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ABSTRACT

An intensive investigation has been carried out to study the surface profiles obtained as a result of the large deformations of
pressurized membranes. The study shows that the inflated membrane shapes may have the requisite surface accuracy for use in
furre large space apertures. Both analytical and experimental work have been carried out. On the analytical side, the classica
work of Hencky on flat circular membranes was extended to eliminate the limitations it imposed; namely a lateral non-follower
pressure with no pre-stress. The result is a computer program for the solution of the pressurized circular membrane problem.]3]
The reliability afthe computer program is demonstrated via verification against 414, a nonlinear fmite element solver developed
primarily for the analysis of inflated membrane shapes. The experimental work includes observations made by “eal] 1] on the
(W-shaped) deviations between the membrane deflected shape and the predicted profile. More recent measurements have been
made of the deformations of pressurized flat circular and parabolic membranes using photogrammetric techniques. The surface
error quantification analyses include the effect of material properties, geometric properties (effect of seams), loading
uncertainties, and boundary conditions. These effects are very easily handled by the special FEM ccF Al which had recently
been enhanced to predict the on-orbit dynamics, RF, and solar concentration characteristics of inflatable parabolic
antennag/reflectors such as the IAE (Inflatable Antenna Experiment) that flew off the space shuttle Endeavour in May 1996. The
results of measurements have been compared with analyses and their ramifications on precision-shape, large-aperture parabolic
space reflectors are discussed. Results show that very large space apertures with surface slope error accuracies on the order of
1 milliradian or less are feasible. Surface shape accuracies of less than 1 mm RMS have been attained on ground measurements.
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INTRODUCTION

There is a need for large aperture space telescopes in the future. Current technology precludes the space deployment of very large
aperture devices becausenfwezight and volume constraints. Due to their very low weight and low, conformable packaged volume,
inflatable reflectors may be the answer. If inflatables can be made to work as large reflectors in space, they will provide cisi-
effective solutions for a variety of needs including very large solar collectors, solar concentrators, mm-wave antennas, and Space
Very Long Baseline Interferometry (SVLBI) systems, to name a few. In fact, because of greatly reduced launch costs, the use

of inflatable reflectors for antenmnas or solar concentrators can make possible important missions that otherwise would just be
economically prohibitive. On May i, 1996, the Space Shuttle Endevaur launched the first ever inflatable space anterma 1 4m
diameter) called the Inflatable Antenna Experiment (IAE).

The Space VLBI missions involving apertures larger than 20 meters will be prohibitive because of launch cost. Space VLBI is
useful because of the potential of synthesizing a gigantic space telescope with a diameter severa times the size of the earth. At
this size and at centimeter radio wavelengths, the resolution is about 30 microarcseconds — {1 times better than can be achieved
using ground VLBI alone and almost 1000 times finer than can be achieved with the Hubble Space Telescope at optical
wavelengths. Large, accurate aperture diameters greater than 20 meters is feasible with the use of inflated membrane shapes. Its
accuracy can be further increased with the use of adizprive feeds amd optics. The support structure of such a system is in itself
aso an inflatable but rigidizes after deployment. Only the lenticular structure is purely inflatable. Apermre diameters between
50 m and 1{{im for use in a space-based system like the Terrestrial Planet Finder and the Terrestrial Flancr faazer will be
impossible without the use of very lightweight, and volume-conformable systems. One other advantage of an inflatable system
is its inherent high damping characteristics. Typica structural damping coefficients are between 5% and 2{4.[ 1]



Tobeofpractical interest, space-based largeinflatable aperturesfor usein astronomical observations, must operate at frequencies
upwards from 274z, For a 287 H: antenna (wavelength & = 10.7 mm), a 2dE loss of antenna gaini:ii, - according to
reference] 1 2] G0, = exp|-(4 15, /47)] - corresponds to an RMS error of & = (0.20k /1) " LY 4 = 0 S8mm.

Probably theissue of greatest concern for inflatable space systemsisthe possibility of meteoroid puncture. This prompted NASA
to turn early on to seli-rigidizing Systems so that inflation was used mainly as aforming erection mechanism. Many of the
advantages of space inflatables such as ruggedness, damped dynamics, and low-weight were lost by this. It has been shown that
the meteoroid problem was grossly overestimated and that inflatable systems can remain operating for ten or more years by
replacing the lost inflatant while maintaining alow total system weight.[2] The makeup inflatant weight is only asmall fraction
of the total system weight.

