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Development of in� atable structures for space applications has progressed rapidly in the past few years. No-
ticeable advances have been achieved in several key technology areas, such as system concepts, analysis tools,
material selection and characterization, and in� ation deployment control. However, many challenges remain to
be overcome before the in� atable structures can be actually incorporated into space � ight systems. One of these
challenges is the development of suitable in-space rigidization methods, and many researchers in the space in� at-
ables community are currently working toward this goal. The concept and development of a new type of space
in� atable/self-rigidizable structures, called the spring-tape-reinforced aluminum laminate booms is described.
Analysis and test results related to buckling capability, effects of stowage, modal characteristics, and dynamic
responses of spring-tape-reinforced aluminum laminate booms are presented and discussed.

Nomenclature
E = modulus of elasticity
I = moment of inertia
L = length
Mbeam = mass of the beam
Mmass = lumped mass

Introduction

S PACE in� atable structures technology is one of the emerging
technologies that can potentially revolutionize the design of

large space structural systems. There is great interest in near-term
space applications of in� atable structures and in the possibility of
enablingseveralbreakthroughmissions in themore distantfuture.In
fact, many future NASA missions must use space in� atable struc-
tures to meet their launch volume and mass goals. This is espe-
cially true for missions that will employ � ight hardware compo-
nents and systems of relatively large in-orbit con� gurations. These
include radar antennas,solar arrays, sunshades,solar concentrators,
and telescope re� ectors. At present, these hardware components
and systems commonly use mechanically deployed structures to
meet their launch volume constraints. Compared to mechanically
deployed structures, space in� atable structures have many distinct
advantages, such as much lighter weight, higher packaging ef� -
ciency, lower life-cycle costs, simpler design with fewer parts, and
higher deployment reliability. In 1997, NASA embarked on a tech-
nology development program to advance the in� atable technology
andmake it availableto 21st-centuryspacemissions.Since that time,
importanttechnologicaladvancementsin spacein� atablestructures,
particularly in the areas of controlled deployment,material charac-
terization, and analysis and simulation tools, have been achieved.
However, space rigidizationof in� atable structurescontinue to be a
major technical challenge and must be adequatelyaddressedbefore
space in� atables can be actually applied to future missions.
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For space applications, the desired features for space rigidization
include 1) being lightweight and easily adaptive to high-ef�ciency
packaging; 2) being compatible with existing controlled deploy-
ment schemes; 3) requiring no, or very low, space power or curing
agent; 4) producing no, or very low, in-orbit outgassing or contam-
ination; 5) having predictable postrigidization con� guration accu-
racy; 6) being adaptive to standard ground handlingproceduresand
schedules (e.g., if a curing agent is needed, it must have a long
enough shelf life in ambience to accommodate � ight system in-
tegration, launch preparation, and possible launch delays); and 7)
having a reversible rigidization process such that the rigidization
process and postrigidization con� guration of the � ight unit can be
checked out and then repackaged for launch. At this time, many
space rigidization methods are being studied and developed.These
methods include stretched aluminum laminate, hydro-gel rigidiza-
tion, open-cellfoam, and variouspolyesterresins that are curableby
space cold, heat, UV, or infrared (IR). Of all known space rigidiza-
tion methods, only the one that uses stretchedaluminumlaminate is
judged to possess all of the aforementioneddesired features. Addi-
tionally, the space rigidizationmethod of using stretched aluminum
laminates also has two more important advantages:1) This method
uses the rigidization pressure from the in� ation system that is al-
ready needed for deployment. 2) Both of the component materials,
aluminum and Kapton®, of a typical aluminum laminate have long
heritages of space applications. However, the stretched aluminum
laminate rigidizationmethodhas two major shortcomings,low load-
carrying capability and local failure modes. Because, due mainly
to packaging constraints, only a very thin (no more than 0.1-mm)
soft aluminum layer can be incorporated in the laminate, the in-
� atable/rigidizable booms made of stretched aluminum laminates
buckle under very low axial loading due to local crippling. Local
crippling is a failure mode induced primarily by surface and/or em-
bedded imperfections in the boom walls that can vary from one
boom to another, even though they are of the same design. Be-
fore the stretched aluminum laminate method can become the pre-
ferred space rigidization method for in� atable structures, the load-
carrying capabilitymust be improved and the local failure mode be
eliminated.

