e high expanded
volume to packapec volume relio, snd s capability to maintein cther tuan cir-
cuier cross rection shares, Airmet structures heve high deflectivns under
load, rejuire deejp meabers, otherwise inflation ;ressure s high. and these
structurea collapse if punctured.

~dvancements heguired

Advancements required in the eirmet meterials systems are in the nigher
temperature materiasls sres. Diew high temperature seslapte should be developed
tiat are capabie of resistiug temperstures of 1800 to 2000°F while maintaining
winizal porosity characteristics. Imprcved bigh tempereture fiters should
zlsc be aeveloped whaich will operato at the atove mentioned temperatures.
Finelly, pew flexible high tempersture adheslves systems need to be developed
which will meintain siructural integrity at these hiigh temperatures. Since
pirmat nporaowl] orbital tempermture reyuiremenis ere mere Or less within the
stute-of-the~-urt, it woula sppear that a detailed investigation of the effecte
vt the spece enviromeent would be regquired before final space applicetions ere
undertaken,

pplications

Airmat bas many potential &pplications in the space ege. Re-entry
vehicles, extensions on space stations, portable space shelters, rendezvous
docks, anc spacc furhiture are representative of applications for this struc-
turel concept,

FOAMED-11i-FLACE STRUCTURES

Definition: Foemea-iu-place structures utilize an inflstable belloon
structure to form the desired configuration bvefore it ie foam rigidized.
After deployment, plastic foem 1reectants ere activated end the structure is
foemec-ib-place or rigici-ed,

Materiasls
There sre a number of plestic foems which are being lovestigated for

space foemed-1n-piace applicetions, these are epoxijeu, urethanes, and phenol-
ics. Most investigations have eventuelly centered on the polyurethane foam




family. DBasically three types of foamed-in-place techniques have been in-
vestigated, mechanically miied pressure distributed f{oama, 8clid reactent
predistributed fcems, and encapsulated reactant prediatributed foams. Foam-
ing~in-place in a space snvironment poses several formidable problems, these
are effect of Zero °*G", hign vacuum, and space radiation on the fceming re-
action,

Mcet investigators heve studéed the effects of high vacuun of the foam-
ing reaction. Some invostigatoral have tried to engineer arocund the high
vacuul problem by foaming between two (2) walls; however, *his technigue is

| not practical as in s solar collectors case, the wall materisls ere ome (1)
or two (2) mil mylar, The pressure bulld-up within the walle or backflap
will sericusly distort the structure beycnd the desired contour. Small sized
structures with heavy backflap or double wall materials may be foamed success-
fully, but the larger lightweight structures are impractical for backflap
appiications, Besic foam formulations are not compatible with the high vacuum
environment of space, A standard foam formulation when activateu in the pres-
ence of & vacuum will rise up rapidly, similer to atmoapheric foams, but the
uncured foamed structure will then collapse beck to neerly its original volume.
The added pressure differential causes the foam to rise before the urethane
1esin has built up jell strength, thus, the individual butbles of foam rupture
af'ter expension. Tiae liquid reactants cof normal foamw if exposed to a vacuum
f'or prolonged periods before activetion of the foaming resction will out ges
and prevent or retard foaming. Several companies, Hughes Aircraft, National
Cash Register, Monsanto Research under Air Force contracts aund Goodyear Aero-
space under NASA contract, have develcoped polyurethene foams capable of foam-
ibg in a vacuum, The vecuun foams developed to date do not heve as good
quality cell structure us an atmospheric foam., The thinner the section ¢f the
rigluiced foam the coarser the cell structure, A very thick slab of vacuum
cured foam will have a reasonably good vell structure, but foriunately meny
applications for foam rigidized stiuctures require thin section structures,
such a8 solar collectors. Current estimates for lerge diemeter collectors
indicate a maximum foam structure thickness of two (<) inches.

The effects of Lerc *G" on the polyurethane foaming reaction was nereto-
fore unknown, Authorities on polyurethane {ocem could meke a strong cese for
Or aguinst Jero *G", significantly effecting the foeming process. The Alr
Force set up wn in-house program t© determine the effects cf weroc "G and
higher *G* effects ot the foaming reaction of polyurethane foams. A special
fust reacting toasm wae developed by Monseanto hesgearch under Alr Force contract
wh.cu frow tue time of mixing to full rigidization reyuired ~nly fifteen (1)
seconds, The rapiu foaming formulation was prepared tfrom commercielly avail-
able muterials--u resin mixture of LA-70U pentol and LK 40 triol, with Mndur
Mk polyisocyunute, breon F-11 was used as the blowing agent. The viscosity
of this tormulation was 1000 cp at 59C, The foam rise time of only 1) sec-
onds wus uchieved by owans of s miature of stannous oleate and piperezine cat-
slysts. The founs produced trom this tormulation were 1.Y to 2.0 1b per cu
ft with & &Y pei compressivo strength and posscssed good dimens‘onal stability.
This faest r1esction wes activated in w mechanicel mixing device, tut the foam
was ulloweu to rise as on unrestrained columb during expansion, Thirty-two
specimems were fowned on board the KC-173Y Zero *G* Afrcraft, No detectable