Ground measurements have yiel ded surface shape accuracies between 0.6 mm and | 3mm RMS for gored 3-meter-diameter
systems with 0.8mm to ). 9émm astypical values. Thisisthe RMS deviation of the measured surface from a best-fit paraboloid.
A surface accuracy of 1.3 mm RMS was achieved on a 7 meter, 0.5F/D

inflatable parabolic reflector. M easurements al so show that surface slope T . ﬁl_?l
errorsof 1 milliradian or lessarefeasible. It must be noted that these surface ; : ; '“‘i'“
accuracies and surface slopes were achieved using off-the-shelf materials ! b ey

with the reflector formed from flat gores. Figure 1 shows one of thefirst 3 : I
meter reflectors built by L'Garde. The surface was measured using a
scanning laser system and yielded a surface accuracy of 1.12 mmRMS][ [1]
Although inflatable reflectors using current technology do not have the
required accuracy for use as space telescopes, we believe that the enabling
technologies such as improved material properties, better material
uniformity, and greatly-improved manufacturing processes are in the very
near future. At present, inflatable reflectors are fabricated using flat gores
joined together at the seams. The use of doubly curved gores will yield
better accuracy but the process becomes expensive for larger diameters.
However, the cost is not necessarily prohibitive.

Inthis paper, we present the results of our analytical work and the validation
of its predictions against experimental measurements. The objective of this
paper is to show the feasibility of using inflated membrane shapes as
telescope mirrors and to validate agai nst experimental results, theanalytical
codes used in the calculation of the geometry attained by pressurized T
membranes. This validation is critical as these tools will be used in amore ; “%’-
intensive study of inflated membranesto assesstheir surface shape accuracy
for use as mirrors for antennas and telescopes. The experimental setup ~ Figurel. An early 3-meter diameter inflatable
consistsof athin sheet of material of precisely known prestressand clamped  eflector

at itsedgeto form aflat circular membrane.
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ANALYTICAL AND NUMERICAL SOLUTIONS

In order to address the issues concerning the surface accuracies of inflatables, a set of analytical tools capable of accurate shape
predictioniscritical. For pressurized membranes, numerical analysis can be troublesome and closed form solutions exist only
for thesimplest of configurations. If an exact solution exists, it may not bein closed form and thereby require numerical methods.
This provided the impetus to develop the analytical tools discussed in this paper.

.4\, aproblem-dependent material and geometric nonlinear fmite element computer program for the analysis of membrane
structures was developed to study and predict the large deflection of inflatablestruciures.[3] It has nonlinear materia capability
and accepts various types of loadings and boundary conditions. More recently, AM, a high precision analysis code for
axisymmetric membranes capable of modeling wrinkling was developed.[3,6] Its accuracy and precision are such that it is
applicable upwardsto optical frequencies. Theinitial validations of both F.4/Afand AM were carried out by comparing its results
against the Hencky[ 7] solution, namely the deflection of aflat circular membrane dueto alateral load. Another validation test



case used for FAIM was the solution of theisverie profiem; i.e., what must be the initial uninflated shape given the desired final
shape, loading condition and material properties.[4] The same capability was included in the axisymmetric membrane code, 4L/
[3.6]

A number of authors have done analytical work on membrane deflection problems as a result of applied loads, dating back to
the classic paper by Hencky on the profile attained by aflat circular membrane subjected to alateral Lead.[7] This and subsequent
work that includes extending Hencky's original work are in general restricted to an initially flat circular membrane.
Approximations need to be made in order to render the problem exactly solvable, athough the solution sometimes involve
numerical methads [8,%] The code AM on the other hand solves the exact differential equations without approximations or
incarizations Of theequatiens. [3,6] It uses the finite difference technique. For the governing equations, the interested reader is

referred to references [5] to[ 111].
DEFLECTIONS OF THE FLAT CIRCULAR MEMERANE

The deflections of aninitially flat circular membrane may be used to approximate a paraboloid of revolution. Table 1 istaken
from reference[3]. It shows the best-fit parabola /L ratio and EME errors” for a deflected S-meter-diameter circular membrane.
Theload cases|23, 250, 50k, and 1000 refer to the membrane film stressinpsi. Table 2 lists the parameters used. As shown in
reference[#], an added presiress in the flat membrane decreases the RM S errors and flattens the shape; i.e., lengthens the focal
length.

