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The desire to see farther into space with increased accuracy is driving the development of large diameter
(10-100 m in diameter) inflatable telescope reflectors that can be launched in a compact form and inflated in space.
The surface shape of these membrane reflectors must be precise down to the micrometer level. However, it is
unlikely that a membrane reflector could reach this ideal shape without the assistance of active and passive shape
correction. Two methods of shape correction considered in this study were 1) passive actuation through epoxy-
coating shrinkage strains during rigidization and 2) active actuation through a polyvinylidene fluoride (PVDF)
piezoelectric film. Laser interferometry shearography and shadow moiré interferometry techniques were used to
observe how cure stress and PVDF actuation affect the surface shape of sample membranes. The effect of in-plane
strains on the reflector shape was analyzed using a finite element model. Results show that a limited amount of shape
correction is possible with both techniques. However, the magnitude of shape correction diminishes dramatically
with inflation pressure and is not sufficient to overcome the surface errors caused by geometric nonlinearities at

high inflation pressures.

Nomenclature

= elastic modulus for polyvinylidene fluoride (PVDF),
2.0 x 10° Pa

elastic modulus of the epoxy at time 7, Pa

elastic modulus of the membrane, Pa

thickness of the membrane, m

thickness of the PVDF film, cm

thickness of the epoxy, cm

thickness of the membrane, cm

applied pressure difference, Pa

membrane radius, m

radius of curvature of the membrane, cm

normal distance to the axis of revolution, cm
distance from the camera to the object, cm

voltage applied to PVDF film, V

in-plane displacement, cm

out-of-plane displacement, cm

shearing direction

shearing angle of the birefringent crystal, deg
shrinkage strain of the epoxy at time interval 8¢, cm/cm
piezostrain constant for PVDF film, 25 x 10~!2 m/V
strain in PVDF film, cm/cm

shrinkage strain on the membrane due to the curing
of an epoxy on one side of it, cm/cm
circumferential strain in membrane, cm/cm
meridian strain in membrane, cm/cm

observation angle, deg
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illumination angle, deg

wavelength of the laser, cm

= angle between the local normal and the axis of
revolution of the membrane, deg
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Introduction

URRENTLY, the diameter of space telescopes is limited by
the diameter of the space vehicle, commonly the space shut-
tle, used to launch the telescope. To meet the desire to see farther
into space with increased resolution, it is required that the diam-
eter of telescope reflectors be increased dramatically. One option
would be to create a large inflatable reflector that could be brought
into space, inflated, and rigidized for use.! Large inflatable reflectors
from 10 to 100 m in diameter are of interest to the U.S. Air Force for
future space-based radar, imaging optics, solar concentrators, etc.
(Fig. 1). Such a new class of structures could offer vastly improved
resolution and lower cost to orbit. Similarly, there is a need for ra-
dio frequency antennas for communication and space-based radar
that are larger than 50 m in diameter while possessing 1-2-mm rms
surface accuracy over the aperture.”? However, it is well known that
the deviation in shape of an inflated membrane compared to an ideal
parabolic surface, referred to as the W error,” is caused by geometric
nonlinearities associated with large deformations during inflation.
Therefore, practical inflatable rf and optical reflectors must incorpo-
rate some means of compensating for such errors in surface shape.
Furthermore, requirements of the defense community make it
necessary for large imaging apertures to have adequate stiffness to
mitigate excessive vibration in the vacuum environment of space.
Indeed, stiffness is a major criterion for the joint NASA/Department
of Defense Advanced Mirror System Demonstrator program that is
developing mirrors for deployable telescopes.* Thus, large inflatable
reflector structures must be rigidized in space to provide structural
stiffness and stability. The typical approach to rigidization involves
inflation of a partially cured composite membrane and subsequent
on-orbit curing of the membrane material. As such, meeting the nec-
essary surface accuracy through inflation and rigidization requires a
better understanding of the mechanics of membrane structures and
the interaction between cure shrinkage and surface deformations.
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Fig. 1 Large (9-m) inflatable reflectors at the U.S. Air Force Research
Laboratory (SRS Corp.).