visual changes in c¢ell structure or density wes found in the resulting foemed
structures, Similar tests were run on a centrifuge utilizing a semi-capaule
atmospheric foam prepared by National Cash Register under Air Force coniract.
Foems were made &t simulated "G* levels up tc 30g. No significant effects
were noticed until approximetely 15 force levels were encountered. Figure

< shows comparison rhotougraphs of & One *"G* foam and Zero "G" foam. 4 Cne *G*
foam rises out of the mixing container and overflows to form a bell shape.
The Zero *G'" foem rises straight up in a column of about the cross section

of the container,

Effects of space radiation on polyurethane foams have not been investi-
gated in detail to date, Tests need to be conducted to determire what effectis
if any, different types of radiation have on both unreacted and reacted poly-
urethene foame. Exposing unreacted components of s urethane foam to space
radiation may caupe premature hardening of the resin, prevent or retard foam-
ing, or may improve or have deleterious effscts on the final foam properties.

Hughes Afrcraft pioneered the sclid foam reactants area for spece appli-
cations under Air Force contract. The approach of the Hughes Aircraft Company
was to mix en initielly solid diol, esocynats, tricl, dibutyl tin di-z-ethyl
hexoate, avd a surfactant, in correct properties. This mixture is partially
reacted end then ground into powder. This powder is then made to adhere to
an inflatable balloon structure which, after inflation,is ‘110'33 to heat wp
to 180°F to 250°F which in turn triggers the foaming reaction.

Goodyear Asrcspace Corporation has developed another more or less solid
predistrivuted foaming system. The foam is of & urethane type which utilizes
a polyol resin and diisocysanate, Goodysar's diisocyanate is derived from
three sources; these are prepolymerization of the resin, a Curtius reerrange-
ment of the aszide, and a blocked isocyanate., Controlling faptors are propar
proportioning of the imocyanate for good crosslinking and udiabatic tempera-
ture rise during the reaction, The formulstion is mixed to form 4 peste of
high viscoaity. The foaming reaction is initiated by allowing the formulation
to heat up to about 200°F after which the resction is exothermio.2® In the
past this formulation either required prolonged hoating of several jhours to
achieve foaming or it would react very fast and the exothermic reaction would
damage a mylar substrate, Current formulations require cne (l) minute of
heating at about 180°F end requires aebout twenty (:0) minutes to solidify,
This formulation develops ebout a 550°F exotherm.

Mational Cesh Reglster under Air Force contruct attempted to develop an
encapsulated foam reactunt system. To date, a total cepsule operable system
has not been achieved. Folyois and i1socysnates have been encapsulated, but
these encspsulated materials either reicase prematurely or not at all depend-
ing on the wall material and thickness. The intent of this progrem was to
develop encapsulation technology to provide the capability of encapsulating
any liquid polyurethane foeming systems. This all-capsule system would be
initiated by thermally rupturing the capsules which should significantly re-
duce the tota) energy reyuired to activate a predistributed foam system., NCR
has developed & very good technique for rigidiziny flexible polyurethane foams
in space, This technique will be discussed later in this paper.




Monsanto Hesearch directed thelr contract effort toward the development
of & cne-package composition which, in space environment, oo localized thermal
initiation would self-propagate & reaction to give a rigid polyurethane foam.
Calculations end calorimetric measurements showed theoretical possibility of
a self-propageting reaction from localized initiation. However, in practices
this goal was not attaiped. This wes due, it is believed, to heat transfer
problems anc inebility to use effigiently all heat resction liberested, In-
proved formuletions were developed besed on tolidine diisocyanate and poly-
oxypropylene polyols, These compositions, when thermelly initiated under
vacuum (2 x 1075 torr), foam wnd cure to rigid foewsa. Initiation temperature
and heat input requirements are somewhat btetter than previocusly developed
formulations. COne~package foirmulations, thermally ccnvertible at atmospneric
fressure to polyurethane foems, ware also completed.2l Figure 3 shows a Mon-
santlu uhicuclod wiu leucted solid Jeactant fcam.

