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ABSTRACT

Inflaable’rigidizable structures have shown promise
for use in space, due totheir inherent light weight and
low packaged volume. Under this program, complex
joints of inflatable/rigidizabl: tube members were
developed. Two 1 40cm-lang modular trusses have been
designed, built and tested. Each truss consists of separate
mflatablerigidizable legs, joined together at the
intersection points witb cast aluminum manifolds. A thin
plastic layer comprises the pressure barrier inside each
tubular leg. The main tubular leg composite consists of a
fabric impregnated with a water-soluble resin, which
rigidizes when dehydrated by evaporation of the water,
thus giving the composite its strength. One advantage of
using solvent-based systems is their reversihility, i.e., the
rigidized composite can be softened and re-rigidized
repeatedly by controlling its water content. Outside of the
composite layer isan outer enclosure which metersthe
evaporation of the water solvent during rigidization and
also prevents blocking of the composite during
packaging. Thetesting program consisted of packaging,
thermal cycling, vibration, deployment andrigidizationin
ambient and vacuum conditions, bending/compression
tests, and determination of natural frequency. The effects
of wall thickness, diameter and lateral length of the
modular cylinder and composite stiffness on the strength
of the truss were determined by afmite element analysis

model (FEX).

1.0_INTRODUCTION

L'Garde has made significant advances in
developing inflatable rigidizable materials and the
capability to deploy and then rigidize them for space
applications. The use of inflatable and then rigidizable
construction significantly increases the strength, stiffness
and durability in hazardous space environments, (i.e.,
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under the effects of meteoroids) comparable to
conventional inflatable systems. Furthermore, this type of
structure has considerabl e advantages over alternatetypes
of space structures in terms of weight and packaging
volume reduction. Development of inflatable rigidizable
structures with complex jointswill also be very useful for
various space applications, particularly for large space
structures. Thiswill result in considerable savingsin
hardware and launch costs. The technology will be very
valuable and can be utilized in areas such as
inflatable/rigidizable solar arrays and concentrators,
communication satellites (antennas) and many ather
structural componentson commercial spacecraft.

The capability of fabricating inflatabbe'rigidizable
basic tubular members and simple joints (e.g., atee, an
elbow and a three-dimensional comer joint), where up to
three tubes are joined, was devel oped and perfected in
previous work (Inflatable Rigidizable Space structures,
IRSS Phase | Program)‘. All rigidization experimentsin
Phase | were carried out under atmospheric conditions
and, furthermore, all jointswere simple and not integrated
with other joints.

The technical objectives in this phase (IRSSITF
have been far more ambitious and are as follows:

To develop the capability to fabricate actual
inflarable’rigidizable structural truss members and
frames that are larger, more complex than those
made previously, and comprised of several different
types of joints, aswell as other design aspects of a
complete structure. The proposed structure for this
phase is shown in Figure 1 .0-1.

»  Toexamineand demonstrate vacuum deployability,
packagability and strength of actual inflatable/
rigidizable structural elements (i.e., frames and/or
trusses) that can be utilized for prefabrication of
space systems.
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Figure I. O-1. Structure for Fabrication
and Deployment in IRSS Phase 11

In addition to the above main objectives, other
critical areas such aslife issues (space hazards),
environmental testing (vibration and thermal),
contamination and outgassing, have been addressed
under this program.

2.0 OPTIMIZATION OF DESIGN AND
FABRICATION DETAILS

Figure 2.0-1 shows the cross section of atypical
inflatable rigidizable membrane. The make up and details
of these types of compositeswere worked out in previous
siudies™*

Figure 2.0-1, Cross-Section of a Typical friffarabie
Rigidizable Membrane

Therigidized composite material consistsof afabric
and a water-soluble resin solution that is rigidized by
dehydration. The outer enclosure (see Figure 2.0-1)
provides a means of obtaining and keeping a high
humidity environment surrounding the rigidizable
material, thereby maintaining it in a non-rigidized
(softened) state until deployment and inflation have
occurred and the system is ready to berigidized. The
outer enclosure also serves to prevent the adhesion
(blocking) of adjacent layers of the wet rigidizable
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material to one another during stowed periods. Further,
this layer controls the rigidization rate (or water
evaporation) during and after deployment by allowing
proper venting.