Significant advances have been made on the development of in-
flatable rigidizable structures.’ A number of possible rigidization
methods such as the sub-Tg (glass-transition temperature) method
and ultraviolet-cure method have been identified. Although studies
have been conducted to explain how epoxy behaves as it cures and
how it acts on a single fiber as it cures, no research has been done
on the question of how shrinkage strains and other characteristics
of epoxy curing affect the shape of an inflated composite structure.
It is believed that the differential shrinkage during rigidization can
be coupled with variations in membrane thickness to reduce the
W error, but achieving positive results requires that the process is
accurately understood and experimentally quantified.

The idea of using polyvinylidene fluoride (PVDF) for actuating
membrane surfaces to reduce shape errors has matured in recent
years.® By applying opposing voltages on either side of a free-
standing two-layer (BiMorph) system, one can induce significant
curvature in the system. Maji and Starnes used PVDF in an at-
tempt to actuate and correct the shape of a 51-cm (20-in.) inflated
membrane.” It was proven that, whereas shape actuation of a few
micrometers is possible, the low actuation force of PVDF makes
it unsuitable for correcting the millimeter level surface inaccura-
cies that result from the W error. Therefore the basic premise of
the present research is that the membrane has to be fabricated to
near net-shape before any residual corrections can be made through
PVDF actuation or rigidization.

There are two primary questions addressed in the research re-
ported here:

1) How much shape correction is possible through cure shrinkage
at rigidization?

2) How much shape correction is possible through PVDF actu-
ation of a membrane that is prefabricated to near net shape and,
hence, needs very little inflation pressure?

Experimental Setup

Figure 2 shows the test setup for the present study. A stainless steel
vacuum chamber 31.8 cm (12.5 in.) long and 14.9-cm (5.875-in.)
inside diameter was fabricated and assembled on the optics table to

Fig. 2 Membrane inflation and interferometry test setup.

inflate the membrane. The membrane test specimen was stretched
over one end of the vacuum chamber and forced into a reflector shape
by vacuum pressure. The flanges at the two ends of the chamber were
20.3 cm (8 in.) in diameter. The flange at the rear end had a blank
steel plate with a valve connected to a mechanical pump. This flange
was connected by a series of bolts and sealed with a copper O-ring.
It was connected to a pressure gauge by means of a rubber hose
connected to a threaded fitting on the side of the flange. The range
of this absolute pressure gauge was 0-0.16 MPa (0-23 psi) with a
resolution of 0.7 Pa (£0.0001 psi). Both ends of the rubber hose
were wrapped with vacuum bag tape to prevent leakage.

A rubber O-ring treated with vacuum grease was placed in the
groove of the flange in the front of the chamber. After the membrane
was installed over the rubber O-ring, a cardboard gasket was set on
the outside edge of the flange and a 20.3-cm (8-in.)-diam steel ring
was placed in front of it. This ring was then clamped to the flange
using eight C-clamps. Clamps were used instead of bolts to provide
uniform stresses on the edge of the membrane and to eliminate
the need for putting holes in the membranes around the edges.
The flange sat on two stainless-steel saddles that are 23.2 cm (9
1/8 in.) wide, 12.7 cm (5 in.) tall, and 2.5 cm (1 in.) thick. The
saddles were attached to the optics table.

Displacement of the membrane surface was measured using inter-
ferometry, shearography, and shadow moiré techniques. The inter-
ferometry technique applied is very generic and could be changed
depending on the required directional sensitivity and resolution.
In this system, a charged coupled device camera was focused on
the surface of the membrane, which was illuminated by a 10-mW
helium-neon laser. The camera was connected to a personal com-
puter workstation equipped with a image acquisition board. For
shearography, the camera was equipped with a birefringent crystal
to shear the image.® Image acquisition and processing was accom-
plished using commercially available software packages.

Shearography is an interferometric technique that is used to mea-
sure the change of shape of the surface at all points across the
surface. The surface shape is related to fringes that appear in the
shearographic image through

ow _ A/(s - tano)
dx  cosf +cost
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The software implementation of image subtraction for shearography
has been discussed elsewhere.’