Characteristics

Foam rigidized structures heve several adventages; these are high ratio
of expanded volume to unexpended volume, puncture does not cause collapse, and
toams are a good micrometeorite bunper msterial. Foams have a number of neg-
ative pointa., Currently it is neerly impossible to mske quality foams in the
high vacuum environment of space as previously discussed. PEecause of the poor
cell structure obteined in current space foams, it is very diffiocult to deter-
mine effective design properties of these materiels.

All currept urethane oy plastic foem systems require high inputs of
thermal energy to initiate or sometimes maintein the foaming reaction. Severe
and impractical power requi rements would be imposed on @ vehicle if other than
solar energy were utilized to initiete this reaction. If scler energy is the
thermal energy source, & techniyue such as turning the atructure for shading
would be required to provide on-command capatility of initiation of the foam-
ing reaction., Another msjor drawbeck tc foamed=in-place structures is that
the exothermic reaction of the foam system can cause creep in the lightweight
mylaer infletable balloon structure utilizec to provide accurste contour, In
the case of solar c¢ollectors or antennae applications, changes of contour be-
cuuse of cleep caused by the foam exotherm would negate utilizaetion of the
entennae or collector. Finally, fuamed-in-place ptructurss heve a poor
strength to weight retiosas compared with other expandable structures systems.

Applications

Foumsd-in-place structures are applicable (when successful predistrib-
uted minimun exothermic foam formulations are developed) for solar collectors,
antennae, space furniture, expendable miocrometeorite bumpers, space shelters,
end recovery of objscts from space,

hequired Advencements

Folyurethane predistributed foam systems should be developed which are
capable of providing good quality predictable foam structures similar in
juality to stmospheric foemed structures. The strength to weight ratio of




plastic foams need to be improved significantly. Figures 4 end 5 show strength
properties of a mechanicelly mixed semi-vacuum foam developed by Goodyaar Aero-
srace Corporation. These material samples were foamed under optimum conditions,
thus, this date mey be conservatively cptiimistic.

EXPANDABLE SELF HRIGIDIZING HOMEYCOMB STRUCTURE

Definition: Expendable self rigidizing honeycomb or sandwich structures
utilize the chemical rigidization processes deacribea in the rigidized :em-
brane section o this peper to rigidize e three (3) dimensionally woven honey-
comb or sandwich structure. The resulting rigidized woven structure is similar
to conventional earth fabricated rigid plestic honeycomb structures,

Materials

Tais materiala an. strugtural concept was conceived by the author and
Mr. S. Allinikov both of the Research and Technology Division. Currently there
are two basic components involved in this system; these are a woven flexible
three dimensional fluted core end the rigidization system.

Today there are several commercial sourcea available which produce var-
fous configurations of integrally woven core materiala, Figure 6 illustrates
the three (3) most common woven core configurations commercially available.
The woven sandwich consists of integraslly woven outer skins separeted by woven
separators. It is the separators that are the main variables of a configura-
tion, as shown in Figure 6, there are truss web cores, vertical web cores, and
drop thread cores available. Currently no weaver cen integrally weave, what
is considered the optimum configuraticn, & true honeycomb core and faces in-
tegrally woven, The types of cores commercially evailable can be easily ob-
tained in heights of 1/6 to 2 inchea in almoat any weave snd thresd material.
Currently fiberglass fibers are utilized for heavy duty space structures while
nylon, dacron, und silk are utilized for lighter weight structursl applications.

Viron Divieion of Geophysice Courporation of Amnerica has bLecn awarded
three (3) separate contracts to develop the expundable honeycomb concept. At
the writing of ihis puper one of these contracts® has been successfully com-
pleted. Archer Daniels Midland Company has been a prime msaterials sub-contrac-
tor on these efforts. These coantractors have developed several types of
rigidization systems capable of rigidizing the flexible woven sandwich materisl.
Table ¢ compares the physical properties of three (3) of these systoms that
have been developed tc date.

