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Deflection of Multicellular Inflatable Tubes
for Redundant Space Structures

Hiraku Sakamoto¤ and M. C. Natori†

Institute of Space and Astronautical Science, Kanagawa 229-8510, Japan
and

Yasuyuki Miyazaki‡

Nihon University, Chiba 274-8501, Japan

A new concept of redundant space structures using multicellular in� atable elements is proposed, and the results
of basic analyses on simple multicellular models are reported. Much effort has been devoted to methods for
suf� ciently hardening the in� atable elements in space to tolerate damage sustained from space debris, especially
with respect to rigidization of a membrane; however, if the structures are redundant, they do not need to be as
stiff and strong as those without redundancy. De� ections of two kinds of multicellular cantilever in� atable tubes
are numerically investigated. First, nonrigidized tubes are analyzed by the modi� ed Euler–Bernoulli beam theory.
Second, rigidized tubes with slackening effects of the membrane are simulated using the modi� ed nonlinear � nite
element method. The results show that multicellular tubes can be redundant against problems with pressurization
and can be as stiff and as strong as monocellular models with less internal gas. In the multicellular rigidized
in� atable tubes, maintaining a small amount of internal pressure is quite effective to prevent the deformation of
the cross section, which causes a drop in stiffness and strength. Therefore, adoptinga redundant system is effective
both for rigidized and nonrigidized in� atable elements.

Nomenclature
a = constant
C = curvature of centerline of tube
C0 = constant
c = dimensionless curvature
d = diameter of cross section of in� atable tube
E = effective modulus of membrane
f = outer force vector
h = parameter of membrane
h p = height of square plate
I = second moment of area
L = length of in� atable tube
L p = side length of square plate
M = moment
Mp = total mass of modularized plate without internal gas
m = dimensionless mass
N = normal vector
Nm = maximum axial stress in membrane
N0 = minimum axial stress in membrane
n = number of division of each side of modularized plate
n = unit normal vector
P = internal pressure of in� atable tube
r = radius of cross section of in� atable tube
s = ratio of length and height of square plate
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t = thickness of membrane
V = volume of in� atable tube
W = tip load
x = distance from root end
x = position vector of nodes
y = de� ection of in� atable tube
³ = dimensionless measure of change in radius
µ = angular position
· = ratio of speci� c heat
º = Poisson’s ratio
½ = density of membrane

Subscripts and Superscript

i , j , k = node numbers
m = triangle element number

Introduction

R ECENT developments of electrical device technologies have
enabled us to make smaller satellites at lower costs, whereas

larger space structures are essentially required for satellites, such
as large parabolic antennas, solar re� ectors, or solar sails. There-
fore, so-calledgossamer spacecraft,or very large and ultralow mass
space structures, have been extensivelystudied in recent years. Ac-
cording to Ref. 1, gossamer spacecraft fall into six categories: sails,
strings (tethers), in� atables, lenses, meshes, and � elds.Within these
categories, in� atable structures have, in particular, generated wide
interest for low-cost � ight hardware.

Concepts of in� atable deployable space structures have been un-
der development since the early 1960s, when the ECHO balloon
satellites were successfullysent into orbit,2¡4 and some basic anal-
yses for the structure design were made.5 Since the mid-1990s, as
requirements for larger space structures have increased, in� atable
elements have come to the great attention of many researchers as
promising space structure elements in the new century. Major ad-
vantages of using in� atable elements in space are their potentials
of high packaging ef� ciency and lower fabrication cost. High de-
ployment reliability is also expected due to being constructed with
fewer mechanisms. In addition, structures with higher precision
could be constructedby combining in� atable membranes and cable
networks.6

However, in� atable elements essentially have two major
problems.7¡9 First, environmental threats such as space debris or
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meteorites, atomic oxygen, and ultraviolet and radiation damage
eventually result in leakage of the internal gas. Second, because of
the high � exibility, free in� ation deployment of in� atable elements
could be very volatile. This problem was clearly evidenced by the
orbital deployment of the In� atable Antenna Experiment � own in
May 1996 (Ref. 10). Therefore, some kinds of control are required
for stabile deployment.