In addition to shearography, which was used to monitor the
changes in shape, the shadow moiré method (see Ref. 10) was also
used to monitor the actual deformed shape of the membrane. A
10.2-cm (4-in.)-square grating plate with a grating pitch of 0.1 mm
was used for this effort. Based on the illumination and observation
angles, the sensitivity of the system was 0.28 mm (black fringe to
black fringe).

Shape Control Through Cure Shrinkage

The use of a layer of curable epoxy to rigidize a thin inflatable
PVDF membrane was studied. The objective of the experiment was
to determine whether shrinkage strains caused by the curing epoxy
have a significant effect on the surface shape of the inflated mem-
brane. Two measurement techniques with significantly different res-
olutions (laser shearography and shadow moiré) were applied. Limi-
tations of the experiment were quantified, and results were compared
with finite element and classical analyses.

Membrane Specimen

A 28-pum-thick PVDF membrane was first cut to the appropriate
size, that is, approximately 20.3 cm (8 in.) in diameter, and one
side was sprayed with clear matte spray paint so that the surface
was non-reflective (to facilitate shearography). For the rigidization
experiments, a 7.6-cm-diam (3-in.-diam) region of the center of
the membrane was coated with a 75-pum-thick layer of commer-
cially available two-part epoxy (Epoxy Laminating Systems EZ-
10). The epoxy was applied using a 15.2 x 15.2 cm (6 x 6 in.)
metal stencil with a 7.6-cm (3-in.)-diam hole punched in the cen-
ter. There were 100 parts of epoxy resin, that is part A, mixed with
44 parts hardener, that is, part B, by weight. The resin and hard-
ener were stirred slowly for several minutes until fully mixed and
with caution to prevent the entrapment of air bubbles in the epoxy
mixture.

Experimental Limitation: Pressure Loss from Diffusion
Through PVDF Membrane

Shearoraphy tests on the 28-pm-thick PVDF membranes showed
consistent movement of the membrane due to loss of vacuum in the
chamber at arate of 1.3 um/min (*2A) (Fig. 3). The pressure differ-
entials across the membrane at the start and end of this 1-min time
interval were 7302.02 Pa (1.0598 psi) and 7299.27 Pa (1.0594 psi),
respectively. When Hencky’s'! approximate equation [Eq. (2)] was
used the peak deflections w of the membrane were calculated to be
1.04635 and 1.04622 cm, respectively. Here R is radius, E is elastic
modulus (2.0 GPa for the PVDF) and £ is thickness of the mem-
brane (28 pum). Therefore a 1.3-um difference in displacement is
expected corresponding to the 2.754 Pa (0.0004 psi) loss of vacuum
over the 1-min interval:

w = Y/ pR*/3.53Eh )

It was suspected that this loss of vacuum was due to diffusion of
air through the thin PVDF film (rather than leakage in the vacuum
system), and the following calculation supports this hypothesis. The
vacuum chamber has an internal volume of 0.0222 m® (1355.4 in.?).
A 2.754 Pa (0.0004 psi) increase in internal pressure would require
the diffusion of 0.0002 g of air through the PVDF membrane. (Den-
sity of air at sea level at 0°C is 1.275 kg/m3.) Unfortunately, no
data were found on the permeability of air through PVDE. Thus, an
estimate was made using permeability values for other polymeric
materials.

Koerner found permeability values for water vapor diffusion
through high-density polyethylene, chlorosulfonated polyethylene,
and polyvinyl chloride to be 0.00013, 0.0084, and 0.013 perm - cm,
respectively.!> Because these measured permeabilities vary by
two orders of magnitude, and the permeability of air is likely
to be somewhat different from that of water vapor, it is impos-
sible to use these data to estimate accurately the permeability
of PVDF.

When an intermediate value of 0.0013 is assumed for the air
permeability of PVDF, the permeance of a 28-m-thick membrane
would be 0.46 perm. Similarly, the mass of air that would diffuse
through the membrane under the pressure differential of 7.3 kPa
(1.06 psi) in 1 min is 0.0003 g. This is comparable to the measured
0.0002 g of air diffusion already discussed. Hence, the amount of
vacuum loss observed through diffusion (0.0002 g/min) is quite
typical of polymeric membranes.