Currently the most commonly utilized rigidisetion system, developed under
Alr Force contract, i{s a gus cured urethene, Archer Daniels Midland has form-
ulated o new faster curing, higher strength, and lower shrinkege ges cured
urethone system. A prepolymer containing e high netting index has besn de-
veloped, This higher netting index creates u tendency for the unconnectea
polymer chains to interconnect und become more thermoaetting. The higher
nettiny, index will ulso cuuse less polymer shrinkage during and after rigidi-
cation, DBranched rolyols possessing a bigh hydroxal equivalent were used to



obtein high strength end rigidity, The significant reduction in cure time

was echieved by utiliz2ing m-phenylene diisocyanate in place of the commercially
aveileble tolidine diisocyenate, This urethane system is rigidized by e -
eous mixture of mostly weter vepor with a small amouut of tri ethyelamine.
Typical properties, as shown in Table 2, for this gas cured urethane are fider-
glass laminate tensile strengths of 27,500 psi, flex strengths of 25,000 psi
and cure times of 15 to 30 minutes. Nonreinforced film strengtha of this
urethene are 15,700 pei which is exceptionally high for a urethane film.

Archer Deniels Midland has also developed a gas cured polyester resin
system under the above mentioned contracts., Unsaturated polyesters diluted
with reactive polyfunctional (di, tri, and tetra) merylates have been utilized
for vapor phase catalysis, These systems have been successfully cured by
vaporizing volatile peroxidea. Free radical accelerators have besn mixed with
the resin to reduce cure timess. A peak exotherm of 145°F has been recorded
with thie system in about 8 minutes. Rigidizetion times of 30 minutes heve
been obtained with resulting properties of 47,000 psi in flexure.

Archer Deniels Midland has also been able to develop a faster curing
epoxy gas cured system. This system is capable of curing in about four to
six hours and develops a flex strength of about 30,000 psi in a three (3)
ply laminate,

Viron and Archer Daniels Midland, sub-contractors, have been avarded
an Alr Force contract ¢- develop & gas cured gelatin rigidizetion system for
expundable honeycomb, At the date of this writing this effort is only one
(1) month old,

Plasticizer boil-off n&s also becn utilized for rigidization of the
woven core; howaver, this concept has been discarded because it is not a
rigidize-on~-comnand aystem,

Expandable Honeycomb Experimsnte

A more detailed discussion will be made on the experirental hardware
programs of expandsble honeycomb. These experimesntal hardware programs are
in the following areas; micrometeorite resistance, solar collectors, and
finally space shelter structures,

Micrometeorite resistance - Tho author had always anticipated that the
expandable honeycomb would provide good micrometeorite protection hecause of
its double well construction., However, this was purely speculation. Thus,
an Air Force in-house program was established to detarmine tha affects of
high speed particle impact on expandable honeycomb. The Alr Force Materials
Laboratory micrometeorite facility was utilized for thease tests. Mylar diasce,
1/8 ineh diameter by ,01 inch thick, were fired at veloocities of 28,000 to
3<,000 fps into solid 1/2 inch aluminum blocks which created a hemispherical
cratet about 1/8 inch in diemeter in the aluminum, as showr in Figure 7. The
same size particles were fired into a lightweight woven fibergiess gas cured
urethena structure at similar velocities. Figure 7 shows the front and back




surfaces of one of these matsrials, The particle penetrated the outside fac-
ing creating about a 1/8 inch diameter hole; however, little damege to the
fiver structure is caused to the rear face. The only visual demasge to the
rear face is very minor spallation of the urethane resin. Ttis data ia of
course very preliminary and should be treated us so. Flans are underway to
test various configurations of expandable honeycomb which are applicable to
solar collectors and shelters. Mcrometeorite tests are also planned to be
conducted on stressed structures as well as unstressed structures,

Solar Collector Experimerts

Under Alr Force contract Viron Division of Geophysics Corporation of
America hes prepared a number of expandable honeycomb solar ¢ollectors. These
solar concentrators have been constructed of the following components; inflat-
able aluminized mylar layup, magic coating, woven core, and rigidiziaog resin
system. The aluminjized mylar collector layups are fabricated similar to the
Echo balloons, by seaming gores together. Goodyear Aervspace cuxrently sup-
plies the Air Force with scourate solar collector layups ranging from 2 ft
diameter to 60 ft diemeter, One mil aluminized myler is utilized in the fab-
rication of theae collector layups because of packaging considerstions. The
magic coating is then applied to the back face of the solar collector, A
magic coating is a flexible plastic layer which prevents mark-off or show thru
cf the texture of the woven honeycomb core, Currently Viron uses a formuls-
tion of Epon 872-X-75, Epon B28, Epon Agent U, plus cab-o-gil and other sol-
vonta.zh This formulation i{s sprayed cover the mylar in seversl ccats to a
thickneasr of between 10 to 20 mil, This layer also prevents sharp perwanent
creasing of the mylar during packaging and storags.

