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ABSTRACT

The IN-STEP Inflatable Antenna Experiment (IAE)
was intended to demonstrate high payoff technology for
large, inflatable space antenna structures, in arealistic
operational enviromnent. The experiment was based on
the L’ Garde, Inc. concept for alarge, offset, parabolic
reflector antennaand their associated technology data
base at thetime of initiation of the experiment inthe early
1990’s. The level of technology maturity at L’ Garde, Inc.
for their new antenna concept was commensurate with
extensive space flight experience with small space
deployable decoy-type structures and the capability for
producing largeflight prototypestructural components
such as reflector structures, strut and torus structures and
lenticular structures. Since theIAE was thefirst large,
high precision, multiple-structural element, inflatable/
deployable space structure on orbit, a number of totally
new technologies were demonstrated and evaluated. The
new and unique technologies associated with this
experiment include mechanical packaging techniques for
membrane reflectors and rigidizable type support
structures; handling, processing and assembly of thin
membrane materials; ascent venting techniques for
lenticular and strut/torus type structures; deployment
control techniques. for both reflector and support
structures; and, the design and manufacturing of large,
high precision, doubly curved, thin membrane reflector
structures. Due to the lack of meaningful hardware
demonstrations to establish the maturity of these
technologies, prior to IAE, there was no serious interest
by the Antenna User Community. The advent of the
experiment seems to have changed this.
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reserved.

INTRODUCTION

The objective of the | AE wasto demonstrate alevel
of technology maturity for large, inflatable deployable,
space antenna structuresfor the user community based on
the technology data base at L’ Garde, Inc. at the time of
initiation of the experiment'234387 At the time the
experiment hardware was developed, there was a
variation of the maturity level of the different critical
technologies. However, it wasfelt that the lowest level of
technology maturity was till consistent with the
experiment basic criteriafor high technol ogy payoff, low
cost and moderate risk. The specific critical technologies
that had not benefitted from full scale hardware
demonstrations, prior to the experiment included ascent
venting, deployment control and mechanical packaging
techniquesfor very largeinflatable structures. This paper
describes the technical approach used for each of the
critical technologies, discusses the adequacy of the
technology prior to and/or on orbit and the implication of
experiment resultson futuretechnol ogy devel opment and
application.

PACKAGING TECHNIOUES FOR REFLECTOR
AND SUPPORT STRUCTURE

Themechanical packaging techniques used for the
| AE were based on acombination of recent experience at
L' Garde, Inc. with alarge number of small inflatable
structures and new techniques tailored for the unique
geometry of the experiment hardware'.

The first major decision on packaging techniques
was to separate the three strut structures from the cavity
that contained the reflector structure. This approach was
used to eliminate physical interaction between the struts
and torug/reflector structure during deployment, so that
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separate control techniques could be used for each
element of the support structure.

Thehighest mechanical packaging efficiency for the
struts results from folding them in a“z” configuration
with aseparate container for each structure, referred to as
“pods’. This arrangement allows the struts to be pulled
from their pods by the inertial forces from thereflector
structure without interaction between them or the torus
structure during the deployment.

The folding technique used for the reflector
structure, which consists of the lenticular structure and
the torus, was driven by the folding pattern of the torus
structure. In order to interface the gjection plate with the
most durable inflatable structure, the torus, the three
segments of thetorus, located between thejointswith the
struts, werefoldedinto short/wide-pedestal typepackages
and placed parallel to each other on the gjection plate.
The center part of the lenticular structure, which was not
constrained by the torus at its outer perimeter, wasfolded
into a*z” pattern and then located on top of the stowed
torus structure. This packaging techniqueresultedina
near rectangular configuration that fit into the rectangular
canister structure, Figure 1. However, since the canister

- Strut End Fitting

Figure 1. Packaging Configuration

shapewasrectangular, and thefmal stowed configuration
of the reflector structure was not exactly rectangular,
dunnage was used to fill the voids. The dunnage was
made from low-density honeycomb and its purpose was
to prevent movement of the stowed reflector structure
during the boost phase of the flight. Significant
movement might have affected the planned orbital
deployment sequence. These packaging techniques were
based on the assumption that the amount of residual gas
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in the stowed structure would have minimal impact on the
planned deployment sequence. Based ontheactual orbital
performance, the combination of such packaging
techniques, along with the appropriate control
deployment devices, now under development at L’ Garde,
Inc., is expected to result in a highly controlled
deployment sequence.

