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DISCUSSION 

General 
(see",) 

There are many combinations of shapes, ma­
terials, fabrication methods, environmental effects, 
and functional requirements involved in the design 
of an inflatable structure for use in space. The 
problem always arises as to which combination of 
shape, material, and method of fabrication is be st 
suited to function properly in the environment re­
sulting from a particular mission. This paper of­
fers a convenient method for evaluating the merits 
of an inflatable structure and for comparing one 
approach against its alternates within the environ­
ment of its mission by introducing a figure of mer­
it, F, which is a measure of the structure's effi-
eiency. 

Figure of Merit 

Because when designing an inflatable structure 
there are many possible arrangements that can be 
conceived', it would be most convenient to have 
some yardstick by which to compare the structural 
efficiency of any two designs. Such a yardstick or 
guideline is the figure of merit, F, defined as 

where 

F = pV 
W' (1 ) 

p = internal pressure in pounds per square inch, 

V = internal volume in cubic inches, and 

W structural weight in pounds. 

If the figure of merit is known for a particular 
type of vehicle constructed of a particular type of 
material, the structural weight for other vehicle s 
of the same type and made of the same material 
can be approximated from Equation 1. Part of this 
paper, therefore, is devoted to determining the 
structural weights of some typical inflatable space 
structures constructed of various materials in or­
der to determine some typical figure s of merit. 

The basic as sumptions on which the structural 
weight is determined are given below. 

1. Vehicles operate be'tween 100- and 
500-naut mi altitude 

2. 

3. 

4. 

5. 

Materials are pliable and expandable 

Vehicles are designed primarily by 
internal pressure 

Weight is the basis for comparison 

Structural weight consists of: 

a. Primary structural material 
(including seams and rein­
forcements) 

b. 

c. 

Sealant and elastomer 

Pressurizing gas (when 
retained) 

,,~. 
'1 e. 

Pre s surization system 

Partitions required for 
safety 

6. Meteoroid and radiation protection ma­
terial are' not included in structural 
weight 

7. Shapes considered are surfaces of 
revolution or combinations 

The total structural weight, of cour se, can be 
broken down into the following constituents or 
parameters. 

1. Material properties (including effect 
of environment) 

2. Shape of vehicle 

3. Method of construction. 

4. Internal pressure 

5. Safety factor 

6. Volume enclosed by vehicle 

7. Weight of elastomer 

8. Weight of sealant 

9. Seams 

10. Cutout reinforcement 

11. Joint reinforcement 

12. Pressurization system 

13. Partitions 

14. Dynamic loads 

The types of structures considered in this paper 
are confined to pliable expandable structures for 
low earth-orbit applications. In general, the struc­
tures are pressure vessels in the form of surfaces 
of revolution. The basic vehicle shapes considered 
are: (1) sphere, (2) spheroid, (3) cylinder, and 
(4) torus. Also, three methods of construction are 
considered: (1) isotensoid, (2) uniform sheet, and 
(3) optimum sheet. 

Isotensoid construction implie s a filament­
wound structure in which the' continuous filament is 
everywpere loaded by the internal pre s sure to an 
identical stre s s level. 

Uniform- sheet construction employs a sheet of 
constant thickness. The thickness of the sheet is 
determined by the largest of all the principal 
stresses in the pressurized structure. 

Optimum- sheet construction is achieved if the 
pressur.e vessel is constructed of sheet material 
whose thickness varies everywhere in such a man­
ner that at each point the maximum principal stress 
is constant. 

To determine the effect of the many para­
meters on the weight of the structure an initial 
weight is established that repre sents the weight of 
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the'structure as it is prior to consideration of all 
the external effects, such as environment, seams, 
shape, and :method of construction. For co:mpari­
son, a final weight is determined taking into ac­
count the effect of all the para:m,eters. In addition, 
the degree to which each parameter affects the 
weight is also established. 

This initial weight is, hereafter designated as 
the isotensoid weight (WI)' which can be de-

termined l, 2 fro:m the following equation: 

where 

COVpn 
WI:: kO 

= coefficient for isotensoid structure s 
::: 3.0, 

v :;: volu:me of structure, 

p :: internal pressure, 

n safety factor, and 

strength-weight ratio of structural 
fila:ment under creep load at roo:m 
te:mperature. 

(2) 

The isotensoid weight does not include the 
weight of the binder usually associated with fabric 
construction but is the weight of the structural ma­
terial alone. Also, for all isotensoid structures, 
regardless of shape, the coefficient Co is equalto 

3. O. As a result, the structural weight is propor­
tional to the volu:me of the structure. In determin­
ing the isotensoid weight, the strength-weight 
ratio of the material is based on room tempera­
ture creep strength. ,The final weight or total 
weight (WTOt )' as it ,~~ hereafter called, is di-

vided into two categories: basic structural weight 
(W B) and secondary structural weight (W S)i or, 

W TOT = W B + W S . (3) 

The basic structural weight is nothing more 
than the isotensoid we~ght modified to reflect the 
effect of :methods of construction (other than fi1a­
:ment winding) on the s,tructural weight as well as 
the effect of the fabrication process and environ­
ment on the materia:!, wnich in turn affects the 
structural weight. Tlil.s- relationship can be writ­
ten: 

or 

where 

W
B 

kO C l 
:::; W 

I kl CO 

W
B 

COVpn kO C l ClVpn 
:;: -k- kl Co 

;;: 
~, 

0 1 

strength-weight ratio of material 
based on effects of fabrication 
process and environ:ment, and 

coefficient based on shape and 
:method of construction. 

