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The development of gossamer space structures such as solar sails and sunshields presents many challenges due to

their large size and extreme flexibility. The postdeployment structural geometry exhibited during ground testing

may significantly depart from the in-space configuration due to the presence of gravity-induced deformations

(gravity sag) of lightly preloadedmembranes. This paper describes a study carried out to characterize gravity sag in

two subscale gossamer structures: a single quadrant square solar sail and a singlemembrane layer from amultilayer

sunshield. An experimental study was carried out to measure the global surface profiles using photogrammetry, and

nonlinear finite element analysis was used to predict the behavior of the test articles. Comparison of measured and

predicted surface profiles shows that the finite element analysis qualitatively predicts deformed shapes comparable

to those observed in the laboratory. Quantitatively, finite element analysis predictions for peak gravity-induced

deformations in both test articles were on the order of 10% of measured values. Results from this study provide

increased insight into gravity sag behavior in gossamer structures, and demonstrates the potential to analytically

predict gravity-induced deformations to within reasonable accuracy.

I. Introduction

V ERY large, ultralightweight or “gossamer” structures are an
enabling technology for many future space missions. Figure 1

presents several examples of these thin-film membrane structures,
including: solar sails, sunshields, antennas, and membrane optics.
Solar sails provide propellantless propulsion by gaining momen-
tum from solar photons [1]. These structures require large re-
flective surface areas and will likely be among the largest and
most lightweight of all gossamer structures in order to generate
useful accelerations. A typical square solar sail structure consists of
four triangular thin-film membrane quadrants supported by
deployable booms. Deployable sunshields are utilized on large
infrared space telescopes, such as the James Webb Space Telescope
(JWST), to provide passive cooling for optics and instruments.
Sunshield structures for such applications typically consist of
multiple layers of thin-film membrane supported by deployable
booms [2,3].

The development of lightweight, deployable structures for solar
sail and sunshield applications will be challenging due to strict
requirements on mass, stowed volume, controlled deployment, film
management, and postdeployment structural performance. Validated

analytical models of these structures are required to accurately
predict system level performance; however, their behavior can be
highly nonlinear and difficult to predict. Ground testing is required to
demonstrate deployment and postdeployment structural perfor-
mance, as well as for validation of analytical models. Many of the
challenges associated with preflight validation (e.g., ground testing)
of gossamer structures are discussed in Wada and Lou [4]. The
influence of gravitational loading (the 1-g environment) presents one
of the more significant challenges for ground testing of these
structures. In many cases, some form of off-loading will be required
for deployment tests and the postdeployment structural geometry
will depart from the in-space configuration significantly due to the
presence of gravity-induced deformations (gravity sag). In the case
of both solar sails and sunshields, the deployed geometry of the thin-
film membranes need to be maintained in terms of both global shape
and local surface flatness in order to meet mission requirements.
Because ground tests will include gravity sag, it is important that
analytical models take into account the influence of gravity when
predicting structural performance. The in-space performance of the
structures can then be predicted by analyses using the validated
models with gravity effects removed.

The use of subscale structures is a common practice in the
development of gossamer structures. Subscale structures are more
easily tested and enable extrapolation to larger systems using scaling
laws and validated models. The objective of this paper is to
characterize the influence of gravity on the global geometry of
two subscale gossamer test articles through a combination of analy-
sis and experiment. The two structures to be studied are a 2.0 m
solar sail and a 1.7 m sunshield. The test articles will be studied
in both the horizontal and inclined orientations over a range of
preloads. Brief descriptions of the test articles are provided in the
following section. The analytical and experimental components of
the study are then described. Finally, predicted andmeasured surface
profiles are compared for both test articles. Results from this study
will provide increased insight into gravity sag behavior in gossamer
structures as well as current capabilities for analytically predicting
this behavior.
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II. Subscale Gossamer Structures