HANDLING, PROCESSING AND ASSEMBLY
OF MEMBRANE MATERIALS

Thereflector structure consisted of 62 aluminized
Mylar gores that were 7 micronsthick. Their geometric
shape was based on an analytical process that utilized
special computer codes. The membrane material is stored
on rolls that are one meter wide. The surfaces of the
tables and fixturing which were used to support the
delicate membrane material must be very smooth and free
of sharp obstacles. The cutting of the goresis done by a
computer controlled laser machine. The membrane
material is fed from its storage roll onto a table that
supports the mobile-cutting tool. The gore shaped
segments are then cut from theflat fihn. The gores are
folded/transported/assembled by hand’ . The assembly
process consists of placing the edges of two gores
precisely against each other while being supported by
curved tooling. At that time atape doubler is placed over
the two adjoining gore edges and bonded to them. During
this process the gore material is supported by tables
adjacent to the tooling. The placement of the membrane
on the tooling and its support during the bonding
operation is all done by hand. The assembled portion of
the reflector isthen folded into bundles for ease of its
movement away from the assembly area.

Handling of the completed 14-meter-diameter
reflector membrane structure is accomplished in anumber
of ways. The structure is transported by folding it into a
bundle which can be placed in a container. Evaluation of
the reflective-surface precision and the operations
involving its assembly with the canopy structure both
requirethat it be unfolded into aplanar configuration and
tensioned around its perimeter. To accomplish thishandl-
ing operation, anumber of people were stationed around
the perimeter of the membrane to apply very light loading
at discrete points for purposes of (a) stretching the
membrane so it can be mounted on afixture, Figure 2, (b)
positioning it for assembly with its canopy and(c) folding
it after its attachment to the canopy. These procedures
worked well for the 14-meter diameter IAE reflector. Itis
estimated that these same procedures and processes will
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Figure-_‘. _'.-.‘-n.-rrn.-r,;: Membrane on Test Fixture
accommodate the manufacture of reflectors up to “on the
order of’ 25 metersin diameter. Beyond that point, new
and possibly semi-automated techniqueswill probably be
required.

ANTENNA STRUCTURE ASSEMBLY

The techniques and approaches used for the
assembly of inflatable depl oyable structuresis dependent
on a number of variables that include the materials
characteristics, the size, mass, thickness and shape of the
structural elements, the nmnber of partsin the assembly,
and the aignment tolerance. One of the most significant
challenges for this type of structure is the assembly of
large area, ultra-thin membrane structures such asthe
reflector and canopy structure for a large reflector
antenna, such as the IAE.

LENTICULAR STRUCTURE

Thelenticular structure consists of the reflector and
canopy structureswhich areinterfaced by means of athin
flexibletorodia ring. Assembly beginswith themounting
of the reflector structure on a“ring type” fixture that
supportsit at itsouter diameter with aflange. Itisaligned
on the fixture so that the desired annular bonding areais
directly over the top flange of the fixture. At thistime, a
differential pressure is applied across the reflector
structure for purposes of removing all the wrinkles i the
membrane in the area to be bonded. Next the flexible
toroidal rim structure is placed over the flange supported
area of the reflector membrane and bonded to it. The
canopy structure is then placed over the reflector
structure, which is still mounted on its fixture, such that
the pre-determined bonding area on the canopy is
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mounted directly on top of the flexible rim structure. At
this point the canopy isbonded directly to thetop surface
of theflexiblerim. Theinterface of thelenticular with the
torusisthisflexible rim, which has 260 small holed at its
edge to accept flexible ties from the torus structure.

LENTICULAR TORLS STRUCTURES

Thefirst step in the assembly of the torusto the
lenticular is to establish areference plane for the torus
that represents a zero “¢™ loading configuration. The
reason for thisisthat thelenticular isattached to thetorus
along this plane with 260 flexible adjustable ties. The
zero“g" planeis established by submerging the torusin
alargetrough in aneutrally buoyant condition. When the
unstressed confizuration is achieved, a true plan is
marked on the interior of the torus. Attachment hardware
is then bonded to the torus structure. Assembly was
achieved when the attachment hardware on each of the
two structures was connected while they werein an un-
inflated configuration. Once the assembly was complete,
both structures were inflated and each of the 260 tie
pointswas adjusted to achieve the required radial loading
to the lenticular structure.