(4) 

(5) 

The factor kO/kl actually is a nondi:mensional 

nu:mber that reflects the importance of malerial 
strength as it is influenced by the :manufacturing 
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proce s s and environment in determining struc­
tural weight. Likewise, C/C

O 
is a measure of 

the i:mportance of shape and :method of construc­
tionon the weight. W B' like W l' defines only the 

weight of the structural material required to re­
sist the internal pressure and does not include 
such things as the binder or sea:ms, included in 
the secondary structural weight. 

The secondary structural weight is defined as 
the sum of the weights of those ite:ms, other than 
the basic structural weight, that co:mprise the 
structural wall of the space vehicle or that are 
necessary to ensure the structural integrity of the 
wall. The ite:ms considered here as co:mprising 
the secondary structural weight are as follows: 

WSM 

weight of elasto:mer or binder 

weight of :material added to resist 
dynamic loads 

weight of :material and ce:ment added 
for seams 

weight of reinforcing :material 
around cutouts ' 

weight of :material added for rein­
force:ment of joint at intersection 
of two structures 

:;: weight of partitions required for 
safety 

= weight of sealant required to seal 
sea:ms, joints, or walls 

;: weight of pre s surization syste:m, if 
pre s sure :must be :maintained for 
structural integrity 

The equation defining the secondary structural 
weight can be written as f<Dllows: 

W S ;: WE + W D + W SM + W C + 

W J + W P + W S + W PS . (6) 

The se factor s, in general, have no simple 
mathe:matical relationship to the total weight or to 
one another, except that they :might be so:me func­
tion of the vehicle volu:me or area. The se rela­
tionships were established empirically fro:m test 
data presently available or by calculation where 
possible. The equation for the total weight then 
can be written: 

WTOT 

ClVpn 
= -r.- + WE + W D + W SM + W C + 

1 

W J + W P + W S + W PS (7) 

Having discussed the method for determining 
the structural weight, let us re -exa:mine the fig­
ure of :merit. Fir st rewriting Equation 1, 

F:;: pV 
W

TOT 

From Equations 4 and 5 can be written: 

(8) 

But £ro:m Equation 3, 



and 

WTOT 

WTOT = WB(l +~) 

It is noted from. Equation 11 that the figure of 
m.erit has the dim.ension of length (inche s), the 
same as the strength-weight ratio, k l • It is in 

C l Vpn (. Ws) 
=--k-- l+W· 

1 B 
(9) 

fact equal to kl divided by dim.ensionless factors. 

The absolute m.inimum value of the denom.inator is 
1. 5 (where C l = 1. 5, n = 1. 0, and WS/WB = 0); 

thus, the figure of merit is at most equal to two­
thirds kl with one-half kl representing a more 

Therefore, 

F = pV 
WTOT 

= 

and 

pV 

.. 3 
lb~ 

. 2 

(10) 

practical upper lim.it. 

The method for determining W TOT and C 1 has 

been touched on but lightly here. There is a m.ore 
detailed discussion in Appendix A. The structural 
weights in Table I were taken from Figures A-2l 
through A-25 of Appendix A. 

Range of values of "F" to be Expected in Practice 

F = In. 
lb :: inches. (11 ) 

If the figure of merit is to be useful to the de­
signer, he must be aware of the range of values 
that can be expected in practice for various type s 

TABLE I - FIGURE OF MERIT FOR VARIOUS SPACE VEHICLES 

Method of WTOT p V F 
Vehicle Shape construction (lb) (psi) (cu ft) (in.) 

Passive communi- Spherical Wire grid and film. 1,922 0.000266 33. 5 X 106 8, 000 
cation "",tellite Lenticular Wire grid and film. 
(unmanned) 1,096 * * ~, 

Solar concentrator Paraboloidal Mylar film 426 0.027 523, 000 58,400 
or antenna (un- sphere 
manned) Paraboloidal Mylar film and foam 354 0.027 128, 000 16,900 

ellipsoid 

Large toroidal Torus Filament -wound 6,014 7 37,700 75, 800 
space station Dacron-neoprene 
(manned) Torus Square -woven 8, 889 7 37,700 51,400 

Dacron-neoprene 

Torus Uniform-thicknes s 11,382 7 37,700 40, 100 
Mylar film 

Torus Uniform-thickne s s 5,611 7 37,700 81,400 
hypothetical film. 

Torus Filam.ent -wound 2, 522 7 37,700 180,800 
sapphire -whisker s-
neoprene 

Large dumbbell Dum.bbell Filament -wound 2, 553 7 14, 320 68, 000 
space station Dacron-neoprene 
(manned) Dum.bbell Square -woven 3,648 7 14, 320 47,400 

Dacron-neoprene 

Dum.bbell Uniform.-thickne s s 4, 866 7 14, 320 35,600 
Mylar film. 

Dum.bbell Uniform. -thickne s s 2,308 7 14,320 75,000 
hypothetical film. 

Small cylindrical Cylinder Filam.ent-wound 321 7 1, 123 40, 200 
space station Dacron-neoprene 
(m.anned) Cylinder Square -woven 519 7 1, 123 26, 180 

Dacron-neoprene 

Cylinder Uniform. -thickne s s 684 7 1, 123 19,860 
Mylar film. 

Cylinder Uniform-thickness 332 7 1, 123 40,900 
hypothetical film. 

,', 
'Figure of merit not applicable. 
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of pressure vessels. If a spherical pressure ves­
sel (C

l 
= 1. 5) built from a high-strength steel is 

considered, (tensile yield strength = 220,000 psi) 
with a factor of safety over working pressure of 
1.25, and with very minimum secondary weights 
(WS/WB-O), then: 

F 220,00010.286 
1. 5 X 1. 25 X (1 + 0) 

410,000 in. 