Spring-Tape-Reinforced Aluminum Laminate Booms
During thepast severalyears, the JetPropulsionLaboratory(JPL),

California Institute of Technology, has been continuously engaged
in performing research related to space in� atable structures, includ-
ing long space-rigidizablebooms made of stretchedaluminum lam-
inates. It was during such an effort that the concept of a new kind of
self-rigidizablespace in� atable structure, identi� ed as spring-tape-
reinforced aluminum laminate booms, was invented.1
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A typical spring-tape-reinforced aluminum laminate boom con-
sists of a tube that is formed with aluminum laminate sheet and
seamed by Kapton tape and two end caps. Figure 1 shows the cross
section of the aluminum laminate tube. To keep the boom straight
after the in� ation deployment,a dummy seam is placedon the oppo-
site location (180 deg apart) of the real seam. Four spring tapes are
attached to the inside wall of the tube in the axial direction. At this
time, commercially available stainless steel measuring tapes, com-
monly known as carpenter tapes, are used. With a wall thickness of
about 0.1 mm, a spring-tape-reinforced aluminum laminate boom
can be easily � attened, rolled up (or folded up), and deployed by a
relativelylow in� ationpressure.The bucklingcapabilityof a spring-
tape-reinforcedaluminum laminate boom is signi� cantly improved
by the high modulus of elasticity and curved cross-sectionalpro� le
of the spring tapes.The lengthof a spring-tape-reinforced aluminum
laminate boom can consequently be signi� cantly increased. Note
that spring tapes are very effective in resisting inward buckling, and
the aluminumlaminatewall is very stable in resistingoutwardbuck-
ling. Therefore, these two componentseffectivelycomplementeach
other in resisting local cripplingof the boom. In addition,unlike the
nonreinforcedaluminum laminate booms, a spring-tape-reinforced
aluminum laminate boom relies on the reinforcing tapes, not pre-
strain inducedby high internalpressure, to attain its postdeployment
stiffness.The requiredin� ationpressurefor a spring-tape-reinforced
aluminum laminate boom is relatively low (usually less than 5 psi)
and that, in turn, reduces the load requirements for its seam.

Buckling Test and Analysis
The axial buckling capability of a spring-tape-reinforced alu-

minum laminate boom has been investigated in a previously re-

Fig. 1 Cross section of a typical spring-tape-reinforced aluminum
laminate boom.

Fig. 2 Finite element model and buckling analysis of a spring-tape-reinforced aluminum laminate boom.

ported research effort.2 A brief summary is given here for the sake
of completeness.

Seven spring-tape-reinforced aluminumlaminatebooms samples
were designed, fabricated, and buckling tested. These booms were
7.62 cm in diameterand 5 m in length.The boomwalls weremadeof
an aluminum laminate that consists of a 0.0762-mm-thick 1145-O
aluminum sheet with 0.0254-mm-thick polyester � lms bonded on
both sides. The reinforcementtapes were steel carpenter measuring
tapes (commercial-grade tapes). The nominal weight of each boom
specimen (excluding the end caps) was slightly less than 0.9 kg.
Table 1 shows the results from buckling tests conducted on these
sample booms with pin–pin end conditions.

Because the seven sample booms were numbered in accordance
with the order in which they were fabricated, the differences in the
buckling loads were mainly due to improvements in boom fabrica-
tion and assembly, including better straightnessand adhesive tapes.
As the fabrication/assembly of booms improved from specimen 1 to
7, the corresponding Euler buckling load of the boom was asymp-
totically approaching the theoretical value of 75.2 kg as predicted
by analysis. Figure 2 shows the � nite element model and the buck-
ling analysisresultof the spring-tape-reinforced aluminumlaminate
boom. This model is composed of 4802 nodes. Aluminum laminate
sheets were simulated by 2364 plate elements. Carpenter tapes with
aluminum laminate sheets were simulated by 2364 laminate ele-
ments. End caps were simulatedby 96 elements.Because this model
is used to analyze the characteristicof the boom after it is deployed
and rigidized, there is no internal pressure involved in this model.
From Fig. 2, one canobservethat the failuremode is an Eulerbuckle.

The buckling load predicted by the � nite element analysis is
75.2 kg (167 lb), compared to the best � rst-time buckling test result
of 74.3 kg (165.2 lb). The percentage difference between the ana-
lytical prediction and test result is

» D 1 ¡ test result

analysis result
D 1 ¡ 165:2

167
D 1% (1)

One questionthat still needs to be answered is what percentageof
buckling load increase is induced by the addition of reinforcement.
Without the reinforcement,the buckling load of a thin-walledboom
is very unpredictable.However,we found some bucklingtest results

Table 1 First-time buckling test results

Boom Buckling Buckling
number load, kg type

1 53.1 Euler
2 51.3 Euler
3 60.8 Euler
4 67.3 Euler
5 60.5 Euler
6 61.4 Euler
7 74.3 Euler
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Table 2 Buckling test results
of unreinforced booms