The rigidizable parts will be formed into their
desired shape by inflation prior to being rigidized. Since
the rigidizable composite materia is not a good pressure
barrier, this will be provided by a thin impermeable
membrane which is located adjacent to the inner surface
of therigidizable composite, asis shownin Figure 2.0-1.

Although these aspects of the technology had been
addressed in detail in the past, more effort was made to
optimize the composite laminate to meet the specific
objective of the program.

21 SCREEMIMG TESTS OF REMFORCEMENT
FIBERS

The objective of thiswork was to identify the best
possible fiber to make composites of high flexural and
compression modulus. An outside mill that specializedin
weaving industrial fabrics was contracted to provide
fabrics of similar weave construction for our composite
development experiments. To screen these fabrics, ang
ply laminate of gel composites of each one of 1l different
fabrics was made. Flexure specimens were cut and tested
per ASTM [¥7an.

Table 2.1-1 shows data obtained from the flexure
test of these laminate composites. As expected, com-
posites made out of graphite, Kevlar and glassfiberswere
the best performers in terms of stiffness. These fibers
were selected and used in the second level tests to
fabricate thin-walled, one-ply hollow cylindersi ="
diameter and = 15" long) for compression strength testing.

Table 2.1-2 shows the mechanical strengths of the
rigidized tubes made of selected fibers, in compression
and bending modes. The specific strength numbersin
Table 2.1-2 represent strengths of the rigidized tubes
divided by the weight of thelZ"-lomg tubes. The com-
pression datain Table 2.1-2 are the averages of the three
readings; each obtained by an independent strain gauge
attached to the wall surface of the tube.

Based oninformation givenin Table2.1-2, graphite
based composite tubes are shown to be stiffer than other
composites. Graphite-based compositeswere particularly
superior to others when specific stiffhess and specific
modulus values were compared to each other. Based on
the data given above, graphite cloth (style 4163) was
selected as the reinforcement cloth for the remaining part
of thiswork.
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TABLE 2.1- 1. COMPARISON OF REINFORCEMENT
FABRICS FOR THE COMPOSITE DEVELOPMENT

Flexural Rrecifs
Progertics (@ BT

Fabne - e 7 e T
e 25| 2 1€ |£5(55
2| 22| BB |E2|E2

L] £B iR = |

Glass 0.8 1060 | X023 | 1260 | 261
Carban 1.0 2503 17117 | 2610 | 178 |
Myvlon 0.7 151 B155 280 | 122 |
Vectran | 0.% | &8 | 6000 | 100 | 6% |
Ry lar 0.6 5T 23020 | 1550 | 44 |
Nomex 0.7 | 219 | 7885 [ 320 | 116 )
Polyester 0% | 98 | 3475 | 110 | 37 |
Cotton 1.1 245 Sa4 | 220 "--J_{
L osliin 0.6 Q6 SR 170 108

TABLE 2.1-2. PROPERTIES OF DIFFERENT GEL-
BASED COMPOSITE TUBES
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2.2 STORABILITY

One of the most important requirements of thistype
of composite is that the composite should be deployable
and rigidizableafier prolonged storage.

The techniques for the effective and extended
storage of inflatable/rigidizakle materials have been
developed under other programs". The methods are dry
storage, frozen storage and wet storage. The dry and
frozen storage techniques are designed to provide storage
during long periods (years) between fabrication and
launch. However, the wet composite must aso remain
stable for shorter periods (e.g., to allow placement of the
systems in the launch vehicle, before deployment and
rigidization in space). Two types of storage tests were
conducted, namely short-term (stored wet for two weeks)
and long term storage (freezing storage for eight months).

The rigidized cylinders were softened (by
rehumidificarion), accordion folded and stored. The
folded tubes were subsequently re-rigidized again and
tested for their mechanical properties. Figure 2.2-shows
typical accordion folded/stored cylindersintheir white
outer enclosure. Tables 2.2-1 and 2.2-2 show the results
and the effect of folding/storage in diminishing the
strength for short and long term storage, respectively.