Therefore, a value of F of 400, 000 in. repre­
sents an efficient pre s sure ve s sel and can be used 
as an upper limit for comparison. Values of F 
down to about 4, 000 in. can be expected in pres­
sure vessels of inefficient shape., built from low­
strength materials by fabrication processes that 
result in variable quality, and burdened with many 
secondary weight items. 

Values of F for various types of-inflatable 
space structures are given in Table I. They vary 
from 8000 to 180,800 in. F = 8000 in. for pas­
sive communication satellite s, which quite often 
are designed by stiffness rather than by strength. 
The value of 180,800 in. is due largely to the use 
of sapphire whiskers as a structural material to 
calculate the weight of the structure. This is an 
extreme case because the strength of the material 
is beyond the present state of the art, and therefore 
the figure of merit is much higher than is practical 
at this time. A more practical upper value would 
be about 100,000 in. for a sphere. 

In general the values of F for inflatable struc­
tures are considerably less than those for rigid 
structures because of the higher safety factor 
presently being used for nonrigid materials. The 
safety factor for rigid materials usually ranges 
from 1. 25 to 2.00, while for nonrigid materials 
the range is from 2.00 to 4.00. In comparing the 
value s of the figure of me rit cited above one would 
expect the structure using the sapphire whisker 
material to have a higher figure of merit than one 
constructed of high- strength steel, but actually it 
is less (180,800 in. compared to 410, 000 in.). 
This condition is due to the diffe renc e in safety 
factor (3.00 compared to 1. 25) and the difference 
in shape factor (2.00 compared to 1. 5). 

The use of the figure of merit is not confined 
to any particular type of structure but can be use­
ful for evaluating any type of pressure vessel, 
whether it be a flexible inflatable structure or a 
rigid pressurized structure. Table II presents 
data on the figure of merit for pressure vessels 
other than inflatable space structures, including 
various sizes of airship envelopes, an example of 
a flexible pre s surized structure. The value s of F 
range from 13,100 to 26, 100 in. An airship struc­
ture is not designed purely by the internal pres­
sure but must re sist bending due to aerodynamic 
and landing loads. As a result, the figure of merit 
is lower than if the structure were designed by 
pressure alone. Also, the ZPG-3W fabric thick­
ness was varied approximately in accordance with 
stress. The fabrics for the other airships were, 
in general, of uniform thickness. 

Two types of rigid pressure vessels are pre­
sented in Table II: (1) a solid propellant boo ster, 
and (2) differently shaped pressure bottles made 
of various materials. The solid-propellant, fila­
ment-wound booster case proved to be a highly 
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efficient structure (F = 371, 000 in. ) primarily 
because of a low safety factor (1. 25) based on 
burst pressure, which was justified because of an 
intensive test program before delivery. 

Spherical pre s sure bottle s also proved to be 
very efficient structure s, despite a safety factor 
of 2. a based on burst pressure, primarily be­
cause of the use of high strength-weight materials 
and the efficiency of the spherical shape. The 
toroidal pressure bottle was less efficient because 
of the use of a lower strength-weight ratio ma­
terial and the Ie s s efficient toroidal shape. The 
cylindrical pre s sure bottle' proved the lea st effi­
cient because of the ;use of low strength-weight 
ratio material, the less efficient shape, and the 
very inefficient design of the ends. 

Solid-Propellant Booster Tank Design 

An important factor in the performance of 
rocket vehicles is the ratio of hardware weight to 
usable propellant weight. The weight of the pro­
pellant container may be a significant part of the 
hardware weight, particularly for solid-propellant 
rocket motors in which the propel~ant container 
also acts as a combustion chamber and must re­
sist high combustion pressures. Knowing the 
figure of merit for ~ particular type of booster, 
either by calculation or by experience, it is a 
simple matter to calculate a, the ratio of hard­
ware weight to usable propellant weight. 

If 

= weight of propellant container, W 
weight of propellant, W 

p 

and 

W 
P 

where 

(:3 = volumetric loading efficiency and 

Pp = propellant density, 

then, 

and 

W 

w 
p 

pV 
F' 

Therefore, 

For example, 

p 1000 psi, 

F 200, 000 in. , 

{3 0.90, 

Pp 0.06, and 

1000 
a = 200,000 X 0.90 X 0.06 

O. 0925 . 

Versatility of Figure of Merit 

(12 ) 

(13 ) 

(14) 

(15 ) 

(16 ) 

The figure of merit can be defined in various 
ways for specific purposes. In one case it can be 



TABLE II - FIGURE OF MERIT FOF. VARIOUS FLEXIBLE AND RIGID STRUCTURES 

WTOT 
p * V F 

Structure Shape Material (lb) (psi) (cu ft) (in. ) 

ZPG-3Wair- Surface of Dacron-neoprene 12,456+ 0.1084 1,490,000 22,400 
ship (flexible) revolution 

Surface of Cotton-neoprene 15,967+ 0.1084 1,465,000 17,200 
revolution 

ZPG-2Wair- Surface of Cotton-neoprene 10,290 0.0858 975,000 14, 100 
ship (flexible) revolution 

ZSG-4 airship Surface of Cotton-neoprene 5,776 0.0361 527,000 10,000 
(flexible) revolution 

Solid -propellant Cylinder Fiberglass 880.0'1' 945 200 371,000 
booster (rigid) (filament-wound) 

Pressure bot- Sphere Titanium 87.5 3000 4.63 274, 500 
tle (rigid) Alloy steel 8.20 3000 0.29 183,000 

Fiberglass 6.25 3000 0.17 141, 000 

Torus Steel 8.3 3000 O. 116 72, 500 
(HT 190, 000) 

Cylinder Steel 5. 01 3000 0.026 26,900 
(HT 125,000) 

,~ 

Operating pressure .. 