A. Solar Sail Test Article

The first test article, Fig. 2, was a 2 m representation of a single
thin-film membrane quadrant from a 4 quadrant square solar sail
model. The overall geometry of the quadrant is triangular with
maximum dimensions of 2.0 m wide by 1.0 m in height. The
estimated mass of the test article is 38 g. The coordinate system used
in both the analysis and experiments is shown in Fig. 2. The origin is
at the 90 deg corner of themembranewith the xy plane in the plane of
the membrane and the z direction out-of-plane. The quadrant was
fabricated from 2:54 � 10�5 m thick Kapton film that is aluminized
on one side. The membrane was attached to an aluminum support
structure at three points using Kevlar threads. The connections were
made at each of the corners of the triangular membrane. The corners
of the membrane near the connections to the frame were reinforced
using ultrahigh molecular weight (UHMW) polyethylene tape. The
thread attached to the 90 deg corner of the membrane was tied to the
frame. The threads attached to the two 45 deg corners were passed
over pulleys withmasses hung from the free ends to provide constant
force preloading. Preloads of 0.69 N (70 g), 1.47 N (150 g), and
2.16 N (220 g) were applied to the membrane. The test frame was
designed such that the side near the hypotenuse of the triangular
quadrant was hinged. This allowed the test article to be inclined from
0 deg (horizontal with gravity acting in the �z direction) to
approximately 75 deg. Tests were completed at 0 deg (horizontal)
and 45 deg orientations.

B. Sunshield Test Article

The second test article, Fig. 3, was a representation of a thin-film
sunshieldmembrane layer used by the authors in a previous study [5]
to characterize sunshield membrane geometry on both the global
(shape) and local (wrinkling) scales. The test article geometry and
support conditions are representative of an early concept for the
JWST sunshield [6]. The overall geometry of the membrane is
diamond shaped with maximum dimensions of 1.7 m long by 0.7 m
wide. The estimated mass of the test article is 25 g. The coordinate
system used in both the analysis and experiments is shown in Fig. 3.
The origin is at the center of the membrane with the xy plane in the
plane of the membrane and the z direction out-of-plane. The test
article was fabricated using 2:54 � 10�5 m thick Kapton film that
was aluminized on one side. The membrane is supported at
reinforced tabs (UHMW polyethylene tape) at the corners and at the
center. Kevlar threads attached to the four corners apply the preloads

and connect the membrane to the test support frame via Delrin pass-
throughs. Constant force preloads were applied by hanging proof
masses from the ends of these threads. Preloads of 0.69 N (70 g),
1.47 N (150 g), and 2.16 N (220 g) were applied to the membrane.
Additionally, the membrane is fixed in the center between two
aluminum plates. These plates can be offset in the z direction relative
to the corners by adding a spacer (Delrin block). In this study, the
membrane was characterized in a configuration obtained by
offsetting the center of the membrane �0:012 m in the z direction.
The angle between the central support and the corners due to the
offsets is representative of the “v-groove” angles considered for the
full-scale sunshield. The test frame is designed so that the membrane
can be tested in a vertical or horizontal configuration.

III. Analysis

Modeling and analysis of gossamer structures such as solar sails
and sunshields are challenging due to the nonlinear behavior of the
thin-film membrane layers that comprise an essential element of
these structures. Examples of nonlinearities include large
displacements that occur when the final global geometry is nonflat
(due to gravity sag in ground tests, billowing of solar sails under the
influence of solar photon pressure, or the development of “v-groove”
angles between adjacent layers in multilayer sunshield) and
wrinkling. Significant progress has beenmade in the area of thin-film
membrane analysis in recent years [7–16]. The authors of this paper
have previously used two approaches to predict the behavior of thin-
film membrane structures. The first approach uses membrane
elements in conjunction with tension field material models [5,9–11].
This approach accounts for no-compression behavior associated
with wrinkling and slackness, but does not predict wrinkle details.
The second approach utilizes shell elements [5,12–15]. Note that the
shell approach can be used in conjunction with geometric
imperfections seeded into the initial mesh that provides predictions
for wrinkling details (amplitude, wavelength, number of wrinkles).
The shell element approach was used in this study to characterize
gravity sag in subscale gossamer test structures. No attempt was
made to model wrinkle details because the experimental study only
characterized the global geometry of the test articles. The analyses
were performed using ABAQUS finite element analysis software
[17].