These results indicate that it is not possible to hold a membrane
stable with the vacuum chamber setup described earlier to study
rigidization-induced deformation at micrometer level of sensitiv-
ity because the test would have to be stable over long periods of
time for displacements induced by shrinkage to be evident. One
alternative is to use a vacuum chamber of significantly greater
volume so that the diffusion has a smaller impact on the internal
pressure.

Shadow Moiré Measurement of Cure-Shrinkage Deformation

Because the shearography system is too sensitive, the geometric
shadow moiré method (see Ref. 11) was used to monitor membrane
movement in long-time-duration rigidization experiments. Figure 4
shows a moiré fringe pattern for the deformed membrane. Each
moiré fringe represents 0.28 mm of out-of-plane motion of the mem-
brane. Counting these fringes determines the deformation shape of
the membrane, which can be compared with the predicted defor-
mation from Eq. (2). This comparison gives an independent mea-
surement of the in-plane elastic stiffness of the PVDF membrane
material (2.0 GPa).

During the 4-h period while the epoxy cured on the membrane
the fringe pattern did not show any significant change. (Only a
fraction of a fringe movement was observed, attributable to the
loss of vacuum.) Because the sensitivity of this method is consid-
ered to be one-half of a fringe, that is, 0.14 mm, it was concluded
that the rigidization-induced shape change of this membrane is less
0.14 mm.

Fig. 3 Shearography fringe pattern due to loss of vacuum.
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Fig. 4 Moiré fringe pattern.
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Fig. 5 Finite element mesh.

Finite Element Analysis of Cure-Shrinkage Deformation

A finite element method (FEM) analysis was conducted to fur-
ther explore the deformations due to shrinkage of the epoxy layer.
The analysis was conducted using the ABAQUS finite element pro-
gram that allows large deformations and that makes it possible to
capture the initial inflation of a membrane surface. A 0.038-mm
(0.0015-in.)-thick plane circular membrane of diameter 158.75 mm
(6.25 in.) was modeled with 1536 second-order membrane elements
(Fig. 5). The material properties used were E =2 GPa (290 ksi) and
v =0.3, corresponding to the PVDF.

After the inflation, isotropic strains are applied to a central circu-
lar segment [76.2-mm (3-in.) diam] of the membrane representing
the region where the epoxy layer was applied in the experiments.
Figure 6 shows the deformation under an applied pressure differ-
ential of 2103 Pa (0.305 psi). When the central 76.2-mm circle is
subject to a shrinkage strain, the deformation changes as shown in
Fig. 6 and Table 1. Thus, a 0.1% strain will change the deformation
by only 0.2 mm, which is less than one fringe in the shadow moiré
system (0.28 mm).

Table 1 Deformation caused by shrinkage strain

Shrinkage Central
strain, % deflection, mm
0 6.7820
0.01 6.7618
0.1 6.5819
0.25 6.2920
0.5 5.8362
0.75 5.4137
1.0 5.0292
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Fig. 6 Deformation of membrane.
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Fig. 7 Convergence study of membrane inflation.

A convergence study with progressive mesh refinement was done
to verify the accuracy of the FEM analyses. Deformation prediction
with 1280 vs 5120 elements was shown to be identical (Fig. 7). The
analytical prediction of initial deflection [Eq. (2)] was 6.78 mm, the
same as the FEM prediction.

Interpretation of Cure-Shrinkage-Induced Strain Data

Whereas curing of an epoxy causes shrinkage strains, such strains
can change the shape of the inflated membrane only if the epoxy
also has significant stiffness. Most of the cure shrinkage of epoxies
occurs before they solidify and gain stiffness.'* For example, Geuss
et al. presented data documenting both the shrinkage strain and
the modulus of an SL5170 epoxy as it cures.'* Figure 8 shows that
almost all of the 1.4% shrinkage of the epoxy occurs in the first 60 s,
and Fig. 9 shows that the elastic modulus during that period is very
small compared to the eventual elastic modulus of that epoxy. These
trends are typical of most epoxy resin systems and are consistent
with the result presented here, which indicate that cure shrinkage
causes little change in shape of an inflated membrane.