+Thickness of fabric varied approximately according to stress. 

'tWeight does not include insulation. Whh insulation included F = 225,000 in. 

§Cylinder had extremely heavy ends and large connecting fitting. 

based on the short-time bursting strength in es­
sentiallya laboratory environment. In other cases 
it may be necessary to base the figure on long­
time performance in a hostile environment, in 
which case a number of factors, such as factors 
of safety, loss of material due to erosion, and de­
terioration of material properties would need to be 
included in establishing a meaningful figure of 
merit. 

The point to be emphasized is that pressure 
vessels constructed in a particular way for a par­
ticular type of service will have a weight propor­
tional to the de sign pre s sure time s the volume. 
Therefore, if the constant of proportionality, F, 
(the figure of merit) for this class of pressure ves­
sels is known, the weight required for a new ap­
plication can be determined quickly. Also, the' 
excellence of a particular de sign solution can be 
evaluated by comparing its figure of merit with a 
standard known to be representative of efficient 
designs for this same general. class of applications. 

SUMMARY It 
This paper provides some insight into the 

most significant parameters that constitute the 
weight of various inflatable space structures and 
offers a means of estimating their structural 
weight. Structural weights for typical inflatable 
space structures of different shapes and con­
structed of different materials were calculated for 
the purpose of evaluating the structural efficiency 
of each configuration. 

The structural efficiency of each configuration 
was evaluated by the use of the figure of merit, 

which is a measure of the structural efficiency of 
the structure. Although the figure of merit was 
applied primarily to inflatable structures in this 
paper, its usefulness is not confined to these types 
of structures. It can serve as a yardstick for 
measuring the structural efficiency of any type of 
pressure vessel or pressurized structure pro­
vided that it is designed primarily by the internal 
pressure. Significant bending loads or compres­
sion loads distort the figure of merit and make the 
structure appear Ie ss efficient than it really is. 

The figure of merit can range from about 
400, 000 in. for an extremely efficient structure to 
4000 in. for a very inefficient structure. Know­
ing this range, one can quickly establish the rela­
tive efficiency of any pressurized structure or 
make a 'quick comparison of alternate designs. 
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APPENDIX A - DETERMINATION 
OF TOTAL STRUCTURAL WEIGHT 

General 

In order to establish some typical figures of 
merit for various type s of inflatable space struc­
tures' the structural weights, internal pressures, 
and internal volumes of some representative in­
flatable space structures must be determined for 
comparison. The types of structures for which 
these values are determined in this paper are: 

1. Passive communications satellites 

2. Inflatable solar concentrators 

3. Large toroidal space stations 

4. Dumbbell-type space stations 

5. Small cylindrical space stations 

Each of the weight parameters that constitute 
the total structural weight of an inflatable space 
structure is discussed in some detail in the follow­
ing sections, along with a summary of structural 
weights of each of the above vehicles constructed 

f ' f' 1 A-I Th I o varlOUS types 0 materla s. ese va ues 
are also given in Table 1. 

Shape and Method of Construction 

From Equation 5 the basic structural weight 
of a pre s sure ve s sel in the shape of a surface of 
revolution can be written: 

where 

V = 

p 

n 

volume, 

pressure, 

safety factor, 

strength -weight ratio, and 

constant that depends on 
shape and method of con­
struction, except isotensoid, 
in which case C I = Co = 3. 

(A-I) 

Figure A-I shows the effect of shape and 
method of construction on structural weight. If 
the surface s of revolution shown all have the same 
volume, the same internal pressure, the same 
safety factor, and all are made of a material hav­
ing the same strength-weight ratio, then the 

structural weight of each is proportional to the 
coefficient C I . 

The following conclusions can be drawn from 
a study of a plot of C

I 
versus the ratio alb, based 

on the above assumptions: 

1. The isotensoid method is the heaviest 
method of construction for all shapes 
(CO = 3.0), and it would not be com-

petitive except thjl.t it use s very high 
strength-weight ];',atio materials that 
more than overcome deficiencies in 
its method of construction and make 
it the lightest method for moderately 
high-stress applications. 

2. The uniform-sheet method is the 
lightest practical method of construc­
tion' but it cannot compete with iso­
tensoid construction because it is re­
stricted to materials having a low 
strength-weight ratio. It can be com­
petitive, however, in low-stress ap­
plications. 

The lightest shape is the sphere (C l = 1. 5). 

Other shapes appear to be competitive, but they 
merely approach the sphere. 

The torus is one of the heavier structures; 
however, as its diameter increases, the unit 
weight decreases and it actually approaches its 
optimum weight. 

Although Co = 3.0 for all isotensoid shapes 

that are ideally wound, only three shapes can be 
wound ideally: the torus, the cylinder, and the 
geode sic ovaloid. 

Effect of Environment on Material Strength 

" This study shows that the space environment 
has less effect on the structural material than 
originally anticipated. This is brought about by 
the fact that unmanned vehicle s are generally 
pressurized only for deployment and the structure 
is essentially not loaded during its long exposure 
to the space environment. In the case of manned 
vehicles, the internal pressure produces high 
loads in the structure for the duration of the flight, 
but the ~ffect of the space environment on the 
structure is greatly reduced by the protection af­
forded by the meteoroid barrier. 