TABLE la RMS ERRORS AND F/D RATIO FOR BEST-FIT PARABOLOID

Load Case 125 250 500 1000
T [Mpa] 0.8618 1.7240 3.447 0.895
F/D 101 7.13 5.04 3.56
Epyg [mm] 0.178 0.251 0.356 0.507

TABLE Ib. RMS ERRORS AND F/D RATIO FOR BEST-FIT PARABOLOID (Pre-stress 340 psi)

Load Case 125 250 500 1000
T [Mpa] 2.445 2.860 4281 7.589
F/D 32 13 6.65 4.06
Eps [Mm] 0.002 0.024 0.123 0.300

TABLE 2. PARAMETERS OF CIRCULAR MEMBRANE

| Material

Kapton

Thickness, 1

00027 mm (0.5 mil)

Young;s Modulus, E

5516 Gpa (800 ksi)

Poisson's Ratio, v

EI'I 3

1.2x 100

3.00m

TheHE,i= error is taken as the RMS of the path length change due to deviations of an otherwise perfect surface according s

[ Jial



Figure 2 isaplot of the RMS errors for the 3m diameter flat membrane as a function of circular area considered. (Both linear
and logarithmic plots shown.) For example, if only the 2m inner diameter is considered (radia distance = 1 .00 meter) the fai=
errors are, respectively, 0.028 mm, 0.039 mm, 0.055 mm, and 0.08 mm for the 1 25, 250, 501, and 1000 psi load cases. The main
reason why this approach isimpractical for forming approximate parabolic shapes for space telescopesis the long F/D ratio and
the high skin stresses = = 300 psi). The longer the F/D ratio, the longer the booms are to the feed location - added weight to the
total system mass. On top of this, higher skin stresses mean higher inflation pressures trandlating to higher makeup gas weights
to replenish that lost to meteoroid puncture. Work is on-going to reduce the overall system weight with the use of low-modulus
materials for the film membrane. For a given inflation pressure, a shorter F/D ratio and lower skin stress are achieved with a |-
modulus membrane.
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Figure 2. Parabalicity of 3-meter-diameter circular membranefor different circular areas

PRESSURIZING MEMBRANES TO PARABOLIC SHAPES

The inverse problem

The success or failure of inflatable reflectorsis directly tied to their as

ability of maintain asmooth parabolic shape. One of the major issuesthat i

must be solved is what is commonly referred to as the inverse problem: TS B

what must be the initial shape of an inflatable shell membrane such that i T

it attains a smooth parabolic surface after experiencing large structural LS - .,
deformations? The sol ution to thisisused in the construction of inflatable - Perfect Parabola
reflectorseven for initially flat gores [4] Thisfeatureisasoincludedin -~ =## '..,,:‘ N “«k

code 4M[%.6] The earliest validation of code FAIM consisted of s kY

comparing its results on the deflections of membrane problems (obeying 3 S

the inverse problem) to perfect parabolic shapes. Figure 3 showsthe o \ N ﬁ N

FAIN predictions of the deflections of three different initial shapes (v
01,03, .43]) to the same fmal parabolic surface. The (numerical)F 4w o8] ”""-’f
results as well as AM, agree with the analytical solution to 6 decimal 1 . '1|| 5\
places. The results are expressed in terms of the dimensionless 8.0 3 1l ; . L
parameters(Z7F) and (+2F) where F is the focal length, z is the vertical née ass rov T T

displacements, and r is the radial distance from the vertex. The case ) . L
shown in Fig. 3 isfor avery large deformation case- pif sl = | Figure 3. Comparison of exact paraboloid with
: FEAE L FAiM-caleulated inflated shapes