The woven honeycomb backup core material utilized in fabricating aclar
collectors 1a a 1/2 to 1 inch high core which utilizes either geometric or
random placed drop thresds, These cores welgh batween 2 to 8 ounces per
square yard and are currently woven frcm either dacron or nylon. Cores hawve
besn woven from both mono filament end multi filament yarns.

To dste all solar collectors have been rigidized with a gas cured
urethane resin lyotcz. Solar concentrators have been successfully rigidized
in vaouums up to 10°° mm Hg with cure times of 30 minutea to 1 hour. Two
(2) £t and five (5) ft solar collectors have been rigidized successfully to
date. Figures 8 and 9 show a 5 ft diameter solar collector peckaged wnd
rigidized, This particular collector weighed about 0.3 lb/sq ft of projected
reflector area. This yesr 2 ft and 10 ft diamster solar collectors will be
rigidized under spatial conditions. The collector contour will amlso be check-
ed before, during, and after rigidization. Next year expandable honeycomb
solar collectors 10 ft and 22,25 ft diameter will be fabricated and rigidized
under vacuum conditions. The 10 ft diameter collectors will have spherical
end caps attached which will permit preliminary packaging and deployment
tests.

SPACE SHELTER STRUCTURES

Vironr has also under Air Force contract designed end fabricated several



gpace shelter structures., Figures 10 and 11 show the package size of a 7 ft
diameter by € ft high space shelter and the final rigidized shelter. This
shelter was designed to sustsin internal pressures of 1/ psia and weighed
less then 100 1lbs. Viron also cured numerous half size models of this struc-
ture under atmospheric conditions. This year a limited war shelter, floor
plan 26 X 30 ft, will be air dropped, deployed, and rigidized. This shelter
is designed for 100 mph wind loads, and e roof load of 25 psf. 1ln addition,
it 18 to have a floor inside of it capable of withstanding the wheel loading
of an aircraft. This shelter will be peckaged into a 4 X 4 X 4 ft packeage
and will weigh about 3000 lbs. Erection end cure time will be less than two
(2) hours, Figure 12 is an artist's concept of this 26 X 30 ft Limited War
Snelter.

Finally, a program has been authorized to determine the feasibiliiy of
fabricating, expanding and rigidizing a space station type structure from
expandable honeycomb. Figure 13 is an artist's concept of this space station.
This structure will be 10 ft diameter and about 25 ft long. The structure
will be divided into two compartments and will have floor running the entire
length of the atructure, Figure l4 showa a cross section of this structure
and a typical yall structure. These structures will be deployed in e vacuum
chamber at 10°° mm Hg pressure, Cure time will be less than one (1) hour.

Chearacteristics

Expandable honsycomb appears to have the highest strength to weight
ratio of any rigidized structure. It looks extremely promising for resisting
micrometeorite penetration, and even if {t is punctured it will not collapase.
Finally it will work on the Earth as ~ell as in apace.

Applications

Expandable honeycomb can be utilized for solar collectors, spsce sta-
tions, extraterreatrial shelters, earth shelters, and posaibly re-entry
vehicles.

Advancements Fequired

Many advancemsnts must be made in order to permit designers to apply
expandable honeycomb to the above applicetions. TFirst a nev weaving machine
must be designed and fabricated which will weave three dimensionally honey-
comb and skins simultaneously. The development of a true honsycomb core
would certeinly increase its strength to weight characteristics. TFaster
curing resin system with long shelf life must also be developed. Finally,
reaearch ghould be directed toward an expandable honeycomd system that would
be capeble of surviving re-entry.

VARIABLE GEOMETRY STRUC1UHES
Definition: Varieble geometry structures otherwise known as unfurlable

structures are composed of a number of conventionally built rigid secticns
that either hinge, spring, or teleascops into shape.



Materials

The Aeronirtronics Company and the Mertin Company have atudied telescop-
ing space structures under Air Force coutracts. The Martin Company determined
that their structures are about S0% heavier then a rigid nonexpandable struc-
ture. The increase in weight is attributed to seals, bulkheads, and expansion
mechanisms required in a telescoping concept. Normally conventional materials
are utilized in the construction of telescoping structures which providesthe
deaigner with a high confidence level in the design of future vehicles.

Spring open type structures have elso become interesting of late. The
G. T. Schjeldakl Company is developing a unique spring open grid structure.
Figure 15 shows one of these spring open atructures rpackaged, being deployed,
and fully deployed. This structure is composed of a grid of multi f{lapent
glass fibers coated with silicone rubber. This type of structure is very
appliceble to the passive communication sstellite eres, Its main adventage
lies in the potential elimination of the plastic film required for infleting
conventionel wire grid structures.