To ameliorate the � rst problem, leakage,much research has been
donewith respectto rigidizationof a membraneafterthe deployment
in space so that the elements can keep their shapes and stiffness
even when they lose the internal pressure. As possible rigidization
technologies,thermal/solar radiationcure, UV cure,metal yielding,
foam rigidization, and other methods have been discussed,7;9;11¡14

however, there are still some dif� culties in establishing practical
technologies.

In� atable elements discussed so far can be categorized into three
types, according to the rigidization methods. The pressurized type
has a nonrigidizable membrane and needs to maintain internal gas
pressureover the life of the mission.The rigidized type has a rigidiz-
able membrane, which can be rigidized after deployment in space
and keeps its stiffnessevenwhen it loses the internalpressureduring
the mission life. Basically there are two methods for rigidization:
chemicalreactionand metal yielding.The foam-rigidizedtype is de-
ployed and hardenedby foam � lled inside the enclosing membrane.

Many efforts have been devoted to harden suf� ciently the in-
� atable elements to tolerate damages over the life of the mission.
However, the authors believe there must be another approach. If the
structures are redundant, or fail-safe, they do not have to be as stiff
and strong as those without redundancy. In this paper, the authors
propose a concept of redundantspace structures using multicellular
in� atable elements, and report the results of basic analyses on sim-
ple models. Two kinds of multicellular cantilever in� atable tubes
have been studied to determine the fundamental physical character-
istics of multicellular in� atable structures.The � rst is a pressurized
type of multicellular tube and the second is a rigidized type of mul-
ticellular tube. Because a foam-rigidized type is considered to have
less necessity to adopt redundancy, the authors do not discuss it in
this paper.

Concepts of Redundant Space Structures
Using Multicellular In� atable Elements

Redundant Space Structures
The authors propose the concept of redundant space structures

using multicellular in� atable elements. Although gossamer space-
craft includingin� atables are very large and light, they are generally
very vulnerable to damages. There are many environmental threats
in space; in particular, the accumulation of man-made space debris
in Earth orbits is getting worse year after year.15 When we design
gossamer spacecraft, adopting redundancy in the structures can be
one solution to extend mission life. For instance, in tethers, one of
the gossamer spacecraft, some redundant designs have been pro-
posed and tested. Sheet-type tethers16;17 and a multiline tether18 are
considered to be redundant against space debris damage and have
longer lifetimes. The authors believe that in in� atables, structures
can be also redundant.

Multicellular In� atable Elements
A re� ector structure using modularized in� atable elements sup-

ported by backup trusses has been proposed.19;20 However, the
authors theorize that whole structures could consist of only gos-
samer elements. As shown in Fig. 1, the authors introduce some
conceptsof beamstructures,platestructures,and re� ectorstructures
consistingof modular in� atable elements. These designs can easily
have structural redundancy,that is, even if some cells are punctured
in space and lose internalpressure, the effect of the damage remains
localized and does not harm the whole system. In addition, multi-
cellular in� atable elements can maintain redundancy during their
entire deployment in space. As discussed in the following section,
the larger the structures become, the less mass disadvantages we
have, even when number of cells increases.

Furthermore, by the modulaizationof the structures,ground test-
ing and manufacturingof large � exibleelementscan be made easier,

Multicellular tube

Multicellular cylinder

Multicellular plate

Multicellular structure

Fig. 1 Examples of multicellular in� atable elements.

Fig. 2 Square in� atable plate.

as seen with the present deploymentof modularized structuressuch
as a modular mesh antenna with backup trusses.21 Multicellular in-
� atable elements could also enable us to design stiffer in� atable
structures with less gas: Relatively higher internal pressure is ap-
plied to the element where load is concentrated and less pressure
where it is not. Furthermore, sequential and stabilized deployment
could be possible, by in� ating each cell one by one.