A. Solar Sail Analysis

The sail quadrant finite element model is shown in Fig. 4. The
mesh consists of 11,895 nodes and 11,645 elements. The thin-film
membrane and corner reinforcements were modeled with shell
elements. The film support strings were modeled using beam
elements. Concentrated loadswere applied to the ends of the stings to
simulate the preloading in the tests. At the load application points, the
model is fixed except in the loading direction. Nonlinear static
analysis was performed to predict the stresses and displacements in
the sail film due to preloading and gravity loading. Each analysis
consisted of four steps: (1) apply 0.69 N preloads, (2) apply gravity
loading, (3) increase preload to 1.47 N, and (4) increase preload to
2.16 N. Analysis was performed for two sail orientations: horizontal
and 45 deg to horizontal. The preloads were selected to provide

Fig. 1 Conceptual designs for future gossamer space structures.

Fig. 2 Solar sail membrane quadrant test article.

Fig. 3 Sunshield single membrane layer test article.
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average film stresses between 3:5 � 104 Pa (5 psi) and 1:1 � 105 Pa
(15 psi) using the approach outlined in Greschik et al. [18]. This
range of average film stresses is based on previous experience gained
during ground testing of a subscale sunshield and has been suggested
in other solar sail studies [19]. Predictions from the sail analysis will
be discussed in Sec. V.

B. Sunshield Analysis

The finite element model of the sunshield layer is shown in Fig. 5.
The samemesh consisting of 48,545 nodes and 47,462 elements was
used for all of the analyses. The thin-film membrane was modeled
with shell elements. Each of the four corners has a reinforcement that
is modeled using shell elements and an attached Kevlar thread that is
modeled using beam elements. Loads were applied as concentrated
forces at the ends of the Kevlar threads. This simulates the constant
force preloading applied in the experiment. At the load application
points, the model is fixed except in the loading direction. The
aluminum plates that constrain the membrane at the center are
modeled using solid elements. The plates are constrained at four
locations corresponding to where the plates are bolted to the test

support frame. Nonlinear static analysis was performed to predict the
stresses and displacements in the sunshield membrane due to
preloading, enforced displacements, and gravity loading. Each
analysis consisted of five steps: (1) apply 2.16 N preloads, (2) apply
gravity loading, (3) offset center �0:005 m in z direction, and
(3) offset center �0:012 m in z direction, (4) reduce preload to
1.47N, and (5) reduce preload to 0.69N. Analysis was performed for
two sunshield orientations: horizontal and vertical. The preloads
were selected based on previous subscale sunshield studies [9] to
provide average film stresses on the order of 6:9 � 104 to 6:9 �
103 Pa (10 to 100 psi). Predictions from the sunshield analysis will
be discussed in Sec. V.

IV. Experiments

Photogrammetry has been employed previously to determine the
3-D surface profile of gossamer space structures [5,10,11,20]. The
surface profile (static shape) is found by accurately determining the
location of targets in multiple images captured using calibrated
cameras and triangulating. Since the two test articles used in this
study have different support structures, the test setups were slightly

Fig. 4 Finite element model of solar sail quadrant.

Fig. 5 Finite element model of sunshield membrane layer.
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different but the overall method is the same. Multiple cameras were
used to capture images that were used in a photogrammetric analysis
to construct a 3-D profile of the structure. For this study four
5.0 megapixel cameras were used to capture images for analysis.
Fixed, 3.1 mm diameter retroreflective targets were used rather than
dot projection photogrammetry. This is primarily due to the
difficulties in mounting projectors above the test articles when they
are in a horizontal configuration. There were approximately 130
targets on each test article arranged in a grid pattern (approximately
10 cm � 10 cm for the sail quadrant and 8 cm � 10 cm for the
sunshield). The grid patterns for the two test articles can be seen in
Figs. 2 and 3. The number of targets was sufficient to capture the
global surface profile of the test articles, but not the local wrinkling
details. Because of their small size the targets added minimal mass
(0:004 g=target) to the test articles. Note that the total mass of the
targets (0.5 g) represents approximately 1% of the total mass of the
solar sail quadrant and 2% of the mass of the sunshield layer. The
targets do add some local stiffness to the membrane. This stiffness
will affect local details, such as wrinkling, but does not affect the
global shape of the membrane. The retroreflective targets were
illuminated using the standard camera flash. The image scale was
determined using retroreflective “scale tape” that was attached to the
test frames. This tape is black with retroreflective targets evenly
spaced along the length. Both test articles were studied in horizontal
(0 deg) and inclined positions. The 2 m sail quadrant was supported
both horizontally and inclined at 45 deg. The sunshield was tested in
horizontal and vertical (90 deg) configurations. Results from both the
solar sail and sunshield experiments will be discussed in Sec. V.