Reflectors using flat gores

Most of theinflatable reflectors that have been fabricated to date have been formed using gores which, prior to any inflation
pressure, curve only in the meridianal direction. The curvature in
the circumferential or hoop direction is provided by theinflation
pressure. The main reason for fabricating inflatable reflectors this
way isitssimplicity thereby reducing cost. The gores are visible
in the reflector shownin Fig. 1. A 3-meter 14-zore of fset inflatable
reflector built as a sector of the |AE 14-metzr-diameter antennais
shownin Fig. 4. The“dots’ are retroreflective targets used for
measuring the surface profile using photogrammetry. The surface
RMS deviation of this reflector from the best-tit paraboloid was
0.67 mm RMS. The reflector was fabricated using 0125 mil
auminizedmylar.

The surface accuracy calculated using flat gores (in £ toform &
adoubly curved inflatable membrane reflector is shown in Fig. 5 |
where we plot for both a 3-meter and a 7-meter diameter with an
F/D =% and 1. The load case considered isthe ==230 psi case.
The seam tape used in the simulation is 0.25 mil thick, 0.35inch
wide with E,_.=IO0O0 psi. At this skin stress level, the inflation - TS
pressure required for the 3m diameter is 0.00212 psi and 0.00106  Offset reflector
psi for aF/D =\ and 1, respectively. For a7 m diameter, the
inflation pressureis9.07 x 11+ psi and 4.5x 1 i+ psi for F/D = 1 and ; , respectively. These pressures are equivalent, respectively
to 1/1a000" and 1732400 of an atmosphere. For an F/D = 1, 25 meter diameter reflector operating at the same skin stress of
=230 psi, the inflation pressure is only 1/115,748" of an
Surfaze Accuracy For mifferent N OF Geres atmosphere. These very low inflation pressures help in reducing
r.soe ————— the makeup gas weight requirement.

. Notice in Fig. 5 how the surface accuracy improves as the

| number of gores increases and for the two cases considered, no
! ; significant improvement is achieved beyond 60 gores. It must
also be noted that the reflector flattens as the number of gores
decrease, i.e., the focal length isdlightly increased.

f.200

L T

WY m I.l|.__|

1 e ] Figure 6 (F/D=": , 1) shows the improvement in the surface
accuracy as afunction of the circular area considered. Thisis
similar to Fig. 2 for the flat membrane. The reason for the
improvement in the surface accuracy asthe circular areais
decreased isdueto thefact that the integrated deviation between
the flat gore and the curved parabolic surface isless at smaller

radii. Note that the surface accuracy remains fairly constant for
0.000 4 - — - . most of the region considered until it gets to about &0 to @i
R Umber a‘?’b(FI‘lz;lst) Gores. 0 of the aperture radius where the curves suddenly experience a
large change in slope.

Figure 5. Reflector surface accuracy dependence on number

of (flat) gores used. (F/D=%, |1 ..~ 1000 psi, PO.5Smil,  To assessthe effect of edge mounting on the resulting parabolic
a=230 ps shapes using flat reflector gores, code FA4iM was used for the

cases where the gore length was given an error of =41 as shown
in Fig.7. A negative AL corresponds to a gore that was made shorter than the design length and a positive AL corresponds to a
longer gore. A shorter gore resultsin alonger effective focal length and a longer one results in a deeper dish and thereby, a
shorter focal distance.
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Figure 6. Reflector surface accuracy for different circular 0.600 1, P TSy e . ,
regions. { F/0= %4 E=300 ksi, E,__= 1000 psi, t=0.5 mil, B T A LAY
=250 pg, B,~1.5m for 3m -diameter and E,=3.5m for Tm- Fror in Gore Length. (mils)
diameter. Number of goresis 40 for either case Figure 7. Effect of longer and shorter gores
Reflectors using preformed membranes
A few runs using 4/ 1iwers made to look at the magnitudes of
reflector accuracy using gores with the same (double) curvature | SN S R N ——
astheinitial uninflated shape obtained from the solution of the a7 K thpe = 300 kwi
nverse problem. 1N practice, doubly-curved gores are obtained o —————— e
by thermo-forming where the membraneis heated to a high ——F—1 { i {
temperature while pressed on amandrel with the desired double R R S e—
curvature. However, we do not expect the formed reflector to & | ] |
inflate to the perfect parabolic shape because in practice, £ &.af ! 2 . ]
especialy for large diameters, the reflector can beformed only e — ——1
be seaming together the doubly-curved gores using a tape x 11 — |
material. Figure 8 showsthe resulting reflector surface accuracy —1— | — —
obtained using two different seam tape materials, E,,_, a.001 | | o i
500,000 psi andF.,,,. = 1000 psi. The load case considered for 3 ; = e o T
both cases is the =250 psi case. —_ ] = ] ]
.::I' = J‘F--. e T .
Figure 8 shows that increasing the number of “gores’ degrades o.0001 - _
) ! 70