Therefore, it is assumed for purposes of 
determining the strength-weight ratio of the ma­
terial that the only environmental effects are time 
and temperature. To establish a realistic 
strength-weight ratio it is desirable to determine 
the strength of the material based on any combina'­
tion of time and temperature. Material strength 
can be determined by using the Larson-Miller 
parameter, which has been used extensively for 
metals. Figure A-2 is a plot of the Larson­
Miller parameter, e = T (C + log t h ), versus the 

strength-weight ratio for Dacron. It was estab­
lished from test data that the value of C in the 
Larson-Miller parameter for Dacron is equal to 
21. 4 when the time (t

h
) is in hours and the tem-

perature (T) is in degrees Rankine. From this 
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curve the strength-weight ratio of Dacron, shb­
jected to any combination of time and temperature, 
can be determined. 

For the purpose of drawing the Mylar line ih 
Figure A-2, it was assumed that because Dacron 
and Mylar are chemically similar, the Larson­
Miller parameter would be the same for each ma­
terial. It was further assumed that the' Mylar line 
would be parallel to the Dacron line but displaced 
from it an amount equal to the difference in their 
quick-break strengths. The Mylar line has not 
been verified by tests. 

Safety Factor 

All polymeric materials exhibit creep to some 
extent. Structures made of these materials are 
always subjected to different stresses at different 
times; therefore, a load history must be known in 
order to design the structure. However, there is 
no proved theory to evaluate the effect of the given 
load-time history on the strength of the structure. 
Furthermore, a load-time history implies fatigue 
as well as creep, but the fatigue damage theory is 
almost always presented as range of stress versus 
cycles of variation; that is, time is omitted com­
pletely. The effect of creep and fatigue when both 
occur is generally considered by the designer em­
pirically. In this paper the effects of environment 
and time under load are accounted for in the 
strength-weight ratio so that the factor of safety 
must allow for variability of loads and material 
properties. 

In order to specify a structural factor of 
safety in the design of aerospace vehicles, it is 
first necessary to define a probability of failure 
that can be tolerated. Then both the load and ma­
terial property spectra must be subjected to a 
statistical analysis to determine what distribution 
functions best fit them. A factor of safety can be 
deduced from the specified probability of failure 
and the paraITleters of the distribution function. 
Actually, a factor of safety need not be computed 
because the specified probability of failure and the 
statistical parameters determine an allowable 
stre s s. The factor of safety is a convenient and 
faITliliar way of presenting the allowable stresses. 

For this paper the log-normal distribution is 
used (see Figure A-3), where the lower curve is 
representative of (1) standard aerospace materials 
and (2) comparable but higher variability in loads. 
The upper curve repre sents the case in which the 
variability in material and loads is high (for ex­
am.ple, concrete made under poor control condi­
tions). The coefficient of variation for material 
properties is given as ~R/Ro; the coefficient of 

variation for loading is given as uW/W O' 

Structural reliability is only one part of the 
reliability of a mission and hence must be higher 
than that of the mission as a whole. Over-all 
mission reliability is not likely to be specified 
much less than 0.9 nor much greater than 0.99. 
If the structural reliability is assumed to be three 
orders of nlagnitude better than the mission reli­
ability, that is, 0.9999 to 0.99999, then the prob­
ability of structural failure would be reduced to 

-4 -5 
10 to 10 . The lowe st factor of safety would be 
1. 3 and the highest about 4. 1 (Figure A-3), de­
pending on the variability of loads and material 

properties and the allowable probability of failur",. 
These values suggest rounded-off factors of safety 
of 1. 5 to 4.5. The weight penalty for poor ma­
terial and poor loading information is about three 
to one. 

Elastomer and Sealant 

Conventional structural fabrics consist of 
woven or nonwoven structural fibers or yarns 
coated with an elastomer. The elastomer trans­
fers load between fibers at discontinuities and also 
acts as a gas retention barrier. 

It has been found experimentally that woven 
cloths will perform properly as a structural ma­
terial when the amount of elastomer just fills the 
cloth interstices. Thus, the elastomer weight has 
been defined as that amount ofelastomeric binder 
that just fills the inter stice s of a set of structural 
fibers. This assumption has not been checked ex­
perimentally for' filament-wound or cord-type fab­
rics, but based on available data it is justifiable. 

As a general rule, the weight of the elastomer 
applied to a woven cloth is approximately equal to 
the weight of the cloth (see Figure A-4). A cord­
type and filament-wound Dacron-neoprene fabric 
was found analytically to require 40 percent less 
elastomer weight than a woven cloth when the fab­
ric was designed close to the maximum strength 
per ply (Figure A-4). 

The major use of structural fabrics will be in 
inflatable structures that ar,e highly loaded or 
manned. These applications will require mainte­
nance of high-pressure atmospheres for long peri­
ods of time. The elastomeric coatings presently 
available and applied so they just fill the cloth in­
terstices will not be able to contain these atmos­
pheres for long durations. Additional material will 
be required to reduce leakage; this added material 
is referred to as a sealant. 

The atmosphere of a manned space structure 
usually consists of various parts of oxygen, nitro­
gen' carbon dioxide, and water vapor. It is pos­
sible to add more elastomer to the fabric to contain 
these gases or vapors for the required period, but 
the result is a heavy inflexible material. Another 
method of improving the impermeability of the fab­
ric is to construct a composite material using a 
very thin layer of polymeric film (Saran) that is 
lightweight and highly impervious to the' atmos­
pheric components. This very thin layer of film 
sealant would in all instance s be more effective 
than adding elastomeric material to reduce atmos­
pheric losses. 