Comparison of Mass and Collision Probability
To determine the relations of mass and space debris damage

probability to modularized in� atable structures, a simple square
in� atable plate shown in Fig. 2 is considered. When we express
s D L p=h p , the total mass Mp of the modular structure without
internal gas is given by

Mp D 2L2
pt [.n C s C 1/=s]½ (1)

We de� ne dimensionless mass m, which is

m D Mp

¯
2L2

p t½ D .n C s C 1/=s (2)

With regard to collisionprobability, the rate of space debris damage
into one cell of the structure is 1=n2 compared with monocellular
in� atable plate, n D 1. Figure 3 shows the results of calculationsof
Eq. (2) and the relative collision probability (1=n2). With regard to
mass, obviously as s becomes larger (or L p À h p), the effect of the
increase of the number of cells becomes smaller; whereas the rate
of failure decreases in inverse proportion to n2 .

Thus, theauthorscan concludefrom thisanalysisthatwhen in� at-
able plateswith the same thicknessare designedthe larger structures
have less mass disadvantagewhen the plate is modularized.On the
other hand, modularizing the in� atable plate is quite effective to
decrease the probability of puncture of a single in� atable cell. For
in� atable structures, the collision probability can be directly pro-
portional to lifetime. Figure 3 shows that slightly increasing the
mass by modularizationcan increase the lifetime by a factor of 100.
Moreover, the lifetime of modularized in� atables may be further
increased because the effect of a single impact does not result in
complete loss of structural performance. Therefore, the concept of
redundant structures is signi� cantly important for space in� atable
structures design.
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Fig. 3 Mass and collision probability.

Fig. 4 Model of pressurized in� atable tube.

Fundamental Analysis of Cantilever
In� atable Tubes: Pressurized Type

Purpose of the Analysis
Simple models of in� atable elements, that is, cantilever in� at-

able tubes, are analytically investigated.Two kinds of multicellular
models are studied: the pressurized type and the rigidized type. The
purpose of these analyses is to learn the physical characteristicsof
in� atable elements and to obtain fundamentalknowledge for multi-
cellular in� atable structure design. The pressurized type is the � rst
model discussed.

Modeling of a Pressurized Cantilever In� atable Tube
The authors use Comer and Levy’s model22 for nonrigidized

and pressurized in� atable tubes. Their analytical model22 is sim-
ilar to conventionalEuler–Bernoulli beam theory, but the in� uence
of wrinkleson a membrane is introduced.Figure 4 shows the model,
whose radius of the cross section is r , length of the tube is L , and
internal pressure is P . As the concentrated tip load W increases,
the bending stress equilibrates the axial tension in the membrane
on the concave side of the tube, and wrinkling begins in that re-
gion. The membrane wrinkles because a nonrigidized membrane
is incapable of resisting compressive stresses. The model is also
based on the assumption that the internal pressure maintains the
circular shape of the cross section, and plane sections remain plane
(Kirchhoff–Love’s hypothesis). The angle µ in the slack region is
given by

M.x/

Pr3
D ¼.2¼ ¡ 2µ C sin 2µ/

4[.¼ ¡ µ/ cos µ C sin µ ]
.0 < µ < ¼/ (3)

The second moment of area is given by

I D r 3t .¼ ¡ µ C sin 2µ=2/; ¼ Pr 3=2 < M < ¼ Pr 3

I D ¼r 3t ; M < ¼ Pr 3=2 (4)

With the use of Eqs. (3) and (4), deformationof the tube is obtained
by numericallysolving the differentialequationof the beam theory:

d2 y

dx2
D ¡

M.x/

EI
(5)

Main et al.23 pointedout that the resultsof numericalanalysisby this
model correspond well to their experimental results if an effective
modulus of membrane is used in the calculations instead of the
cataloged Young’s modulus.

The result of calculations on the usual monocellular in� atable
tube model tells that, when moment M at the rootof the tube exceeds
the valueof ¼Pr3=2, wrinklingoccursfrom the root,and thebending
stiffness suddenly drops. Therefore, very high internal pressure is
needed for this pressurized-type in� atable tube to avoid wrinkling
and to maintain the stiffness.