Because the accuracy of optical measurement techniques such as
photogrammetry varies depending on the application it was
necessary to evaluate the accuracy of the measurement system. The
best method to evaluate the accuracy is to have targets at known
coordinates distributed throughout the image. This was not possible
for this study. Instead we chose to evaluate the accuracy by
measuring targets of known spacing. To do this, retroreflective
targets were placed on the sides of each test frame using a scale tape
designed and manufactured for use in photogrammetry applications.
The tape used for the sunshield had 12.7 mm diam targets spaced
every 101.6 mm. For the 2 m sail quadrant a tape with 3.1 mm diam
targets spaced every 25.4 mm was used. The tape can be seen on the
support frames shown in Figs. 2 and 3. The distance between
adjacent targets on the frame was determined from Eq. (1).

Lij � ��xj � xi� � �yj � yi�2 � �zj � zi�2� (1)

Although all the targets used to assess accuracy were positioned
close to the xy plane they allow errors in the x and y positions to be
quantified (note that there is some variation in zmeasurements due to
manufacturing imperfections, or slight bowing, of the aluminum
extrusions used for the test frames). If the spacing (x and y positions)
are found to within 1.0 pixel then the out-of-plane coordinates
determined from the analysis can be considered reliable. For both test
articles the images covered approximately 2 m. The cameras capture
an image 2560 � 1920 pixels. Therefore, each pixel is approxi-
mately 0.8 mm. The target spacing for the sunshield in the horizontal
position, and the sail quadrant in both the horizontal and inclined
position were used to evaluate the target spacing. Table 1 gives the
nominal and measured average target spacing determined using
photogrammetry. The table also gives the measurement uncertainty
using a 95% confidence (2 standard deviations). Table 1 shows that
for the sail quadrant in both configurations the average target spacing

and the nominal target spacing are nearly identical. For the sunshield
the nominal value is within 0.04 mm. In all cases the measurement
uncertainty is within 0.15 mm. Recall that one pixel is 0.8 mm.
Therefore, the average marking accuracy for the x and y coordinates
of each target is better than 0.25 pixels. Since photogrammetry is
based on triangulation determining the x and y coordinates
accurately implies that the out-of-plane measurements are accurate.
Based on the uncertainty of the x and y coordinatemeasurements and
precision estimates calculated during the photogrammetric analysis,
the average out-of-plane uncertainty is estimated to be within
0.2 mm.

To evaluate the repeatability of the measurement system and to
determine if the sail quadrant changed over time, data were collected
for two tests approximately 18 days apart. Data for the targets along
the centerline of the membrane (apex to center of hypotenuse) were
compared for the 0.69 and 2.16N test cases. For the 0.69N case there
is good agreement between the two tests from the apex to
approximately the center of the membrane. From the center of the
membrane to the hypotenuse the error increases steadily. This same
trend is shown for the 2.16 N case. From the apex to the center of the
membrane the difference between the two tests is less than 1mm.The
difference between tests increase steadily from the center to the free
edge at the center of the hypotenuse. For both load cases the
maximum difference between experiments is approximately 3 mm.
Although this is relatively small compared with the absolute
displacements the trend and its location in a relatively slack region of
the membrane warrant further investigation.

V. Comparison of Analysis and Experiment

Measured and predicted surface profiles for the solar sail and
sunshield test articles are compared in this section.