When one of the layers in an uninflated two-layer material shrinks,
it causes curvature due to the combined effect of shrinkage and
stiffness. On the other hand, an inflated membrane under pressure
does not sustain moment and reacts only to the resulting strain. The
effective total shrinkage strain on the membrane, .5, due to the



562 MAIJI, MONTEMERLO, AND NG

1.4
,‘.’""—-r——.

e —

0.8

06 //

Percent Shrinkage

04
0.2

0.0 T T T T T T
0 10 20 30 40 50 60 70

Time (sec)
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Fig. 9 Modulus vs time (Geuss et al.14).

curing of an epoxy on one side of it can be obtained from

oo [T _EWhse@) 3)
T Jy Enhm + E.(Dh,

The thickness of the two materials, membrane and epoxy are h,,
and h,, respectively.

Implications for the Development of Inflatable Membrane Mirrors

Based on Eq. (3) and the data shown in Figs. 8 and 9, the effective
total shrinkage strain is less than 0.1%. This is why no change in
the moiré fringe pattern could be observed during the curing of the
epoxy on the inflated membrane. By contrast, shrinkage due to coat-
ing stresses during rigidization could easily cause significant curva-
ture changes in an uninflated membrane. This is because curvature
is equal to strain/thickness, and the small thickness of membranes
lead to large curvatures. However, the same shrinkage is unable to
significantly alter the curvature of an inflated membrane.

The use of cure shrinkage for altering the inflated shape of a
rigidizable membrane should be limited to reflector systems with
very low inflation pressures. For such cases, it is possible to do
material property tests that determine the shrinkage vs modulus data,
similar to those data presented in Figs. 8 and 9, for the candidate
rigidizable material. Through the use of Eq. (3), it is then possible
to determine the effective shrinkage strain . that would cause
changes to the surface profile.

Shape Control Using PVDF

The second method of shape correction investigated involved the
use of a PVDF film inflated under minimal 689 Pa (0.1 psi) pressure.
The actuation of BiMorph PVDF by itself, in an unrestrained ex-
periment, can be significant.® The actuation of the PVDF film alone
was done to demonstrate an upper bound to the amount of actuation
possible, because attaching it to a second membrane material will
only reduce the actuation ability, depending on their relative stiff-
nesses. The goal of this investigation was to investigate its ability to
correct the shape of a membrane while it is inflated with minimal
pressure, once again, to determine the upper bound.

The induced strain ¢ in a PVDF film is given by

&€ =83l(V/h) (4)

where V, h, and 8;3 (=25 x 10712 m/V) are the applied voltage,
thickness, and the piezostrain constant. Hence, an applied voltage of
40V, across a 28-um-thick PVDF membrane will induce a strain of
~36 pe. If two such PVDF layers are attached to each other to create
a BiMorph, this strain would induce a curvature of ¢/h = 1.28/m.
Such curvatures are clearly visible to the naked eye, and hence, it is
possible to demonstrate the actuation ability of a BiMorph PVDF
without special equipment. However, because in inflated membrane
is under tension and could not sustain bending, the influence of a
PVDF film on the overall inflated shape is far less significant. The
following test was designed to see how much out-of-plane motion
could be obtained from the actuation of a single layer of PVDF to
an inflated membrane with near zero in-plane tension forces.

Membrane Specimen

The shape and dimensions of the PVDF membrane were first
marked out on the film and cut out with a pair of scissors. Because
the scissors tend to push the metallic coatings of the PVDF together,
which shorts the two sides, it is necessary to check the resistance of
the PVDF across the two sides. If there is a short circuit, approxi-
mately 3 mm (1/8 in.) of the metallic coating must be removed from
the circumference of the PVDF by using a chemical solvent such as
acetone. The leads used to apply voltage to the PVDF were made
from surgical stainless-steel sucher. The insulation was removed
from either end of the wire and one side of the wire was attached
to the center of the PVDF circle using conductive copper tape. The
other end was left for later attachment to the voltage source. The
resistance should also be checked between the end of the sucher
and the metallic surface it is attached to. This ensures that there is a
good connection across the one side. The membrane is then placed
in the vacuum chamber, and the test was run.