the surface quality. This behavior is opposite that shown in Fig. grTeTeY Y (G [ 60
5 (as expected). The overall surface accuracy for the case of an “Number of “Cores
initially doubly-curved surfaceisbetter than that of initially flat Figure 8. 3 meter reflector formed using doubly-curved
gores. gores. F/I+=1.E, . =500 ks, E,_.. = 1000 ps

Measurement results of the deflection of flat circular membrane

In this section, we present the results of the correlation of the results of our analytical codes and measurements of the surface
profile of initially prestressed circular membranes. Sinceit is easier to achieve and control afinite, nonzeroinitial prestress state
inamembranethan aninitial zero stress condition, the membranes used in the experiment were given aninitial prestress of 50psi.
Table 3 lists the parameters of two circular membranes used in the tests.



TABLE 3. PARAMETERS OF THE 1.0-METER CIRCULAR MEMBRANES USED FORTEST[ 13]

Materia Kapton, Isotropic Mylar, 1", Orthotropic
Thickness 0.0005 inch 0.0005 inch
Measured Modulus 543,000 psi E=227000 psi, E.=642000 psi
Poisson’s Ratio 0.3 vi.= 035 wv,=024
Diameter 1.0 meter 1.0 meter
Prestress 50 psi 50 psi

The Y oung’s modulus and Poisson’ s ratios were measured [13]
using a video metrology system. The values shown in Table 3 are
average results. While kapton is believed to be isotropic, mylar is
orthotropicwith principa material axesapproximately 14° from the
material transverse (T) direction as shown in Fig.9. The details of
the measurement method are discussed in reference [ 13], Figure 10
shows a polar plot of the measured modulus of Mylar.

Frircinal jmax) i;'\
Machine ) pem '?-"

Figure 9. Defmition of machine (M) and transverse (T)
material directionsand the principal material axesfor
mylar

Each membrane was prestressed to 50 psi before it was bonded
and clamped to a 1 meter (inner) diameter aluminum ring. The
membrane was subjected to an isotensoid stress state by amethod
suggested in reference|[ 14]. Figure 11 is a photograph of the
circular membrane where one can clearly seetheretrorelfective
targets used by the videogrammety measurement system
(WETARS)L[1%] The measurement system has an accuracy of
0.000 1 inch.

i
Figure 10. Experimental determination of Mylar principa
axes orientation using one dimensional tensile tests. The
ellipseisoriented at 01" relative to the transverse direction

The result for mylar is shown in Fig. 12 for inflation pressures of
0.001 7psi and 0.01 &psi, respectively. These correspond to skin
stresses at the center of 636 and 30 7&psi, respectively. The
predictions by F.4iLfis superimposed on the same plot. The error
bars correspond to the uncertainties in the measurement of the
inflation pressure and the nonuniformity of the modulus over the
material surface. However, alil*a higher (or lower) modulus
value corresponds to only a 3% decrease (or increase) in the
vertical deflection of the membrane. For mylar, the uncertainty

in the modulusis+11{%4, -3% and for kapton, it is=&%, Notice Figure 11. One-meter diameter flat, circular membrane

the excellent agreement between F47A and experiments

especiadly for mylar. The agreement is not as good for kapton (Fig. 13) but it is still within experimental error. The reason for
thisis that, the kapton material used was not as “flat” as the mylar. In fact, even after the kapton was stretched to achieve a 50
psi prestress, certain sections of the kapton showed minor rippling. Thisis believed to have existed in the material as a result of
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manufacturing. There are other types of Kapton, such as Kapton E that exhibit far more uniformity than the kapton HN type used.
We could not use kapton E because at the time the experiment wasgerfarmed., it was not available in the right width dimension.