A. Solar Sail

The surface profile of the solar sail test article was characterized in
the 1-g environment for three preload levels (0.69 N, 1.47 N, and
2.16 N) and in two orientations with respect to gravity (horizontal
with gravity in the �z direction and 45 deg to horizontal). In all
loading cases and for both tests andfinite element analysis (FEA), the
global surface profile involves a “billowing” of the sail quadrant in
the�z direction. Maximum z displacements occur at the midpoint of
the �y edge of the membrane. This global surface profile is
illustrated in Fig. 6 which presents surface plots overlaid with
contour plots of z displacement for a 0.69 N preload and a horizontal
orientation from both test and analysis. Figure 6 shows the typical
shape of the sail when subjected to preloading and gravity.

A detailed comparison of out-of-plane displacements along the
edges and centerline of the quadrant is presented in Fig. 7. Along the
line of constant x� 0 (centerline), Fig. 7a, the test results and finite
element analysis (FEA) predictions show excellent agreement up
until y� 0:5 m, but from this point out to the�y edge the measured
results exceed predictions. Note that the test-to-test deviations noted
in the experimental repeatability discussion exhibited a similar trend,
but with smaller deviations than between test and FEA. This
deviation is illustrated more clearly in Fig. 7b which provides a plot
of the z displacement as a function of x along the�y edge.Measured
values exceed the FEA predictions along this line. Peak sag is seen in
the 0.69 N preload/horizontal orientation load case at (x� 0 m,
y� 1 m) where the measured z displacement is �0:189 m and the
predicted value is �0:169 m (difference of 0.019 m or 10%). The z
displacements along the �x edge of the membrane are shown in
Fig. 7c. Along this edge the FEA predictions typically exceed the
measured values. The correlation between test and FEA is better
along the�x edge than along the�y edge with excellent agreement
for the 45 deg orientation. Examination of the data shows that, as
expected, the “sagging” of the sail quadrant decreases with
increasing preload. Based on the test data, a factor of 3 increase in
preload resulted in a factor of 2.5 decrease in peak sag along the outer
edge. Note that the gravity sag deformations in the 45 deg orientation
are reduced compared with those in the horizontal orientation. In
some instances it may be advantageous to orient gossamer structures

Table 1 Evaluation of targets of known spacing

Sunshield
horizontal

Sail quadrant
0 deg incline

Sail quadrant
45	 incline

Nominal spacing (mm) 101.60 25.40 25.40
Average spacing (mm) 101.56 25.41 25.41
Uncertainty (2 st. dev) 0.19 0.13 0.14
No. of target pairs 18 177 188
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such that the effect of gravity loads is predominantly in the plane of
the membrane, thereby reducing gravity-induced out-of-plane
deformations.

Tables 2 and 3 provide a quantitative comparison of results from
test and FEA at four points on the sail. Point 1 at (x� 0, y� 1),
corresponding to the location exhibiting maximum z displacement,
shows an average % difference across all preloads of 17% for both
orientations. Point 2 at (x� 0, y� 0:5) has an average % difference
across all preloads of 2% for the horizontal case and 8%for the 45 deg
case. Points 3 and 4 at (x� 0:5, y�
0:5) have an average percent
difference across all preloads of 24% for the horizontal case and 3%
for the 45 deg case. In general, the average percent test/FEA
difference across all preloads and locations is 17% for the horizontal
orientation and 8% for the 45 deg orientation. Another way of
comparing the results is to consider the rms of the difference between
test and FEA values. The rms difference is 0.011m for the horizontal
case and 0.007 m for the 45 deg case. These differences are well
above the estimated accuracy (0.0002 m) of the zmeasurements, but

within a factor of 4 of the estimated measurement repeatability
(0.003 m). Comparing the rms values to the length scale of the test
article (2 m) shows that the differences are less than 1% of the length
scale for both cases.

B. Sunshield

The surface profile of the sunshield test article was characterized
for three preload levels (0.69 N, 1.47 N, and 2.16 N) and in the
horizontal direction with respect to gravity (gravity acting in the �z
direction). Testing the sunshield in the vertical orientation was
reported in Johnston et al. [21]. Global surface profiles in the vertical
orientation showed negligible changes as a function of preload. This
is an advantageous orientation in which to test the sunshield because
gravity loads are minimized in the out-of-plane direction. Since
gravity-induced deformations were deemed not significant for this
orientation, it was not considered in further detail for this paper. The
global surface profile of the membrane in the horizontal orientation

Fig. 6 Comparison of measured (test) and predicted (FEA) surface profiles for solar sail quadrant orientated horizontally under 0.69 N (70 g) preload.
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features a tentlike shape, but exhibits significant sagging of the outer
edges in the �z direction due to the out-of-plane gravity load.
Comparisons of analysis and experiment for the sunshield in the
horizontal orientation are presented graphically in Figs. 8 and 9 and
numerically in Table 4 for a range of preloads.