"I'Note: Specific Properties are calculated by dividing
the property value either by the weight (Lbs) of 1 F* of
laminate(Table 2.1- 1) or thelZ-in-long tube (Table 2 |-

= =3
rbic |2 _| 85 | Be | B2 |5 £
“BloR|locs | CE|EC
[ htimate Comgression Strength
Load Pounds | 83 72 11
Strength PSI 1037 | &3] 1445
-~
SPEiT 1) 2041 | 1805 | 3807
Compression Modulus(2)
Modulus
KPS] ‘ 910 1010 1070
Specific ‘
Modulus 323 252 3
%1 05(1)
Stiflness
[E.ELb.In"2 | . - -
{Hending)) 2 = )
Specific
Stiffness 704 525 1094 105 | 239
€ 10°3(1) | |
Bending Modulus(3)
Modulus
P 547 | 539 | 889 1 950 | 173
Specific
Modulus 194 135 305 433 33
x10°5(1)
Shrinkage% 000 | 000 | 020 | 020 [-130] 2
3
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TABLEZ2 2. 1. EFFECT OF SHORT-TERM
STORAGE/PACKAGING ON MECHANICAL
STRENGTH OF RIGIDIZED INFLATABLE
RIGIDIZABLE CYLINDERS

Bending Stiffness Ll
Fabric | LBEIN' Modulug %%
(2116 | Before| After Before|After| = £
Tubes) IE IE | KPSI |[KPSI |£ .8
Kevlar 21 | 19976 | 14387 | 550 390 | -28.0
Glass 7520 | 21006 | 17101 | 540 440 | -18.6
‘_'I‘: !:I"”"' 31958 | 28992 | RO0 | 810 | 03
il._ir:l:rlll'.w; R e | o T
lboe 12 21778 | 1471 | 350 | 640 | -32.4
IRD I
|:--a..--. ‘ 13500 ‘ 170 | 140 ‘ -16.0

TABLE 2.2-2. COMPARISON OF PROPERTIES
BEFORE AND AFTER 8 MONTHS STORAGE
MEASURED ON GRAPHITE-BASED
COMPOSITES

B

I".i:-.i
Ib=

Elastic Modulus
— ME from Bending
Fluckling Load

homent i@
Buckling

Before  Storage 709 |13 13| 75 |

After Storage 833 49
“» Reduction 36.6 35

N | A
©|©o
co| o

The storagetest resultsindicated that the strength of
these inflatable-rigidizable-composite cylinderswere
adversely affected by this process. For example, the
buckling load decreases 2%.3%, and the modulus
decreases ¥ii.5% of their pre-storage valuesin the long
storage. However, the average modulusiis still 833,000
psi, which is considerably higher than that of otherzel-
based composites previously used.

The decreases mentioned above could be due to
either folding, freezing, or long term storage. There was
insufficient information to determinethe cause. Howevey,
we believe breakage of the warp fibers at the folds and
cross folds is the main cause of weakening of the
composite.
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2.3 PRESERVATION OF WET COMPOSITE FROM
MICRO ORGANISMS

Thechemical structure of the selected water-soluble
resinis similar to that of proteins found in edible foods.
In a humid environment (such as a wet composite) at
room temperature, these organic materialsare susceptible
to attack by bacteria, molds and yeast.

The objective of thiswork was to show that by
applying atypical radiation level (dose), customary inthe
food industry (e.g., 0. I-1 Mrads) to the wet composite, dl
the harmful microorganismsare killed without affecting
the basic property of the rigidized composite.

Wet flexure coupons made out of a cotton-based
composite wereirradiated by a Cesium 137 source to
radiation level sequivalent to an absorbed dose of 1.5, 1.9
and 3.3 Mrads. Bioanalysison al irradiated specimens
showed that in all three radiation levels no microorgan-
isms survived and no further growth could be observed.

The flexure coupons were tested before and after
radiation to determine the effect of gammaradiation on
their stiffness (flexure modulus).

Table 2.3-1 shows the summary of the flexure test
databeforeand after irradiation. Thisindicatesthat at 1.5
Mrad irradiation levels, thereisno significant damage to
the composite. Note that atypical medium level gamma
radiation in the food industry is 0.1 to 1%irad, whichis
considerably smaller than the lowest level radiation (1.5
Mirad) in this study. High levels of gammaradiation,
however, had an adverse effect on the composite and the
atiffness deteriorated.