Calculations indicate that a sealant of one-mil 
Saran will be sufficient to keep the loss of vehicle 
atmosphere to less than 10 percent of the weight of 
the vehicle's atmosphere for a one-year flight. 
For the purpose of determining sealant weight" 

. f -3 therefore, a welght 0 8.85 X 10 psf of external 
surface will be used for all vehicles requiring a 
sealant. 

Weight of Seams 

The arrangement of seams in an inflatable 
structure depends on (1) the shape of the vehicle, 
(2) the dimensions of the available material, (3) the 

-350-



required accuracy of shape, and (4) the permis­
sible angle between principal stress and principal 
strength directions. 

This latter criterion is of particular concern 
when the construction material is woven wire or 
textile filaments, since for shapes of revolution 
other than the cylinder the direction of the load­
carrying filaments will coincide with the principal 
stress direction at only one point on the flat pat­
tern. 

For symmetrical longitudinal seaming of 
bodie s of revolution, the seam weight (W SML) can 

be expressed as a percentage of the surface weight 
(W F) by three nondimensional parameters as 

shown below: 

WSML 
WF 

= J E. L c (A-2) 

where 

J L = a shape factor, 

b = the seam width, 

c = the maximum seam spacing, and 

= I + '{/'{F' 

In this expre s sion, '{cis the cement weight 

per unit area (also include s taping, sewing, etc.) 
and 'IF is the weight per unit area of the surface 

material and includes the basic weight, elastomer 
weight, and the weight increase due to dynamic 
loads if applicable. The seam width also include s 
the effect of dynamic loads on seam strength re­
quirements. The expression is plotted in Fig­
ure A-5 for several common shapes. The curves 
of Figure A-6 are also applicable to hoop seams 
in a cylinder. 

The hoop seam weight (W SMH) can be approxi­

mated by a similar set of parameters. That is, 

J E. 
H r 

(A-3) 

where j and b have the same definition as for 
longitudinal seams but refer, of course, to the 
hoop seam construction. The shape factor (J H) 

depends on the shape and the number of hoop seams 
and is plotted in Figure A-7 for several shapes of 
revolution. The physical significance of the para­
meter r varies with the shape (see Figure A-8). 
For the sphere, r refers to the radius of the 
sphere; for the cone, r is the radius of the base. 

The total seam weight as a percentage of the 
surface is the summation of Equations A-2 and 
A-3. 

Joints 

The intersection curve of two surfaces of 
revolution is a circle if the two surfaces have a 
common axis of revolution. Other intersection 
curves are skew curves that, in general, require 
compre s sion stre s se s for equilibrium or plane 
curves that require a curtain for stability. 

For the circular intersection the weight of the 
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cord required for stability is included in the basic 
weight equation. A transition sphere can be used 
for this type of intersection. The penalty due to 
the extra volume at the intersection is usually 
small. 

At an inter section additional seams are re­
quired to transfer load from one surface to 
another and to the cord. A certain amount of 
latitude is available in the location of an intersec­
tion so that each intersection requires the addition 
of only one seam. An app;roximation of the effect 
of intersections on seam weight (W SM) can be ex-

pressed as 

where 

WSM o 

WSM = WSM o 

1 + N 
n' (A-4) 

= seam weight with no intersections 
considered, 

N number of intersections, and 

n = number of seams with no inter­
sections considered. 

Since n generally is much larger than N, the 
increase in seam weight is very small. 

Cutouts 

Additional weight at cutouts is due to (1) ad­
ditional material in the form of a cable or rigid 
ring required for stabilization, (2) seam weight, 
and (3) the differential weight (omitted in this 
discus sion) between the material removed and 
that put in its place. The intersection curve of a 
cutout can be a plane curve, in which case it can 
be circular, elliptical, or some other closed 
curve. The stress distribution around closed 
curves is simple only for circular cutouts that 
cap be stabilized by cables. Other plane closed 
c1ri:ve s could be stabilized by curtains, but the se 
would de stroy the usefulne s s of the cutout. There­
fore, a rigid ring is required for stabilization, or 
the material closing the cutout must be able to 
stabilize the opening. In many cases the cutouts 
are roughly rectangular because the edges follow 
meridian lines and latitude lines. In surfaces of 
revolution under internal pressure there is no 
shear along those lines. 

The isotensoid weight accounts for the fact 
that more mat'erial is required in regions of 
higher stress than in regions of lower stress. 
The weight penalty due to a cutout can be esti­
mated from the weight of the isotensoid material 
removed to make room for the cutout. An al­
most exact estimate of the weight of the cutout 
area removed is given by: 

where 

uland u2 

AC 
(u

l 
+ (

2
) nk 

(A-5) 

principal stresses (assumed con­
stant) acting on cutout area, 

cutout area, 

n = factor of safety, and 

k strength-weight ratio. 

For the sphere and cylinder the weight per 



unit area is constant, and for the important torus 
shapes it is approximately constant. Therefore, 
the weight of the cutout area is assumed to be pro­
portional to the area removed. To allow for the 
discrepancies in shapes other than spherical or 
cylindrical and to account for the structural ineffi­
ciency of cutout reinforcement, it is proposed to 
double the weight of the cutout area tO,arrive at the 
reinforcement weight. Simply, 5-percent cutout 
area with lO-percent added results in a 5-percent 
net penalty for reinforcement weight. 

As mentioned before, the weight of the ma­
terial that closes the cutout must be added to this 
reinforcement weight. The material will depend 
on the purpose of the cutout. 