Triple-Cellular Pressurized Cantilever In� atable Tubes
As a simple model of multicellular in� atable structures, the

authors analyze triple-cellular cantilever in� atable tubes (Fig. 5)
using the equations described earlier. For numerical calculations,
values in Tables 1 and 2 are used.

Figure 6 shows the load-de� ection curves for models 1–5 in
Table 1. Figure 6 shows that model 1, a triple-cellular tube, is as
stiff as monocellular model 3, although the triple-cellular model
has much less internal gas than that of model 3. The total volume
of gas in model 1 is equal to that of monocellular model 4, which
has much less stiffness than the triple-cellulartube, accordingto the
curve shown in Fig 6.

Table 1 Pressures for triple-cellular tubes

Model P1 , Pa P2 , Pa P3 , Pa

1 9000 6000 3000
2 9000 3000 3000
3 9000 9000 9000
4 6000 6000 6000
5 3000 3000 3000

Table 2 Physical values for the calculations

Parameter Value

Length L1 D L2 D L3 20 cm
Radius r 2 cm
Thickness of membrane t 20 ¹m
Young’s modulus E 0.3 GPa

Fig. 5 Triple-cellular in� at-
able tube.

Fig. 6 Load-de� ection curves for models 1–5.
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Model 2 simulates a kind of pressurizationproblem. The middle
cell was supposed to have 6000 Pa of internal pressure,but only the
half of the pressure was provided. If the monocellular tube has the
same trouble, it will be model 5. Figure 6 shows that model 2 is still
stiffer than model 5.

From the analysis, the authors can say that multicellularin� atable
structureshave the possibilitiesof making stiffer structureswith less
gas and of realizing redundant, or fail-safe, systems.

Fundamental Analysis of Cantilever
In� atable Tubes: Rigidized Type

Modeling of a Rigidized Cantilever In� atable Tube
The authors now analyze cantilever in� atable tubes with a

rigidized membrane. The rigidized membrane is assumed to be
isotropically rigidized and, thus, not subject to slackening or
wrinkling. For the analysis, a � nite element method (FEM) is
used.

Finite elements of an in� atable tube are constructed by using
the modi� ed nonlinear FEM presented in Ref. 24. In this method,
� nite elements of geometrically nonlinear motion of a membrane
are formulated, taking into account the slackening of the elements.
The method’s validity has been examined by convergence study;
in addition, the analytical result was compared with experimental
results to � nd they correspondwell.25 In the model shown in Fig. 7,
the cylinder consists of quadrateelements,and triangleelementsare
used for the diaphragms.The cylinder is assumed to be successfully
rigidized and not subject to slackening (plate elements), whereas
the diaphragms are assumed to be nonrigidized membranes that
create wrinkling. The number of divisions is 14 in the circumfer-
ential direction and 18 in the longitudinal direction. The boundary
conditions at the root of the tube are � xed to all directions; in other
words, the root remains a circular shape.

The effect of internal pressure is provided according to the fol-
lowing scheme. All elements are divided into triangles, then the
volume of the tube V is given by

V D 1

6

X

m

¡
xi

m £ x j
m

¢
¢ xk

m (6)

where m is triangle element number, and i , j , and k are node num-
bers, as shown in Fig. 8. Because PVa D C0 , the internal pressure P
is obtained by

P D C0V ¡a (7)

The normal vector is

N D
¡
x j

m ¡ xi
m

¢
£

¡
xk

m ¡ xi
m

¢
D 2Sn (8)

where S is the area of the triangle element and n is the unit normal
vector. Finally, outer force f , obtained by the following equation, is

Fig. 7 Finite elements model.

Fig. 8 Triangle element for pres-
sure.

applied to each node of the element as the internal pressure:

f D 1
3

¡
1
2

PN
¢

D 1
6

PN (9)

In the following analysis, a is substitutedby · D 1:30, that is, adia-
batic change is assumed inside the in� atable tube.