TABLE 2.3-1. EFFECT OF CESIUM 137
IRRADIATION ON THE COTTON-BASED

COMPOSITE
Radiationlevel
(absorbed dose), 0 34 | 19 15
meza Rads
Flexure modulus KPSl 134 60 89 146
(SD) L I L I [ T L

3.0 TRUSS DESIGN

This section describes the design of the two trusses
built for this program. Following a detailed trade study,
both units were designed using modular legs and joints,
rather than permanently joined legs. The trusses were
built in sequence rather than in parallel, so that lessons
learned and design improvements from the first truss
could be incorporated into the second truss.

4
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3.1 MODULAR DESIGN

The prototypetruss consistsof 2 1 legsand 9 joints.
Six of the joints are made to connect four legs, while
three of the joints (at the middle of the truss) connect six
legs. Figure 1.0-1 shows the original proposed concept
sketch of the truss. Fabricating the six-member joint with
the traditional designs (proposed in IRSS I) would create
acluttered zone where the legs intersect, resulting in
considerable difficulty during fabrication.

A new joint that is far more simple and less
expensive was designed. The new design isamodular
joint where al members are essentially the same except
for length and are connected to ajoint manifold asis
shown in Figure Z.1-1. There were, however, some

Figure 3. I-I. Six-Leg Joint

important technical questions (such as weight and
packaging volume) which had to be resolved before such
achange could beimplemented.

Toanswer theseissuestwo development jointswere
fabricated, one of the new design and one of the old
design. The results showed that the new design would
increase the truss weight by 6% and increase the
packaged volume by 83%. In spite afhis: disadvantages,
the new modular design was preferred, because it offered
considerable other advantages, such as accuracy, ease of
assembly, reusability and repairability. The design of the
the four-legged joint with frustum-ended legsis shownin
Figure 3.1-2.

sl o0 ="
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32 DEVELOPMENT TESTS OF THE MODULAR
DESIGN

Before fabrication of
Prototype ¥ 1, two “test legs’
wereconstructed to examine
the manufacturability,
strength, and stiffness of the
new frustum-ended design.
Figure .2-1 shows atypi-
cal single modular leg. The
24" long legs had the new
frustum design on one end,
and a simple cylindrical
fitting on the other. The test
leg wastested in bending at
both ends.

The frustum section
was designed and built out
of three layers of the fabric and was expected to be nearly
as stiff asthe one-ply cylindrical section of theleg. This,
however, was not realized and it was found that the
frustum end of the leg had a stiffness that was only 42%
of the cylinder-end stiffness. No further effort was made
to increase the frustum stiffness and the truss units were
built using the frustum design asis.

Figure 3.2-1. Miovalsil aw

Lag

4.0 TRUSS FABRICATION AND TESTING

41 GENERAL

Once the devel opment tests were complete, the
trusses were built and tested in sequence. Truss##1is
shownin Figure 4. I-I. Table 4. 1- 1 showsthe list of tests
performed on each unit. Note that most of the tests
performed on Prototype # 1 were repeated on Prototype #2
to quantify the improvement achieved as aresult of the
design changes. While the details of the testing are not
described in this paper, Figures4 1-2,4,1-3,4 |4, and
4.1-5 show pictoria highlights of the testing.

o it
r

Provatvpe B Truss

Figure 4. I-1.
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TABLE4.1-1. TEST SUMMARY FOR

PROTOTYPES #1 AND =2

TEST

PROTO
TYPE

#l 2

Assembly & adjustment of truss

x

X

Natural frequency before packaging

Humidification

X
X

Truss measurement after humidification

Packaging

x

Random Vibration

Therma Cycling

Deployment in ambient conditions

Rigidization

-

Truss measurement after deployment

Natural frequency

XX e | X X=X ] X]|=

Bending stiffness

-

Compression stiffness

x

Bending strength

Humidification

Packaging

Vacuum deploy et

W acuum and ambient rigidization

| Modal testing

e [ XXX x| < | = x

Figure 4.1-2. Height Gage Setup
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MR T
Figure 4. {-4. Deployment
Halfiwvay Deployed

Figure « /-5 Deployment Tess-
Futly Deployed
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The most notable difference between the testing of
the first and second unitswastheinclusion afthe vacuum
deployment and modal tests for Unit #2. These tests are
described in more detail in the following sections.