During the test, after pressurizing tod.(x1 7psi and then tof.01#psi, the pressure was set back tofl.iiil 7p=i and a second
measurement of the surface was made at this lower pressure to check whether or not the membrane had yielded. The check
measurement shows the same surface profile within the videogrammetry system’ s accuracy and precision.

The displacement contours from the
measurement of mylar is shownin Fig. 14.
It is hard to see the “dlliptical” contour
with the “unaided eye.” When this was
analyzed using a best-fit ellipse program,
the results show that the best-fit ellipseis
oriented at about 410" from the transverse
direction. The predicted contours by FAI4
likewise shows an ellipse of low

"gllipticiny” - Fig. 15. The “jaggedness’ in

Fig. 14 is an artifact .of the plotting
program used.

F"

Figure 14. Contour plot of measured surface of mylar
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The difference between the measured profile
of the mylar at (.03 psi inflation pressure and
the best-fitparabola along the x-axis and -
axis cut isshown in Fig. 16. It shows a"lf
shape” andissimply theresult of calculating
the difference between two curves allowed to
displacevertically relativeto each other.

Fig. 16. Vertica (=1 deviation between hes-
tit parabolic surface and actual profile.

The same type of deviation is observed for

initially non-flat membrares. [ 11] Before an
inflated membrane is used as a reflector, its
surfaceis first measured and the optimum
feed location isthereby determined. This "IF

shape’ deviation is simply the result of
giving the two curves the degree of freecom
to move along the vertical aswell as “open”
and “close” until the (Azy = (z-z.) is
minimized. Because the effect of edge
perturbations do not extend much into the

aperture area, especially for deep reflecterz[#] (low F/D ratios), only that portion of the reflector that provides good surface

accuracy may be metallized. The undistorted area of the reflector

simply moves up (or down) as arigid body. A movable feed
system can then be used to enhance the operating performance.

The feed may also be an adaptive system to extend and further
increasetheusability.

Summary and Conclusions

We have presented the resulting shape geometry of inflated
membranes for both initially flat and initially curved surfaces.
The use of reliable analytical codes was deemed to be of utmost
importance early on which led to the development of afinite
element analyzer for inflatable membranesi FA/Lf}, and the
development recently of an (exact) axisymmetric solver i .4.14] for
the same structure. The validity of the codes was tested against
known analytical solutions and against each other. Their
reliability wastested further by comparing their predictionswith

experimental measurements of the deflections of flat circular
membranes. The results of the present study show the feasibility

of using inflated membrane shapes for space antenna and
telescope applications. Without alow-weight, low-conformable
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Figure 16. Vertical (z) deviation between best-fit parabolic
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volume offered by structures like inflatables, space missionslike the SVLBI, and apertures greater than 25 meter diameter would
be prohibitive in terms of cost. Preliminary studies show that even for 50 m diameter aperture, a Titan booster is not reguired-

an Atlas-type booster will suffice (lower launch cost).

Initially flat membranes inflate to approximate paraboloid structures but the inflation pressures reguired is so high that the

makeup gas needed to replenish that lost to meteoroid damage is also high. However, for reflectors made out of (a) initialy flat
gores, and (b) initially doubly-curved gores require pressures on the order of afew ten thousandth to even a hundred thousandth
of an atmosphere. Thisis essentialy in the free-molecular flow regime and helps greatly in the reduction of the makeup gas

weight requirement.



The surface accuracy of reflectors made out of initially flat gores may be increased by exploiting the fact that edge effects extend
only to the vicinity of the perimeter. A much higher surface accuracy isachieved by not including (metalizing) this outer region.

The central portion af th reflector essentially remains unchanged and only displaces vertically. A movable aswell asan adaptive
feed system will further enhance its performance. A lower modulus material will also help advance the technology further by
bringing the makeup gas requirement even lower. A low modulus material also means that the skin stress required to remove the
packaging wrinkles is also lowered.