Figure A-9 indicates the weight penalty due to 
the reinforcement required for a circular cutout 
in a pressurized sphere based on the isotensoid 
weight equation and the factor of two given above. 

Partitions 

'In the event that a meteoroid would penetrate 
the meteoroid bumper and puncture the structural 
wall, a warning' system would be required that also 
would activate an emergency air supply'to replace 
the air lost through the puncture and to maintain 
the internal pressure. If eme:rgency air is not 
available, the rate at which:internal/pressure is 
lost would depend on the area of the puncture, the 
volume of the station exposed to the puncture, and 
the pressure. If it is assumed that the hole would 
provide an ideal orifice and that expansion of the 
air would be isothermal, the rate of pressure 

, A-l 
change would be glven by: 

~f = 0.578 ~a Jg~R¥ 
o 

where 

p = internal pressure at any time, 

t time in hours, 

a = total area of holes produced by 
meteoroid impacts, 

g acceleration of gravity at 
earth's surface, 

'( ratio of specific heats (taken 
as 1. 4), 

R = gas constant, and 

T = temperature inside structure. 

Integrating this expression gives: 

L =' exp(-o. 578 adj,YRT), 
PO' Vo 

where 

(A-6) 

(A-7) 

= initial pressure at time zero, and 

initial volume of air inside the 
structure. 

Also, assuming that the temperature of the 
air in the station would be 78 F, Figure A-IO 
shows the time required for the pressure to drop 
to one-third of the initial pressure in cylindrical 
modules with hemispherical ends. For larger 
volunles, a longer time would be available to the 
crew to locate and repair the puncture. This 

implies that open partitions would provide greateJl' 
safety from this standpoint than closed partitions, 
since the entire "station volume is 'exposed to t~e 
puncture. However, closed partitions would pre­
vent a pressure drop throughout the station, and 
if each section is provided with a puncture warn­
ing system, the area of search would be narrowed 
immediately to one section. 

If an emergency air supply is activated at the 
instant of puncture and internal pressure is held 
constant, the additional station weight of the air 
and the air contai:ner must be considered. The 
weight of air required to replace that lost through 
punctures of various diameters, using the same 
assumptions as above and also a, station pressure 
of seven pounds per square inch (se'e"Figure A-fn, 
for the same cylindrical module wlihhemispheri":'" 
cal ends. This air possibly could be taken from 
the same source that would replace air lost 
through permeation. A puncture, then, would 
reduce the mission life of the vehicle. 

If the puncture woulcj. be of such a size that 
very little time would be available to evacuate the, 
section or if the air supply would be inadequate, 
permanently closed structural partitions would 
save'the station. Since most stations would be 
combinations of cylinders and spheres, the most 
efficient partition at any cross section would be 
a hemisphere whose diameter is that of the ·cross 
section. This same relationship is shown in Fig­
ure A-12 for cylinders with hemispherical ends 
as a function of the number of partitions (up to 
four) and the module aspect ratio assuming a uni­
form sheet construction. 

Dynamic Loads 

Introduction. Space vehicles experience dy­
namic loads from such numerous sources as de­
ployment (entrapped air), docking of other ve­
hicles, rotation to produce artificial gravity, crew 
movements, and attitude control requirements. 
The response of the structure to a dynamic envi­
ronment depends on the mass distribution through­
out the vehicle and on the elastic characteristics 
of the structure, such as the bending, shearing, 
and axial stifinesses. With the response to par­
ticular transient loading conditions determined by 
dynamic analysis and possibly model testing, con­
trol systems can be designed to prohibit large 
accelerations of the various masses iind to ensure 
that the loading will not produce excessive deflec­
tions. For trapped air expansion, however, little 
if any control is possible. 

Docking Loads. Loads experienced during a 
docking maneuver will be transient and will in­
duce time -dependent accelerations throughout the 
structure. The analysis of this loading condition 
will be greatly simplified if the masses involved 
and the structural elastic characteristics can be 
represented by rigid bodies connected by springs 
and dashpots. In the least complex arrangement 
the station and capsule are assumed to be rigid 
masses with a single spring between them. The 
spring represents the docking mechanism and 
local deflections of both capsule and station. The 
g loads experienced by such an arrangement are 
shown in Figure A-13 for several closing veloci­
ties between the station and capsule. 

For a three-mass, two-spring system (see 
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Figure A-14), a general solution for g loads be­
comes much more involved because of the many 
possible combinations of mass ratios, spring con­
stant ratios, and closing velocities. Figure A-15 
has been prepared for particular values of these 
ratios and for a capsule closing velocity of two 
feet per second. 

Artificial Gravity Loads. Artificial gravity 
presents at least two areas for investigation with 
respect to loading. First, there is the condition 
of the constant g level during which the station ro­
tates at a constant velocity. Second, it may be 
necessary to stop rotation for purposes of docking 
or to investigate the effects of prolonged zero g on 
crew comfort and performance; This latter con­
dition as well as the resumption of rotation COn­
stitutes a transient loading during which torgue is 
applied until the required angular velocity is ob­
tained. As with docking, the re sponse of the 
structure to this type of loading will depend on the 
dynamic characteristics of the system and on the 
time function of the applied torque. 

Stresses due to artificial gravity, both the 
transient and steady state condition, usually will 
be in the direction of the minimum inflation pres­
sure stress and will require very little additional 
weight for uniform-sheet materials. However, 
for the optimum type structure where material 
strength is proportional to the stress in the two 
principal directions, additional weight will be re­
quired. 