4.2 VACUUM DEPLOYMENT TEST

The major test for Prototype#2 was the vacuum
deployment test. This
was performed in
L'Garde’s 3-foot-
diameter by 3-foot-
long vacuum cham-
ber. A photo of the
chamber and test
equipment is shown
inFigure 4.2-1.

Theinstrumen-
tation and controls,
both pneumatic and
electrical, werequite
involved. The truss
was initially pack-
aged in a sealed box
which  was kept
pressurized at one
atmosphere (absolute). Thiswas necessary to prevent the
trussfromrigidizing prematurely whilein the folded state
during pumpdown. The box was designed so that it could
be vented prior to the door being opened. This was
necessary to reduce the load on the latches, and to keep
the box from “exploding” open.

A video camerawas placed underneath the chamber
to view the truss deployment. Figures 4.2-3 through 4.2-6
show the truss during deployment. These views were
taken looking upward.

Figure 4.2-1. Vacuum Depiny-
menr Test Setup

1997

Figure 4.2-2. Facuum Deployment
(Door still closed)
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Figure 4 2-31 — Deployment
(Door open, truss stillpackagedl

Figure 4 2od Facwwm Deployment
(TI’USS b Tl i i :l"-\.u'."ll'l.'

Figure 4. 2.5 acuum Deployment
(Truss deployed, but not at. fullgressire)

r
[LUVLLL |Il-| HiER

{Trss fiully deploy'ed)

7
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Shown in Figure 4.2-7 is the pressure profile during
the test. Both the chamber pressure and truss pressure
were measured. The truss was maintained at 3.0 psi
(differential) after deployment.

- —

I —| I ——
J_l_ll..; | (- -
It T A
il ] . 1
i : . t : ! 1|
e IE=E===
P s - f — +—
o N — —— - — =
& = =4, . Il
a e e ]
4 AT i £+
Ehupuind s i sl ) " i
. i pressery. —— Trami Presders F1 ... Toss Py gl

Figure 4.2-7. Deployment Pressures vs. Time

Figure 4.2-8 shows the temperature of the truss,
box, and chamber during deployment. Note that the truss

temperatures started to drop when the box was vented.

When the truss was inflated, however, the chamber
pressureroseto alevel above the vapor pressure of water,
reducing evaporation and, therefore, the cooling of the
truss. For the remainder of the test, the temperature stayed
ata5-To"F.

EL1
g trsa irvies wel i

— T ] i

Figure 4.2-8. Deployment Temperatures

43 MODAL TEST OF PROTOTYPE#Z

Following the vacuum deployment test, the truss
was subjected to amodal test at NASA Goddard Space
Flight Center (GSFC). The truss was mounted in the
deployed state on GSFC's shaker table in the vertical
position. Threetriaxial accelerometerswere mounted on
the three joints at the top of the truss, while three single
axis accelerometers were mounted at the middle joints.
The test consisted of sine sweep and random vibration
excitations.
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The first two latera modes of the truss were
observed at 33.8 and 38.2 Hz. The 33.8 Hz mode was
associated with the x-axistest, and the 38.2 Hz mode was
associated with the y-axis test (see Figure 4.3-11. These
two modes had damping coefficients of 15.5% and &, 2%,
respectively. More details on the Modal test will be
presented in a paper being prepared by NASA-JPL.

Figure 4.i-I. Coordinate Dflnitian for Modal Test

44 SUMMARY OF TEST RESULTS

A brief summary of test resultsis shown in Table
4.4-1. These results show that the strength and stiffness
of the truss improved when Truss #2 was compared with
# 1. In the case of compression strength, the improvement
was | 08%,

TABLE 4.4-1. SPECIFICATIONS OF TRUSS

YALUE - PROTOTYPE
FROPERTY
¥ ] B
helass 1917 g I 2028g
Package Volume 1953 in™ | 1953 in"™
Deployed Length SO.10in. | 6010 in.
Matural Frequency Before | [Not |
Packaging (cantilever meksured | ' 2.3 Hz
mrounbed) |
Matural Frequency After I
Ambient Deployment 26.8Hz |385Hz
(cantilever mounted)
Bending Stiffness 560 in-lbs | 17 204 inr-
i ‘inch lbs/inch
Compression Stiffness 0.280 Iz’ | 0.652 Iha!
microstrain|microstrain
Compression Strength 138.8 Ibs | 288.51bs
Bending Moment at 484 in-lbs | 2360 in-Ibs
Buckling