Narmco and Goodyear Aerospace have developeu a apring open structure
utilizing the elastic recovery characteristics of a flexible polyurethane
foam, Figure 16 shows & flexible foam structure collapsed and expanded.

The foam structure is only utilized to spring the structure open and for a
micrometeorite btumper, Goodyear Aerosrace reports thet flexible polyurethane
foam is an excellent micrometeorite bumper msterial.<® This type of struc-
ture i{s a nonrigid structure and is pressure stabilized. The actusl loed
carrying part of the structure is eiinher a2 woven fabric, or s filament wound
structure with a flexible organic bladuer inside to eliminate porosity.

The Nationel Cash Hegister Corppany undsr Air Forc¢e contract has developed
e chemical rigidization technique “¢r rigidizing flexible polyurethane foam
structures, A flexible foam : “ructure is impregnsted with e& vinyl resin.
An encepsulated eromestic amine can t> utilized tc cure the vinyl resin. The
encapsulated catalyst cen be reless«~i vie amall nichrome hesting elements.27
Cure times of ten (10) to twenty (7C) minutes have teen achieved under vacuur
conditions for two ft diemeter structures. This techaique is currently being
studied for soler collector and space sne:texr applicetion,

Cherecteristics

The varisbtle geometry structure's principel .Zventaje is thaet it is
entirely fabriceted on the ;round and can thus be i..:rected prior to launch,
Telescoping or hinged structures usually only reduce *he launch [ackuges
size in one direction, The spring oper. grid or flexible foam structures offer
minimel structursl integrity without pressurization.

Applications
Verittle peometry structures huve many applicetions. Telescoping or

unfurlable structures cen te applied for utilizat.on w8 Boler collectors,
enternee, space ststions, extraterrestrial shelters and re-entry vehicles.




The spring open grid structwure's primary applications are in the passive
communication satellite sand decoy areas. The spring open flexible foam

covered structure may be utilized for portable extraterreatrial shelters,
space stetion rendezvous docks, and space vehicle crew transfer tunnels,

Advancements Reguired

Improvements in sealing technigues are required to bring varisble
ceometyry structures to an operational status. Research efforts should be

directed towerd improving chemical rigidization techniques of flexible ure-
thaene foams,

SIGNIFICANT EXFANDABLE STRUCTURES MILESTONES

A number of significant expandeble structures milestones are now within
the predictable future. Among these milestones are proposed spece experiments

on manned spece stations, actual space stations, crew transfer tunnels, and
re-entry vehicles,

Spece Experiments on Manned Space Stations

Several experiments ere plenned to be conducted on future manned space
stetions, Basicelly these experiments fall into two (2) categories; spece
structurss technology end recovery of space objects,

Cre experiment would consist of deploying from s apace vehicle various
expcndeble structure components such as solar collectors, eantennse, and
structurel cylinders. Verious types of structural components would be demon-
streted; among these candidate structural systems would be expandeble honey-
comb, sirmstt, eni foamed-in-place structures. Most likely solar collectors
of ten (10) to twenty (20) ft diometer would be utilized in these experiments.
Contour accuracy would be checked by photometiic¢ techniques. In eddition,
thernmal orbital profiles, strain rates, end leak retes would be monitored and
recorded on boord the space velicle, Figure 17 is an artist's concept of a
proposed exrandable structures experirent, Another eaxperiment that is in the
pranninp stspe would lLe the utilization of expandable structures materisls
for recovery ol srace objects. Vurious materials systems could be utilized
fcr this experinent; expandelle foams, woven metal febric atructures, and
rossitly expunduble Licneycoumt.. Figure 18 is an artist's concept of this
experiment teing ;erformed.

Crew Tunnel Applicetions

Seversl prorosed epace systems utilize existing re-entry capsules in
conjunction with s space station cylindricel module, Unfcortunately, the
ingress ond egres: docrs in these vehicles are mounted on the side of the
vehicle which voes not facilitate crew transfer without going extra-vehicular,
An expendable crew transier tunnel which would be packaged ageinat the side
¢f the vehicle during boost, hut which would expand into shape once in orbit,
could provide o shirt sleeve enclosed environment conduciv: for efficient

crew transfer, Figue 19 is an artist's concept of an expanded crew trans-
fer tunnel,




Space Station Structure

Many investigators have proposed leunching into orbit an expandadle
space atation.