Boom number Buckling load, kg

1 11.6
2 13.7
3 15.1

Table 3 Comparisons between reinforced and unreinforced
aluminum laminate booms

Parameter Reinforced Unreinforced

Average buckling loads, kg 61.2 13.5
Length, m 5 0.46
Aluminum thickness, mm 0.076 0.076
Aluminum diameter, mm 76.3 102
Boundary condition Pin–pin Fixed–� xed

of an unreinforced aluminum laminate boom in the literature3 that
can be used for comparison with the buckling capability of a rein-
forcedaluminumlaminateboom. The unreinforcedboom was made
of 0.076-mm-thickaluminumshell, the length was only 0.46 m, and
the diameter was 102 mm. The boundaryconditionwas � xed–� xed.
Table 2 gives the buckling test results of unreinforced aluminum
laminate booms. Table 3 gives the comparisonsbetween reinforced
and unreinforcedaluminumlaminatebooms. From Table 3, one can
see that the buckling capability of the reinforced boom increased
to 4.5 times that of the unreinforced boom, whereas the length in-
creased to 10.9 times, and the diameter decreased to 0.75 times, that
of the unreinforcedboom.

Stowage and Redeployment Tests
To study the packaging ef� ciency and stowage effect of spring

tape-reinforcedaluminum laminate booms, a series of stowage and
redeployment test were performed on booms 3 and 4. For stowage,
the booms were � attened and rolled up on a mandrelwith a diameter
of 16.5 or 30.5 cm before in� ation deployment. Figure 3 shows the
process of a typical in� ation deployment. The deployment control
technique using Velcro strips was employed.

Test Description
A description of the test follows:
1) Before being tested for the � rst time, both booms 3 and 4 were

in� ated for 5 min at 34.5 kPa before testing.The buckling loads are
61.3 kg for boom 3 and 67.9 kg for boom 4.

2) After the buckling tests, both booms were � attened and tightly
rolled up on mandrels.A 16.5-cm-diammandrel was used for boom
3, and a 30.5-cm-diam mandrel was used for boom 4.

3) After � ve days in storage, boom 3 was � rst unrolled. After
the boom was unrolled, we found wrinkles along the edge in some
areas. Figure 4 shows a closeup of these wrinkles. These wrinkles
may have been caused by the boom not being perfectly straight to
begin with, and the problem may have been further compoundedby
the imperfect process of rolling up.

There are two terminologies that need to be de� ned here. When
the boom is rolled up, one side of the boom faces the mandrel
and is compressed (Fig. 5). This surface will be designated as the
compressedsurfaceand theoppositesurfaceas the stretchedsurface.

After the boom was in� ated at 34.5 kPa for 5 min, these edge
wrinkles almost disappeared. At this time, some bigger wrinkles
appeared on the stretched surface. Figure 6 shows these wrinkles.
One explanationfor these wrinkles is that the stretched surface was
elongated during the rollup. In� ation tends to straighten the boom
and inducethesewrinkles.These wrinklescouldbeone of thecauses
of the buckling load decay.

After in� ation, boom 3 was tested twice. The � rst test result was
41.7 kg, and the second test result was 40.5 kg. The boom was
in� ated at 34.5 kPa for 5 min between two tests.

After the two tests, we kept the boom in� ated at 34.5 kPa for
2.25 h. We noticed that 30–40% of the wrinkles were removed. We
repeated the buckling test again, and the resultwas 42.6 kg. Keeping
the boom pressurized for some time apparently helped to remove
wrinkles and to straighten the boom. As a result, the buckling load
increased.

Fig. 3 In� ation deployment of a 5-m spring-tape-reinforced boom.

Fig. 4 Wrinkles on boom 3.

Fig. 5 Terminologies.

Fig. 6 Wrinkles on boom 3, after in� ation.

Boom 4 was also unrolled and tested on the same day. Figure 7
shows boom 4 after in� ation. One can also see bigger wrinkles on
the stretched surface of the boom, but they were not as severe as on
boom 3.

Two buckling tests were conducted. Buckling loads of 47.9 and
46.1 kg were recorded, respectively.

Test Results and Discussion
The poststowagebuckling test results are summarized in Table 4.

In Table 4 � rst-time load refers to the � rst-time buckling load
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Table 4 Buckling test results of redeployed booms

Boom Test Buckling In� ation
number number load, kg time, min

3 1 61.3 (� rst time) 5
3 2 41.7 (rolled up) 5
3 3 40.5 (rolled up) 5
3 4 42.6 (rolled up) 135
4 5 67.9 (� rst time) 5
4 6 47.9 (rolled up) 5
4 7 46.1 (rolled up) 5

Fig. 7 Boom 4, after in� ation.

recorded before the booms are rolled up. In� ation time refers to
the time that the booms were left pressurized.