Monocellular Rigidized Cantilever In� atable Tubes
First, simple monocellular rigidized cantilever in� atable tubes,

shown in Fig. 9, are investigated. The physical values in Table 3
are used for the calculations. Figure 10 shows the simulation re-
sult when internal pressure P D 0. Figure 10a shows the tube when
the tip load W D 0:20 N and the shape of the cross section of the
midelement. Figure 10b shows the results when W D 0:25 N. It is
found that the cross section becomes � atter as the tip load increases,
and obviously the � atter the cross section is, the smaller the bending
stiffness the tube has. This phenomenon, the decrement of bending
stiffnessbecauseof � atteningof the cross section, is called Brazier’s
effect (see Ref. 26). The analysis shows that when the internal pres-
sure of the rigidized in� atable tube is very low, the bending stiffness
drops because of this Brazier’s effect. Because the imposed bound-
ary conditions at the � xed end keep the section there circular, the
� atteningoccurs at the middle of the tube, not at the root of the tube
where the moment is largest.

According to Ref. 26, Brazier’s effect in a tube of circular cross
section can be expressed in the form

M D
¡
2
¯p

3
¢
¼Erth.c ¡ 2c3/ (10)

where c D .
p

3=2/.r 2=h/C and h D t=
p

.1 ¡ º2/ and

³ D 4
3
c2 (11)

Table 3 Physical values for the calculations

Parameter Value

Length L 60 cm
Radius r 2 cm
Cylinder (aluminum foil)

Thickness tc 16.5 ¹m
Young’s modulus Ec 3 GPa

Diaphragm (polyethylene)
Thickness td 20 ¹m
Young’s modulus Ed 0.3 GPa

Fig. 9 Model of monocellular
rigidized in� atable tube.

a) W = 0.20 N

b) W = 0.25 N

Fig. 10 De� ection of rigidized in� atable tube.
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Table 4 Pressures for models 1–4

Model P1 , Pa P2 , Pa P3, Pa

1 0 0 0
2 100 100 100
3 100 0 100
4 100 0 100

Fig. 11 Comparison of � at-
tening cross section between
Brazier’s theory and � nite
element analysis.

Fig. 12 Load-de� ection curves for monocellular rigidized in� atable
tube.

where c is the curvature of the center line of the tube, º is Poisson’s
ratio of the membrane, and ³ is � attening ratio. From Eqs. (10)
and (11), when º D 0:30 is substituted, the � attening of the cross
section in the middle of the tube shown in Fig. 10a can be obtained
as ³ D 0:329. In Fig. 11, this result is compared with the result of
� nite element analysis. As can be seen, the two results correspond
well.

Figure 12 shows the load-de� ection curves of the monocellular
rigidized in� atable tubes for various internal pressures. As can be
seen Fig. 12, very small internal pressures, such as P D 1 or 10 Pa
(»10¡4 ¡ 10¡3 psi) have a considerableeffect to keep the tubes stiff
by avoiding Brazier’s effect.

Some small jumps in de� ectionin thecurvesof P D 0 and1 Pa are
observed, which is caused by local deformation of the tube. Large
jumps correspond to limit-point buckling.

In conclusion, even when the membrane of in� atable tubes is
successfully rigidized, maintaining a very small amount of internal
pressure can become quite effective to keep the elements stiff and
strong over their lifetime.

Triple-Cellular Rigidized Cantilever In� atable Tubes
The authors analyze triple-cellularrigidized cantilever in� atable

tubes, similar to the pressurized type discussedbefore. Four models
are considered,described in Table 4 and Fig. 13. The load-de� ection
curvesfor thesemodelsare shown in Fig. 14. Model1 hasno internal
pressures;however, it becomesmuch strongerthan themonocellular
tube without internal pressure shown in Fig. 12 because polyethy-
lene diaphragms instead of internal gas block Brazier’s effect.