Currently the Air Force under contract is building an expandeble spesce
station atructure as previously shown in Figure 14. This effort is primarily
a ground based vacuum chamber feesibility. Expandable structure technology
has progressed to the level of being direotly applicable to large space struc-
ture designs.

Types of Structures

There are several classifications of expandable structures, these are;
inflatable balloon, rigidized membrane, airmat, foamsd-in-place, expandable
honeycomd, and variable geometry structures. Figures 20 through 25 summerize

these various types of structures, materials, applications, and character-
iatics.,

RECOMMEND AT IONS
The foliowing recommendations are made:
1, Increase strength to welght ratios of expandable astructures.
2., Increase shelf life of chemically rigidized aystems.

Inveatigate in detail the effects of the space envircnment on all
types of expandable structure systems.

L. Increase the temperature resistence of eapandable hobeycomb struc-
ture materials,

5. Improve the reliability of expandable structures.

6. Demonstrate the feasibility of expandable structures by orbital
demonatrations.
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' . sent ] .
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1,000 + 3,26 1 19,8 1 hit ' 02 L0

ofhe murimuw load ocourrod mt o Larye dofleotion, I1f the und thrust were
taken Into agoount, thewse modulus of rupture vulues would ba {noressed by
abhout 5 peroeut,




g
Ges Cured
Urethane

Gae Cured
Folyester

Coa Cured
Epoxy

TABLE 11

COMFARL 5ON OF FROFERTIES OF
THREE GAS CURED RIGIDIZATION SYSTEMS

FLEXUKAL STRENGTH OF

SUIE TIME TLEERGLASS LAMINATES
1£-30 Mnutes 27,000 pai
30 Minutes 47,000 psi

3= Hours 30,000 pai
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Fioure @ - Echo 1Y Zetellite Structure




Cne *G® Foan

wro 'G" Foam

Figure 2 - Comparison of One *G" and Zerc "G* Foaming



Unreacted System

Reacted Foem System

Fiiurc Ii - So0lid Resctant Atmospheric Foam
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Figure 4 - Strength versus Lensity of Vecuum-Formed Folyurethane Foams
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TRUSS SANKWICH VERTICLE WEE CORE

-_;zag DROP THREAD CORE

| .

Figure 6 - Comparison of Three Commot Cormercieliy
Aveileble Expandable Honeycomb Cores




Figure 7 - Cuamparison of High Speed Particle Damage to
S0lid Aluminur wod Rigidized Expandable Honeycowb Material




Figure 9 - Deployed end Ki,idized 5 ft dia Sclar Collector




Figure 11 - Deployeu and Higidized 7 ft dia Space Structurs




Figure 12 - Artistts loncept of Expandelle Heoeyccat 2¢ x =0 7t Li=ited sar Shelter




Figure 13 « Artiet's conoept of an Kapandable Huneycomb Spsce Station
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utrusture - puoknnmd.

- Ypring Open orid
and daployed

Figure 15
Auring deployment,




Collapsed Material Sample

Ixpanded Matarisl Sample

Fiewe 16 - Elastic Recovery "tructure Compressed and Deployed




RLIGHT .
| ©  EXRANRARLE HONCYCOMS
FUGHT

FOAMER IN-RACE

FLIGHT

Flgure 17 - Expandable Structures Spece Experisent
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Flgure 18 - Froposed Srace Ot ject FRecovery Experiment




Fi ire 19 - arti %'y Conzet of wx; ni-%le Opo Tr ; ~fer Tunnel




NELATAGLE BALLOON STRUCTIRES

CESCRIFTICN © FLEXIALE MEMBRANES EXPANKEN asd
RIGINIZEN BY INTERNAL PRESSURIZATION.

ARBLICATIONS ¢+ ECHO I, RECOVS, MRAG REVICES, ANTENNAE,
OPACE  MAINTENANCE zpra% ROCKING TUNNELS, PARAGLINER ™

AATERLLS: MNLAR, POWWETHYLENE, M FIVK, METALLIC FARRI(

AQUANTAGES! LT WEIGHT, EASKLY ERECTEQ, SMALL LAUNCH
OACKAGE , KEUSABAE

WIVAWANTAGES - LIMITER TO BORIES Or REVOLUTICN,
PUNCTURE  IROBLEM

Pigure 20 - Summery of Inflatable Balloon




AIRMAT STRUCTURES

QESCRIFTION:  STRUCTURE WHICH MAINTAING 179 QHAKE
RY DROPS THREARD owd INTERNAL PRESSURIZATION

APPLICATIONS: INFLATAPLANE, SPACE STATIONS, RE-ENTRY
GUER SHELTERS, HOCKING TUNNELS, AAINTENANCE HANGARS

MATERIALS WOUEN TABRICS OR METALLICS , SEALED WITH
ORGANICS OR INORGANICS (W1 TEMW)