We observed that the buckling load decreased each time we re-
peated the test on the same boom, except for test 4 on boom 3, when
the boom was kept pressurized for an extended period of time.

When tests 2 and 3 are compared for boom 3, note that buckling
load was reduced by 1.2 kg. Under the assumption that the same
thing would have happened if the boom were never rolled, the per-
cent reduction of the load on boom 3 due to roll up (on a 16.5-cm
mandrel) is

61:3 ¡ 41:7 ¡ 1:2
61:3 ¡ 1:2

D 31%

Applying the same reasoning for boom 4, we � nd that the percent
reductionof the loadonboom4 due to roll up (ona 30.5-cmmandrel)
is

67:9 ¡ 47:9 ¡ 1:8

67:9 ¡ 1:8
D 27%

Comparing tests 3 and 4, we � nd that the percent increase of the
load due to continuous pressurizationof the boom is

42:6 ¡ 40:5 C 1:2

40:5 ¡ 1:2
D 8%

From these test data, we can make the following observations:
1) After a boom is rolled up for stowage and later unrolled, its

resistance to buckling is reduced. During the rollup, the aluminum
skin on the outsideof the boom is stretched,whereas the skin on the
inside of the boom is compressed. After the boom is unrolled and
in� ated, the uniform internal pressure causes the outside surface
of the boom to wrinkle. This may be the primary reason for the
decrease in buckling resistance.

2) The wrinkles along the edges of the � attened boom are more
easily removed by in� ation pressure than the wrinkles on the sur-
faces.

3) The diameter of the mandrel appears, at least in the range of
16.5–30.5cm, not to affect thebucklingload of the redeployedboom
signi� cantly.

4) Keeping the redeployed boom under in� ation pressure notice-
ably improved its buckling capability.

Dynamic Test and Analysis
Dynamic characteristics of a 5-m spring-tape-reinforced alu-

minum laminate boom have been analyzed and test veri� ed. The

Table 5 First three global frequencies
obtained from test and analysis

First global Second global Third global
frequency frequency frequency

Test
1.46 Hz 11.30 Hz 34.31 Hz

Analysis
1.47 Hz 11.54 Hz 34.21 Hz

Differences
0.7% 1.3% 0.3%

Fig. 8 Typical frequency response spectrum.

boom also has a 0.0762-mmaluminumlaminatewall and is 7.62 cm
in diameter. The boundary condition of the boom is � xed (top)–free
(bottom).

Dynamic Test Results
Figure 8 gives a typical frequency response spectrum obtained

from dynamic testing of the spring-tape-reinforced aluminum lam-
inate boom. The input excitationand output response are both mea-
suredand recordedat the lower (free)endof the boom.The � rst three
resonant frequencies are obtained as 1.46, 11.30, and 34.31 Hz.

Dynamic Analysis
A high-� delity � nite element model has also been assembled

for the boom sample used in the dynamic testing. This model is
composedof4802nodes.Aluminumlaminatesheetswere simulated
by 2364 plate elements. Carpenter tapes with aluminum laminate
sheets were simulated by 2364 laminate elements. End caps were
simulated by 96 elements. Figure 9 shows the � nite element model
used for dynamic analysis of the spring-tape-reinforced aluminum
laminate boom.

The � nite element analysis predicted the � rst three global fre-
quencies at 1.47, 11.54, and 34.21 Hz. Table 5 compares the ana-
lytical predictions with the results of actual dynamics testing. The
maximum difference is only 1.3% for the second mode frequency.

Figures 10–12 show the � rst three global modes. This � nite ele-
ment model produced 11 modes between 0 and 34.5 Hz. Because
of symmetry, mode 1 is identical to the mode 2, which is the � rst
global mode. Mode 3 is identical to the mode 4, which is the second
global mode. The 11th mode is identical to the 12th mode, which is
the third globalmode. There are six localmodes between the second
global mode and the third global mode. Mode shapes of these local
modes are represented by Figs. 13–18.

Simulation of a Spring-Tape-Reinforced
Aluminum Laminate Boom

In an attempt to reduce modeling and computational efforts, the
feasibilityof modeling a spring-tape-reinforced aluminum laminate
boom by the use of beam elements, instead of laminate and solid
elements, was investigated. This effort was based on the following
basic data of a spring-tape-reinforced aluminum laminate boom:
The weight of the boom is 0.9 kg, the weight of the end cap is
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Fig. 9 Dynamic analysis � nite element model.

Fig. 10 First global mode shape.