TORUSSTRUTS/CANISTER STRUCTURE

The attachment of the struts to the torus was
relatively simplein that arigid adapter ring was used to
interface the strut end fitting to afitting that was bonded
on the torus. Attachment of the strutsto their pods which
were part of the canister structure, involved attachment of
the strut end fittings to their “register” on their pods.

ASCENT VENTING

The ascent venting issues associated with these
types of space structure were accounted for in the design
of the IAE hardware'. However, due to the lack of space
flight experience with this specific type and size of
inflatable space structure, the effectiveness of the
techniques used was not really adequate. Increasing the
effectiveness of 1AE ascent venting technology, and/or
the development of new techniques will be used for the
next flight of thistype of inflatable structure.

TORUS AND STRUT STRUCTURE

The basic approach for ascent venting of the basic
IAE support structure was to use bleeder clothi.2Smmn: x
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|0em along the full length of the struts and torus. This
cloth was attached to the end fittings that interfaced the
struts with the torus and the struts to their pods.
Simulation of the launch environment in the vacuum
chamber using full-scale prototype hardwareindicated
that the gas flow path in the struts and torus was not
nearly sufficient to bring the residual air down to the
point required prior to orbital deployment. The bleed
cloth was then replaced with flexible lanyards whose
diameter was considerably larger than the thickness of the
bleed cloth. Further simulationsin the vacuum chamber
using full-scale strut structures indicated that three
lanyards were needed for each strut and the torus. The
flight results showed improvement over the bleeder cloth
approach, as evauated in the chamber, but not enough to
enable the deployment control desired. It is believed that
the very high mechanical packaging associated with the
strutsin their individual pods resulted in high enough
loading of the membrane against the lanyardsto minimize
the gas flow around the lanyards. Additionally, it appears
that there was enough residual gasin the LI blankets,
even though they were vented, to contribute to the
deployment anomaly. A longer time in orbit prior to
deployment would have significantly contributed to less
residua gas in the stowed support structure and the
lenticul ar structure.

LENTICULAR STRUCTURE

The basic approach used for venting wf thzlenticul ar
structure wasto incorporate several dozen, Imm diameter
holes around the edge of the reflector structure. This
approach appeared to be very simple and for a one-orbit
experiment, the inflation gas loss would be trivial.
However, on orbit therewas still sufficient residual gasto
cause“pillowing” of theentirelenticular structureassoon
asitslaunch container was opened. Thisdid not appear to
have a detrimental affect on the deployment, but was not
desired. It is believed that the compact packaging of the
lenticular structure resulted in blockage of the vent holes
from other areas of the membrane structure. This suggests
that sometype of large orifice valves, that could be closed
prior to deployment, may provide a more effective gas
flow path. Another option would be the “vacuum pack”
used in the Echo BalloonSeries .

DEPLOYMENT CONTROL

The basic deployment scheme for IAE was based on
g ecting the stowed reflector structure, asapackage, away
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from its launch container prior to initiation of its own
deploymeii' Thisway the inertially-loaded reflector
structure would essentially “pull” the struts out of their
launch containersin a near uniform manner. When the
struts were stretched to about 80% of their deployed
length, a gas flow path would be developed and at that
time inflation gas was to be introduced to all three struts
at their intersection with the canister structure. Whilethe
struts were being pulled from their pods, a low rate of
deployment of thelenticular structure would beinitiated
from the release of strain energy from the inflatable
materials and asmall amount of residual gasin both the
torus and lenticular structure. The plan wasthat when the
struts were nearly completely deployed, inflation gas
would beintroduced to the already partially deployed
reflector structure in order to complete its deployment,
Figure 3.

Figure 3 Plammed Deployment Sequence

On orhit the magnitude of residual gasandthestrain
energy in the stowed structure was significantly more
than anticipated. As a consequence, the planned
deployment sequence did not materialize. Instead, the
reflector structure deployed prematurely so that its
planned ejection away from the canister did not take
place. By the time the struts migrated from their pods as
aconsequence of residual gas and material strain energy,
the reflector structure was over half deployed. However,
dueto the robust nature of thistype of space structure, the
torusand two of the struts compl eted deployment at about
the same time and compl ete deployment of the third strut
followed within a minute or two, Figure 4.