The initial radius of curvature of the membrane was determined
using the shadow moiré method (fringe pattern similar to Fig. 4) to
be 0.45 m. The subsequent actuation of the PVDF with 40 V caused
the membrane to expand, moving the center point 12 um inward.
Subsequent increase in the applied voltage to 50 V moved it by a
total of 15 pum.

Influence of PVDF on Membrane Shape

Actuation of PVDF results in an in-plane strain in the membrane
as per Eq. (4), which assumes that the PVDF is isotropic and the
meridian and circumferential strains &, and &4 are equal. For a mem-
brane that is relatively stress free (minimal inflation pressure), the
resulting displacements in the meridian (tangential) direction and
the normal (out-of-plane) directions v and w are given by'>

Sv
— —vcotg =r18y — Nép, w=1vcotep — & 5)

8¢

where the variable ¢ along the membrane surface is defined as the
angle between the normal to the point and the axis of revolution of
the shell.

These equations demonstrate that the influence function corre-
sponding to PVDF actuation involves a coupling between the in-
plane and normal displacements v and w. The deflection of the cen-
ter can be obtained from the second equation as w =r,&, because
v =0 at the center of the membrane, from symmetry. Therefore,
the maximum shape correction (normal deflection) that can be ob-
tained is approximately (noting that curvature varies slightly along
the paraboloid) equal to the radius of curvature of the inflated mem-
brane times the PVDF induced strain &y. For the radius of curvature
of 0.45 m and actuation strain of 36 e corresponding to our ex-
periments, the expected movement is 16 um. The experimentally
observed movement was 12 pm.

Implications for the Development of Inflatable Membrane Mirrors
Clearly there is a need for electroactive polymers with far higher
electromechanical coupling (actuation capability), and such materi-
als are already under development.'® The effective strain from such
actuators can again be calculated using Eq. (3). The centerpoint
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deflection due to actuation can be estimated with sufficient accu-
racy to conduct a systems-level trade study using Eq. (5). An FEM
study could be done subsequently to predict accurately the overall
membrane shape correction similar to that shown in Fig. 6.

Conclusions

This paper has provided insight into the magnitude of shape cor-
rection possible for inflatable membrane reflectors through cure
shrinkage of a rigidizable layer and actuation of a piezo-strictive,
that is, PVDF, layer. Results have shown that a limited amount of
shape correction is possible with both techniques. However, the
magnitude of shape correction diminishes dramatically with infla-
tion pressure and is not sufficient to overcome the surface errors
caused by geometric nonlinearities at high inflation pressures, that
is, the W error. The paper also provides a basis for the design of
electromechanical actuators that could enable further development
of inflatable membrane mirror technology.

In particular, a shadow moiré interferometry system was used to
study the shape changes of a thin inflated membrane due to shrink-
age of a thin epoxy coating during cure. The movement was less
than the metrology system resolution of 0.14 mm, which was cor-
roborated with a finite element based study. This result is because
the stiffness of the curing epoxy is very low until after most of
the cure shrinkage has taken place. This result implies two things.
First, the use of cure shrinkage for altering the inflated shape of a
rigidizable membrane should be limited to reflector systems with
very low inflation pressures. Second, for reflectors with high infla-
tion pressures, the coating stresses from rigidization in space will
not significantly affect the membrane shape, for example, beyond
what is correctable with active control with PVDFE.

It was determined that the experimental apparatus, which involved
inflation of the membrane test specimen using a vacuum chamber,
allowed systematic micrometer-level movements (per minute) of the
membrane due to the permeability of polymeric membrane. This ef-
fect made it impossible to study the deformations induced by coating
stresses at the micrometer and submicrometer level over timescales
relevant for such rigidization experiments. One alternative to be
considered in the future is to use a vacuum chamber of significantly
greater volume so that the diffusion has a smaller impact on the
internal pressure.

Electrical actuation of a membrane with a PVDF film under low
inflation pressure showed that the surface movement could be ap-
proximately 10 um as seen using the laser interferometry system.
However, unlike a free-standing BiMorph membrane, an inflated
membrane will not demonstrate millimeter levels of shape correc-
tion, even though it is under minimal inflation pressure. Therefore,
this approach is inadequate in correcting for the W error, but could
be used for small amount of shape correction.
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