Fig. 11 Second global mode shape.

0.366 kg, and the length of the boom is 5 m. The � rst frequency, as
predicted by � nite element analysis, is 1.4675 Hz.

The fundamental frequency of a slender beam with concentrated
mass (end cap) at one end and the other end � xed can be calculated4

by the equation

f1 D 1

2

r
3E I

L3.Mbeam C 0:24Mmass/
(2)

Based on the givendata, the valueof E I (i.e., the productof Young’s
modulus and moment of inertia) of the beam is calculated to be
2061 N ¢ m2 (718,102 lb ¢ in.2).

A new � nite elementmodel was created.This model is composed
of beam elements with a length of 5 m and an E I of 2061 N ¢ m2.
At the bottom of the beam, there is a 0.366-kg lumped mass that
is used to represent the end cap. The top of the beam is � xed, and
the bottom of the beam is free. The � rst three natural frequencies
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Table 6 Frequencies of laminate element model
and beam element model

Element First global Second global Third global
type frequency frequency frequency

Laminate 1.47 Hz 11.54 Hz 34.21 Hz
Beam 1.46 Hz 11.62 Hz 35.26 Hz
Difference 0.7% 0.7% 3.1%

Fig. 12 Third global mode shape.

Fig. 13 Fifth mode.

Fig. 14 Sixth mode.

and mode shapes are calculated. Table 6 gives the � rst three global
frequencies calculated by the use of laminate elements and beam
elements.

The � rst and second natural frequencies of these two models are
very close. The third natural frequencies of these two models are
different by more than 3%. One reason is that, during the � rst and
second modes, the cross section of the laminate elementmodel does
not change noticeably (Figs. 19 and 20). However, for mode 3, one
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Fig. 15 Seventh mode.

Fig. 16 Eighth mode.

Fig. 17 Ninth mode.

can see from Fig. 21 that the cross sectionof the boomhas obviously
changed from a circular shape. Therefore, the beam element model
should not be used to calculate high-frequencycharacteristics.

Extension of Boom Length and Capability
From an assessment of the load-carrying requirements of poten-

tial spaceapplicationsof spring-tape-reinforced aluminumlaminate
booms, the maximum boom length is estimated to be about 10 m.
This estimate is based on the assumption that the boom is made of

commerciallyavailablecarpenter tapes,which put an arbitrary limit
on the boom diameter of 7.62 cm.

To extend this maximum useful boom length, we are consider-
ing the concept of clustered booms. A clustered boom is formed
by structurally joining three, four, or more individual spring-tape-
reinforced aluminum laminate booms together. A preliminary an-
alytical study has been conducted, which showed that a clustered
boom yields signi� cantly higher buckling strength than a single
spring-tape-reinforced aluminum laminate boom. It is believed that
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Fig. 18 Mode 10.

Fig. 19 Deformed cross section of the � rst mode.

Fig. 20 Deformed cross section of the second mode.

the clustered booms can reach a length of over 50 m. In� ation
deployment of clustered booms is also inherently stable, and the
need for adding deployment control devices may be eliminated.
However, there remain many practical issues for the design and
fabrication of clustered booms that need to be resolved. These in-
clude the joining of booms, packaging schemes, and deployment
mechanisms.

Other design improvements for enhancing structural integrity
andtheload-carryingcapabilityof spring-tape-reinforced aluminum

laminate booms that are currently being considered are 1) the ad-
dition of circumferential reinforcements,2) improved laminate ma-
terials, 3) larger boom diameters, and 4) longitudinal reinforcing
tapes made of � berglass/epoxy composite, graphite/epoxy compos-
ite, titanium, or other high-toughnessmaterials. In addition, a new
generation of modeling and analysis tools is also being developed
speci� cally for space in� atable and rigidizablestructures,including
spring-tape-reinforced aluminumlaminatebooms.For example, see
Ref. 5.
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Fig. 21 Deformed cross section of the third mode.

Summary
The spring-tape-reinforced aluminum laminate booms represent

a new and innovative type of space in� atable and rigidizable struc-
ture. Through the developmentprocess, including design, analysis,
fabrication, assembly, and testing, many distinct advantages of the
spring-tape-reinforced aluminum laminate booms have been iden-
ti� ed and demonstrated. These include 1) simplicity of design, 2)
self-rigidizabilityin space, 3) high load-carryingcapability, 4) high
packaging ef� ciency, 5) failure by Euler buckling (which is easy
to predict) instead of local crippling, 6) low in� ation deployment
pressure requirements, 7) space-quali�ed materials with negligi-
ble outgassing and contamination, and 8) reversibility for repeated
ground testing.
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