Model 3 simulated the trouble that the middle cell completely
loses its internal pressure. When models 3 and 2 are compared, of
course model 3 is weaker. However, model 3 is a little bit stronger
than model 1, which has a total failure.As can be seen in Fig. 15, the
� atteningof the cross sectionoccursin the middle cell, which results
in the limit-pointbuckling.The � atteningof the cross sectioncan be
alsoseen at the root cell; however, the internalpressure(P D 100Pa)

Models 1–3 Model 4

Fig. 13 Triple-cellular in� atable tube.

Fig. 14 Load-de� ection curves for triple-cellular rigidized in� atable
tube.

Fig. 15 De� ection of model 3 when W = 2.0 N.

prevents large � attening. Model 4 has a middle cell, which is half
the length of that of model 3. Model 4 is stronger than model 3,
almost as strong as complete model 2. Limit-point buckling occurs
at the root cell in the model. Obviouslyhaving smaller cells realizes
a higher redundant system.

From the results mentioned, the authors can conclude that mul-
ticellular tubes can maintain stiffness and strength to some extent
even when some cells completely lose their internal pressure; the
effect of the lost of pressure is small when the system is highly
redundant.

Discussion of Redundant In� atable Structures
Severalphysicalcharacteristicsof pressurized-typeand rigidized-

type in� atable tubes and the advantages of modularized structures
are observedin the analyses.The bendingstiffnessof nonrigidizable
and pressurized in� atable tubes is determined by slackening.Thus,
rigidizationof the membrane, to avoid slackening,considerablyin-
creases stiffness.However, even when the membrane of the tubes is
successfully rigidized, if the internal pressure is lost, the tubes lose
their stiffness and strength because of the resultant � attening of the
cross section. As can be seen in Fig. 12, maintaining just a little
pressure (approximately 1 Pa) is effective to prevent the � attening
of the cross section and to maintain the stiffness and strength of the
tube.
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In the multicellular in� atable structures, even if there are some
local depressurizations,the effects do not jeopardize the whole sys-
tem. In addition, by adopting a multicellulardesign, tubes can be as
stiff as monocellular structures,with much less internal gas. There-
fore, the authorscan say that redundantspace structuresusingmulti-
cellular in� atable elements are quite promising structuralconcepts.

With the preceding discussionkept in mind, a new type of in� at-
able element is considered. This is a multicellular hybrid between
the pressurized and the rigidized types. The multicellular hybrid
type has a rigidizable membrane but maintains internal pressure
over the life of the mission. The rigidized membrane does not need
to be very stiff and the internal pressure does not need to be very
high, comparedwith conventionalin� atable design becauseboth of
the effects collaborate with each other.

Sublimating powder will provide the internal pressure. With its
use, multicellularmodules do not need complex pipelines for in� a-
tion. According to Ref. 7, sublimating in� ation systems have been
used since the ECHO balloon satellites in the 1960s. The operating
principlefor sublimationpowders is to release the powderwithin the
interior of the elements after orbital insertion. In space conditions,
the powders will sublime into a gas that provides vapor pressures
in the range of 10¡1–1 Pa. These powders provide self-pressure
regulation if excess powder is carried and allowed to sublimate as
make-up gas.

Conclusions
The concept of modularized space structures using multicellular

in� atable elements is proposed, and de� ections of simple multicel-
lular cantilever tube models are investigated. Although in� atable
elements are essentially vulnerable to damage, structures can be
made redundant,or fail-safe,by consistingofmodularizedelements,
that is, even if some cells are punctured and lose their internal pres-
sure, the damage remains localized and does not harm the total sys-
tem. Modularization of large structures also makes ground testing
and manufacturing easier.

The analytical studies on cantilever in� atable tubes show that
rigidization of a membrane is quite effective for maintaining stiff-
ness because it avoids the wrinklingof the membrane,which causes
a drop in stiffness. In the multicellular in� atable tubes, keeping just
a little internal pressure is quite effective, even for rigidized in� at-
able elements,to prevent the deformationof thecross section,which
would cause a drop in stiffness and strength. Therefore, adopting
redundant systems is effective both for rigidized and nonrigidized
in� atable elements.
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