Figure 8 compares measured and predicted contour plots of z
displacement at each preload level. The results illustrate that, as

expected, the “sagging“ of the sunshield decreases with increasing
preload. Based on the test data, a factor of 3 increase in preload
resulted in a factor of 2 decrease in peak sag.

A detailed comparison of z displacements along several “cuts“
across themembrane is presented in Fig. 9. Along the line of constant
x� 0 m, Fig. 9a, the test results and finite element analysis (FEA)
predictions show the same general trends and exhibit fair agreement

Fig. 7 Comparison of predicted (FEA) and measured (Test) out-of-plane (z-direction) displacements in solar sail quadrant.

Table 2 Measured and predicted z displacements for key locations on solar sail in horizontal orientation

Orientation� Horizontal
Preload� 0:69 N (70 g) Preload� 1:47 N (150 g) Preload� 2:16 N (220 g)

Test FEA Difference Test FEA Difference Test FEA Difference
Point x (m) y (m) z (m) z (m) dz (m) z (m) z (m) dz (m) z (m) z (m) dz (m)

1 0.000 1.000 �0:189 �0:169 �0:019 �0:100 �0:084 �0:016 �0:077 �0:058 �0:019
2 0.000 0.500 �0:112 �0:112 �0:001 �0:054 �0:054 0.000 �0:039 �0:037 �0:002
3 0.500 0.500 �0:074 �0:089 0.015 �0:031 �0:041 0.010 �0:023 �0:028 0.004
4 �0:500 0.500 �0:081 �0:089 0.008 �0:031 �0:041 0.010 �0:021 �0:028 0.007
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Table 3 Measured and predicted z displacements for key locations on solar sail in 45 deg orientation

Orientation� 45 Degrees to Horizontal
Preload� 0:69 N (70 g) Preload� 1:47 N (150 g) Preload� 2:16 N (220 g)

Test FEA Difference Test FEA Difference Test FEA Difference
Point x (m) y (m) z (m) z (m) dz (m) z (m) z (m) dz (m) z (m) z (m) dz (m)

1 0.000 1.000 �0:133 �0:119 �0:013 �0:072 �0:060 �0:012 �0:055 �0:041 �0:013
2 0.000 0.500 �0:074 �0:069 �0:005 �0:039 �0:036 �0:003 �0:028 �0:025 �0:003
3 0.500 0.500 �0:048 �0:049 0.001 �0:025 �0:025 �0:001 �0:019 �0:018 �0:002
4 �0:500 0.500 �0:048 �0:049 0.001 �0:025 �0:025 0.000 �0:019 �0:018 �0:001

Fig. 8 Comparison of measured (test) and predicted (FEA) out-of-plane (z direction) displacements in sunshield membrane orientated horizontally.
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with measured results exceeding analytical prediction predictions.
Along the line of constant y��0:3 m, Fig. 9b, the test results and
FEA predictions show excellent agreement. The FEA values exceed
the measured values at the peaks (near x� 0 m). Inspection of the
photograph of the test article in Fig. 3 shows that the membrane has a
largewrinkle along the y-axis that is captured by the FEA, butmissed
by the photogrammetry due to the location of targets on either side of
the wrinkle peak. Similarly, along the line of constant y��0:4 m,
Fig. 9c, test and FEA values show good agreement.