AIANTAGES: LT, WEIGHT, SHALL PACKAGE OWIME, Hi-
GTRENGTH, AYSUME ANY 'SHAPE, REUSABLE

ISAIVANTAGES: 11 NEFLECTIONS, REF UEEP EAM, GAS
DIFFUSION PROR, AT HI TERR, PUNCTIRE PROSLEM

Figure Z1 - Sumrary of AiTmett Structures




RIGINZEN MEMORANE STRUCTLIRES

(ESCRIPTION | INFLATABLE OR EXRANRABLE MEMSRANE
STRICTURE, BUY AFTER EXPANSION MEMRRANE RIGIRES

APRLICATIONS HEAOYS, EQHO T, SOLAR COLLECTORS,
SHELTERS, SPACE STATIONS

MATERIALS © METALLIC FOILS, EXOANREN METAL MESH,
ALASTICIRER BOIL OFF, V.V, INFRA RER, VAROR CURED BLASTICS

MVANTAGES * LT WEIGHT, BASILY ERECTEN, SMALL
OAGKAGE VOLUME, RIGIN STRUCTURE

(ISAQUANTAGES' LOW  BENNING- RESISTANCE, NOT ROUBLE
WALLER

™Mouraea 270 - Swmaryv of kBcidizad Memb rane




FOAMED  IN-RLACE STRUICTUIRES

WEQCRINTION: INFLATABLE SYRUCTURE RIGINIEN By
FOAM REACTANTS

ARRLICATIONS : GOLAR COLLECTORS, FURNITURE, SHELTERS,
MICRO METEORITE BUMPERS, CLOCKING AREAS EMCRGENCY
RECOVERY UNITS

MATERIALS : ROLYURGTHANE FOAMS VIA MECHANICAL MK,
DOWIEREN FOMN REACTANTS, ENCARSULATER FOAW REACTANTS,
ok RRAY FOAM TECHNIQUES. OTWER TOAM MAIABLE

ARVANTAGES’ LT WEIGHT MINIMI2ES METEORITE
QAMAGE, RIGIA STRIGTIRE, MALL RAGKAGE VoL,

UISAQUANTAGES: MORERATE  STRENGTH, HI EXTHERM, SHeNKALE
NURNG USE, Wi COEFFICIENT OF LINEAR THERMAL CHOANSION

Figpure 22 - Sumrery of Foamed-Ir-Tlace Structures



EXPANQARLE  SELF-RIGINIZING-
HONEYCOMR  STRUCTURES

NETCRIFTION : STRUCTURE THAT EXPANGS INTO A RIGIN
CONUENTIONAL  HONEYCOMD  STRUCTURE

ARRLICATIENS - SPACE STATIONS, SHELTERS, SOLAR COLLELTORS,
HinyTUKE, KE-ENTRY KEVICES

MATERIALS © WOUEN THREE RIMENSIONAL FLEXIBLE FLUTEL 0R
HONEYCORE CORES, RIGIRIZEQ WITH ORGANICS OR INORGANICS ViA

VN, INFRA ReR, BLASTICIZER 101, OFF, 0K WAMOR FHASE CATALYSIS

AKVANTAGES ¢ LT . WEICAT, HOUGKE WALLEA, RN, LOW PERUEATON
SHLL RIKAGE VOLUME

NISARVANTAGES: REFOUOABLE OR RERACKACEABUE

Figure 2 - Exzandable Zelf Rigidizing Honeycomb Structures



VARIARLE GEOMETRY STRILTURES

do i TIOHY QTRUCTURE  THAT 15 COMMSED ON HINGEX
OR SLINING RIGI0 ELEMENTS WHICH WHEN NERLOVEN
FRM A RIGIN STRUCTURE

ARTER LLS - CONUENTIONAL  ORGANICS swd, METALS

ARRLICATINS : SOUAR  COLLECTORS, GHELTERS, SPACE
OTATIONG, RE-ENTRY VEHICLES

AWUANTAGES MMERATE  KACKAGE VOLUME, RIGI USES
OFF THE SHELF MATERIALS

RISARVANTACES' JOINTS ARE VROBLEM, HEAVIER THAN 6THER
o%.%mmﬁm USUALLY ONLY LENGTH 15 RERUCED IN RACKAGE

Fure 2 - Supwmery of Verirbtle Zeocaetry Structures