*We did not make a strong attempt to minimize the

packaged volume.
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5.0 SUPPORTING ANALYSIS —
PARAMETRIC STUDY

A thorough analysis was performed on the truss
unit, using both Finite Element Analysis (FEA ) and hand
calculations. The primary purpose of this supporting
analysiswasto investigate the effects of the following
tube parameters -thickness, diameter, length, and elastic
modulus- on the strength of the truss.

The results of the study were:

[. Theexisting trusslegs have amuch higher long
column buckling strength than local buckling
strength, under both compressive and bending
loads; i.e., the primary failure mode is local
buckling. Optimal design can be achieved by
adjusting the parameters until both strengthsare
about the same.

2. Thecritical loads occur at the three longitudinal
members, close to the fixed end. Thisfmding is
confirmed by actual test results.

3. Increasing the thickness increases the strength
dramatically, under both compressive and
bending loads; e.g., 36% increase in thickness
will increase both the compressive and bending
strengths by 100%. This increases the
strength/weight ratio.

4. Decreasing the diameter increases the local
buckling critical load, but decreases the long
column buckling critical load, under both
compressive and bending loads, e.g., 32%
decrease in diameter will increase the
compressive strength by 13%: and the bending
strength by %% This increases the
strength/weight ratio.

5. Increasing the length of the shortest tubes (i.e.,
increasing the trianglular base of the truss)
increases the strengths, under both compressive
and bending loads; e.g., 20%: increase in tube
length will increase the compressive strength by
| 2% and the bending strength by 19%. This
does not increase the strength/weight ratio.

6. Increasing the elastic modulus increases the
strengths linearly, under both compressive and
bending loads; e.g., 33% increase in the

9
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modulus will increase both strengths by 33%.
This increases the strength/weight ratio.

7. Themateria thickness of the actual trusslegsis
uneven. The thicknessin some areasis smaller
than the average. Thisis the main reason for the
truss not being able to achieve the theoretical
strength (289 vs. 484 Ibs under compression,
and 39 vs. 116.5 Ibs under bending). Combined
with the Finding 3. above, it is beneficial to
increase the thickness, and the uniformity of the
thickness.

8. Optimal design can be achieved by increasing
the thickness and decreasing the diameter at the
same time, until the local and long column
buckling critical loads are about the same.

Under compressiveload, the optimal designisfound
to be atruss leg diameter of 1.33” and a thickness of
0.0157". This increases the strength by 146%. Under
bending load, the optimal designisfound to be a diameter
of 1.384" and athickness of 0.0 151" Thisincreases the
strength by | 1744, Since the thicknessis increased, and
the diameter decreased, the weight and volume are
unaffected.

6.0 CONCLUSIONS & SUMMARY

The main objectivesfor this program were; 1) To
develop methods of joining elements of an
imflatablerigidizable structure with complex joints, and
to demonstrate these methods. 2) To demonstrate vacuum
deployability, packagability and strengths of an
inflatable/rigidizakle truss unit. Both these objectives
wereaccomplished.

During the design and development of the truss, a
modular joint design was chosen over the flexible joints.
This change was implementedaficr performing adetailed
trade study and a series of comparison tests. The results
showed that while the modular design would result in a
higher system mass and packaged volume, its advantages
showed it to be superior.

Two prototype truss units were built and tested in
sequence, rather than in parallel, to alow improvements
to be made to the product namely; the change to seamless
tubing and several minor design changes to the modular
joint. These changes resulted in atruss strength increase
of 10&% (based on the truss compression test).
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The highlights of the Prototype £ test effort were

the vacuum deployment and modal tests. The vacuum test
demonstrated that the truss could survive the dynamics of
deployment, and that the venting of the entrapped gases
was adequate. The modal test (conducted at ' A5A-
Goddard) showed that the truss possesses a very high
stiffness and excellent damping properties.
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