The results of the IAE strongly suggest that to
achieve precise control of large inflatable structural
elements, deployment control devices are required™"
Such deviceswould beintegrated directly into support
structures, such as struts and toruses. A number of
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different types of control devices concepts havealreads
been developed. A very promising approach would be to
stow the support structure elements around a mandrel so
that its rate of deployment could be controlled by
adjusting thegapthat theflexiblematerial passesthrough.
Deployment control of the lenticular type structuresis
also required to prevent “billowing” of the membrane
structure prior to complete deployment of its support
structure. Techniquesto consider might include (a) ascent
venting with mechanical valves, (k] vacuum packing prior
to launch and (c) a restraint system for the stowed
reflector structure that rel eases to enabl e its depl oyment
inthe appropriate time frame.

HIGH PRECISION MEMBRANE REFLECTURE
STRUCTURES

The surface precision of the inflatable deployable
membrane reflector structure is a function of many
variableswhich include (a) the geometry of the flat gores
that are assembled to produce the reflector, (b) the
properties of the materials used for the gores, (c) the
cutting of the gores from the as manufactured materials,
(d) the handling of the gores, (€) the assembly of the
gores, andf1 the boundary condition of support for the
reflector structure after integration with the complete
antenna.

The procedures used for the | AE started with the
selection of material which was 7-micron-thick
aluminized Mylar. This material was available, in the
thickness needed and had a low enough modulus to
enabletherequired handling, processing and the assembly
of the reflector. The determination of the gore shapesis
done analytically. A L'Garde, Inc. computer code called
FLATE solvesthe inverse problem of starting with the
desired orbital shape, desired operating membrane stress
and materials propertiesand cal culates the unstrained flat
gore shapes. The next step was to use the gore shape data
asinput to another L"Ciarde, Inc. Code called FAIM. This
code accounts for all of the important manufacturing and
assembly tolerances and then determines the reflector
surface precision that can be expected for agiven level of
materials manufacturing and processing standards. This
interactive analytical processisused until the projected
surface precision is consistent with the design
requirements.

The next step was the cutting of the gores, which
was done with a computer controlled laser cutter. The
required geometric precision of thefinished goreswas
achieved to within 200 microns. The gores were then
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folded, transported and aligned for assembly by hand.
The gores were assembled, two at atime over curved
tooling that represented thefinal reflector shape. The
edges of the two gores were then butted together on the
tooling so they could bejoined together by the bonding of
atape doubler over both edges of the gores. Asthe gores
were assembled, the completed part of the reflector
structure was folded by hand into along narrow bundle.

When the assembly of the reflector was complete,
the determination of its precision was doneby placing the
reflector structure on a ring-shaped fixture the same
diameter as the structure. It was then stretched and
attached to the fixture along its outer edge. Then the same
pressure differential, planned for orbit, was applied to the
edge supported membrane. The surface precision was
measured with photogrammetric techniques. The surface
precision achieved was on the order of 2mm KI5, for the
portion of the reflector about ameter away from its edge,
Figure 5. Thisisthe portion of the reflector that would
normally be used for actual RF operation.

Figure 5. Reflector Mimbrare Mounted on Assembly
Ring
The resulting surface precision of the as

manufactured 1AE reflector represented the level of
technology available at 1'Garde, Inc. during 1943"
Subsequent to that time, a number of advancements have
been made to anumber of the technol ogies affecting the
reflector surface precision. For example, the current
NASA sponsored technology program at L’ Garde, Inc. is
contributing to even further advancements. Consequently,
future applications of this technology can expect much
higher reflector precision than demonstrated by the 1AE

CONCLUSIONS

The conclusions address how well the critical
technologies demonstrated on orbit met the objectives of
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the experiment and the needs of future experiments and
applications of this technology.

The deployment control of each mgjor structural
element, including the canopy, isrequired to maintain
high reliability. The actua orbital deployment was
complete and successful due to the robust nature of
inflatable deployable structures. The need for major
improvement of ascent venting techniques was obvious
and is currently being addressed. The low cost of these
new types of space structure was demonstrated by
building alarge reflector structure for on the order of one
million dollars. The outstanding mechanical packaging
efficiency was demonstrated by stowing an antenna
structure the size of the STS into a container the size of
an office desk. The high surface precision of the
membrane reflector structure validated proceduresfor the
design, materials processing, and assembly for this type
of structure. Since this reflector was the first of itstype,
modifications and/or refmements of the processes are
expected to result in much-higher precision reflectors.
The successful development of thisvery largeinflatable
antenna structure validated the processes, handling and
procedures used for manufacturing inflatable support
structures and membrane reflector and canopy structures.
The technology used for the experiment, validated by the
experiment and the resulting requirements for the future
development of technology represent the new technical
data base for this new class of space structures.
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