Table 4 presents a quantitative comparison of results from test and
FEAat eight points on the sunshield. Points 1 and 3, corresponding to
the locations exhibiting peak z displacement on the �y side of the
membrane, show an average difference of 8% for the 0.69 N preload.
At these points, differences between test and FEA for the higher
preloads are similar to the absolute displacements (on the order of
millimeters). Points 6 and 8 correspond to the locations exhibiting
peak z displacement on the�y side of themembrane. Peak sag is seen
at these points for the 0.69 N preload case where the average
measured z displacement is �0:018 m and the predicted value is

�0:019 m (difference of 0.001 m or 5%). Differences between test
and FEA are negligible at point 8 across all preloads. The rms
difference between the test and FEA values is 0.002 m for each load
case. This is less than 1% of the length scale (taken as the average of
the length and width dimensions� 1:2 m) for the test article.

VI. Conclusions

A detailed comparison of experimental measurements and finite
element analysis predictions for gravity-induced deformations, or
gravity sag, has been presented for two subscale gossamer test
structures: a 2 m solar sail quadrant and a 1.7 m sunshield membrane
layer. The comparison of measured and predicted surface profiles
shows that finite element analysis qualitatively predicts the same
deformed shapes as were observed in the laboratory. Quantitatively,
finite element analysis predictions for peak gravity-induced
deformations in both test articles were on the order of 10% of
measured values. The rms difference between test and analysis was
0.009 m (average of two orientations) for the solar sail and 0.002 m

a) X = 0.0 m b) Y = +0.3 m

c) Y = -0.4 m

Fig. 9 Comparison of predicted (FEA) and measured (test) out-of-plane (z direction) displacements in sunshield membrane orientated horizontally.
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for the sunshield which represents less than 1% of the overall length
scales of the test articles. While this study has demonstrated the
potential to analytically predict gravity-induced deformations in
gossamer structures to within reasonable accuracy, improved
correlation is desirable. Note that because the focus of the study was
on global shape, the present analysis utilized general purpose shell
elements and ignored effects such as wrinkling. Improved
correlation could potentially be obtained by employing more
advanced analytical approaches [5] that have previously been
employed to study membrane surface profiles on both the global and
local scales. Several general observations were made regarding
gravity-induced deformations. First, it was observed that as expected
increasing the membrane preload reduces the gravity-induced
deformations. For example, increasing the preload in the solar sail by
a factor of 3 (increasing the nominal membrane stress from
approximately 5 to 15 psi) reduced themeasured peak sag by a factor
of 2.5. While it may be advantageous to decrease gravity sag so that
ground and on-orbit geometries are similar, achieving this through
preload increases results higher membrane stresses as well as
corresponding increases in compressive loading on support booms.
Second, it was observed that orienting test articles to minimize
gravity loads acting in the out-of-plane direction for thin-film
membranes could reduce gravity-induced deformations. Thus, in
some cases it may be possible to complete ground testing in an
orientation that minimizes gravity sag and produces a deployed
geometry similar to the on-orbit (0-g) configuration.
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Table 4 Measured and predicted z displacements for key location on sunshield in horizontal orientation

Orientation� Horizontal
Preload� 0:69 N (70 g) Preload� 1:47 N (150 g) Preload� 2:16 N (220 g)

Test FEA Difference Test FEA Difference Test FEA Difference
Point x (m) y (m) z (m) z (m) dz (m) z (m) z (m) dz (m) z (m) z (m) dz (m)

1 �0:200 0.300 �0:012 �0:013 0.001 �0:005 �0:007 0.002 �0:003 �0:005 0.002
2 0.000 0.300 �0:001 0.004 �0:005 0.003 0.006 �0:003 0.005 0.007 �0:002
3 0.200 0.300 �0:012 �0:013 0.001 �0:006 �0:007 0.001 �0:004 �0:005 0.001
4 0.200 0.000 0.003 0.005 �0:002 0.005 0.007 �0:002 0.006 0.007 �0:001
5 �0:200 0.000 0.003 0.005 �0:002 0.005 0.007 �0:002 0.006 0.007 �0:001
6 �0:200 �0:400 �0:017 �0:019 0.002 �0:007 �0:011 0.004 �0:006 �0:009 0.003
7 0.000 �0:400 �0:006 �0:003 �0:003 0.002 0.004 �0:002 0.002 0.005 �0:003
8 0.200 �0:400 �0:019 �0:019 0.000 �0:011 �0:012 0.001 �0:009 �0:009 0.000
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