Figures A-16 and A-17 show the percent of 
increase in weight required for this type of con­
struction for the three - spoke torus and the dumb­
bell space stations at a constant angular velocity 
of four revolutions per minute. The curves shown 
for the torus are applicable only for the configura.­
tion shown because the structure is redundant and 
the relative stiffnesses between the spokes and the 
rim had to be assumed. The dumbbell configura­
tion does not present this problem; therefore, the 
curves for this configuration are general. 

For filament-wound structures the presence 
of shear requires multiple windings or bias plies, 
as in the case of docking loads, to prevent" large 
deflections. 

Deployment Loads. During packaging of a 
space vehicle, not all the air within the envelope 
of the vehicle can be removed. Remaining pockets 
of trapped air will expand within the container as 
the ambient pressure decreases during flight and 
will expand further after the container restraint 
is removed. The expansion may take place local­
ly, forming a series of bubbles, or, if not re­
strained, the expansion will tend to accelerate the 
various masses of the station until the full geome­
try is realized. At full extension, the kinetic 
energy of the masses must be absorbed as strain 
energy in, the structure. 

The actual mechanism of trapped air deploy­
ment is unpredictable for several reasons. First 
of all, the actual volume of trapped air within the 
envelope will not be able to be measured accurate­
ly since part of the trapped air in the packaged 
vehicle will be within the folds but will be external 
with re spe ct to the vehicle inte rnal volume. Nor 
will the initial pressure of the trapped air be ac­
curately known. It is possible that during launch 
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heat will be added to the trapped air, in which 
case the enthalpy of the air at deployment will be 
greater than when packaged. 

Figure A-IS shows the effect of trapped air 
deployment on the structural weight of an inflated 
sphere for an adiabatic expansion of air for V l/VO 

equal to unity. A similar analysis has been made 
for the toroidal space station again using an adia­
batic expansion for the trapped air. The results 
are shown in Figure A-19 for VI/VO equal to 

unity. 

Pressurization Systems 

When an inflatable structure depends on its 
internal pressure for structural integrity, the 
weight of the pressurization system should be in­
cluded in the structural weight. 

For high-pressure structures, the weight of 
the pressurization system can contribute a con­
siderable amount to the structural wei&ht. It can 
be shown from the equation W = CVpn/k that for 
a bottled gas system the empty weight of the bot­
tle s can actually approach the weight of the ve­
hicle structure. 

The equation W = CVpn/k defines the struc­
tural weight not only of an inflated vehicle, but 
also of a pressure bottle. If both the vehicle and 
the bottle are constructed by the same method 
(C I = C Z)' of the same material (k l = k Z)' and 

with the same safety factor (nl = n
Z

)" then the 

weights of the structure of the vehicle 'and of the 
bottles are proportional to their respective vol­
ume s multiplied by their re spective internC!,1 , 
pressures (WI oc PIV I and Wz cc PZVZ). How-

ever, PIV I = PZVZ' and therefore, WI ='WZ. 

Some of the more feasible methods of pres­
surization are shown in Figure A-ZO. Pressuri­
zation system weight is plotted against inflation 
energy (volume times absolute pressure). Infla­
tion energy is not the governing parameter when 
selecting pressurization systems for lightly 
loaded and extremely lightly loaded structure s. 
The governing parameter is some predetermined 
stress level established to prevent buckling or to 
strain the structure some given amount. 

Valve and control system weights, as well as 
weight for positive explusion of cryogenic fluids, 
are not included in Figure A-ZO. These can be 
sizeable weight items for small inflation systems, 
especially for cryogenic systems. 

The temperature of the inflation gas in the 
structure was assumed to be 70 F in all cases. 

Two 'examples of sublimating powder systems 
are shown in Figure A-ZO. The points were cal­
culated from data on Echo I and Echo II balloon 
inflation systems. 

Structural Weight of Space Vehicles 

The types of vehicles considered in this paper 
along with the important dimensions, de sign para­
meters, and total structural weight are shown in 
Figures A-Zl through A-Z5. The total structural 



weight of each vehicle was calculated, using ;the 
parametric data in the preceding sections, and 
then was tabulated on the bar charts (Figures A-
21 through A-25) and in Table 1. This total struc­
tural weight (W TOT) is one of the important factors 

in determining typical values of the figure of 
merit, 

F = pv 
WTOT 

The types of unmanned vehicles considered 
were passive communication satellites (Figure A-
21) made of a wire grid and photolyzable film, and 
solar concentrators (Figure A-22) made of alumi­
nized Mylar. The shapes of the passive communi­
cation satellites considered were spherical and 
lenticular. The solar concentrator shapes were 
spherical and lenticular paraboloids. 

Three shapes of manned vehicles were con­
sidered: a torus (Figure A-23), a dumbbell (Fig­
ure A-24), and a cylinder with hemispherical ends 
(Figure A-25). Each of these shapes was con­
structed of: (1) Mylar film, (2) square woven 
coated cloth, (3) coated filaments, and (4) a hy­
pothetical film having the same strength-weight 
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ratio as the square woven cioth, which is approxi­
mately three times the strength-weight ratio of 
Mylar. One additional special material, a neo­
prene-coated sapphire whisker, was used to fila­
ment wind' a toroidal space station to determine 
the effect of extremely high-strength filaments on 
the total structural weight of a vehicle. 

It should be pointed out once again that the 
total structural weight of each vehicle does not in­
clude the weight of meteoroid protection material 
or material for radiation protection. 
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Figure A·13 - Dynamic Response of Space Station to Docking Loads Assuming 
Two·Mass, One.Spring System 
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Figure A.12 - Partition Weight for Cylinders with Hemispherical End Using Uniform Sheet Construction 
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