Although inflatable reflectors do not currently have the surface accuracy required for use as space tel escopes, we believe that
the enabling technol ogies such asimproved material properties, better material uniformity, greatly-improved manufacturing
process, and low-material moduli are in the very near future. Araadmap to the technology had been prepared by L’ Garde with
input from JPL and Phillips Laboratory and work on improving the accuracy of precision inflatable space structuresis actively
going on.

Acknowledgement

Wewould liketo thank Lt. Jonathan Bishop of PhillipsLaboratory for letting ususethe VSTARS Videogrammetric M easurement
System for the experimental studies. Some of the work presented in this paper has been supported by Contract No. F2@i | ---
0131 fromtheU.S. Air Force, Phillips Laboratory to study Large Inflatable Structures (LIS). The addition of nonlinear material
capability to code FAIM was supported by MA5AJPL Contracts MAST- 12 19 and WA 57- 13 13. The experimental measurement
of the deflections of the flat circular membranes was supported by Contract No. 96031% Task L with 454/ JPL on the New
Millenium Program. We also thank *'uli Huang of L’ Garde for running most of the FAIM calculations presented in this paper,
aswell asfor writing the code to extract the best-tit ellipse from the measured surface contours.

References

L Palisoc, 1., Inflatable Reflector Development Program, Task 3 Report, L’ Garde Technical Report,l. TH-84£- AF-iiig,
May 1994.

2. Thomas, M. and Friese, i, "Preszureized Antennas for Space Radars’, AIAA paperail-1 928-CF, AIAA Sensor Systems
for the 80's Conference, December 1980.

3. Palisoc, A.L. and Huang ., “Design Tool for Inflatable Space Structures’, In 35" AlaA ASME ASCE AHS ASC
Structures, Structural Dynamics and Materials Conference, pp. 2922-2930, kissimmes, FL, April 7-10, 1997, 414 A-97-
1378.

4. Thomas, 1., “Effect of Inflation Pressure on Paraboloid Structure”, L’ Garde Memorandum, LM-79-MT-054, August
10, 19709.

5. Greschik, i, Palisoc, A., Cassapakis, ¢, Vedl, (., and Mikulas, &, “Approximating Paraboloids with Axisvmmetric

Pressurized Membranes”, In:9® AlAA/ASME/ ASCE AHS ASC Structures, Structural Dynamics, and Materials
Conference, Long Beach, CA, April 1998.

6. Greschik, (5., Mikulas, *1, and Palisoc, A., “Approximation and Errors in Pressurized Axisymmetric Membrane Shape
Predictions’, In 36® Al4 A/ASKMEASCEAHS ASC Structures, Structural Dynamics, and Materials Conference, Long
Beach, CA, April 1998.

7. Hencky, H., Uber den Spannungszustand in kreisrunden platten mit verschwindender Biegungssteifigkeit Zeitachriff
fur Mathematik und Physik, 63: 311-3 17, 1915

8. Campbell 1.Tx, On the theory of initially tensioned circular membrane subjected to uniform pressure. The Quarterly
Journal of Mechanics and Applied Mathematics I Xi1: 84-93, 1956.



10.

11.

12.

13.

14.

Fighter, W B, Some solutionsfor the large deflections ofuniformly loaded circularmembranes. NASA Technical Paper
1588, NASA Langley Research Center, Hampton, VA, July 1997.

Green A.E. and Adkins JE., Large Elastic Deformations, Clarendon Press, Oxford 1970.

Veal, i, “Highly Accurate Inflatable Reflectors, Phase I1”, Find Report foAFEL, L' Gards Technical Report LTE.-84-
GV-129, March 1987.

Fuze, 1., “Antenna Tolerance Theory - a review”, Proc. Of the IEEE, 5414 b3 3-6-40, April 159466

Murphey, T. and Mikulas , &1, “Measurement of Elastic Constants for 0.0005 inch thick Mylar and Kapton Hfilms",
Center for Space Construction, University of Colorado at Boulder, Feb. 5, 1998.

Mikulas, %1., Center for Space Construction, University of Colorado at Boulder, private communication, Nov. 1997.

WETARS, Videogrammetric Measurement System, WSTARS, by (351, Corp., Melbourne, FL.



e Garde Inc

15181 Woodlawn Avenue
Tustin, CA 92780-6487
www.LGarde.com




