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ABSTRACT
Many deployable satellite systems benefit from having low

mass and high surface area, which has led to the proliferation
of gossamer structures in space-based applications. Gossamer
structures are characterized by lightweight, low stiffness mem-
branes, which can flex and roll to compactly stow. An effect
of rolling a gossamer structure is that there is tangential sep-
aration along adjacent panels as they roll, resulting in relative
motion between panels. To aid designers in predicting and ac-
commodating this motion, a method for modeling the slippage
between adjacent panels that occurs while rolling is presented.
This analytical slippage model and algorithm is a function of 1)
the number of panels, 2) the thickness of each panel, 3) the length
of each panel, and 4) the minimum bend radius of the material.
It is shown that the thickness and length have a positive correla-
tion with increased slippage, whereas the number of panels and
minimum bend radius have a negative correlation with increased
slippage. This model allows designers to predict both the mag-
nitude of slippage that occurs where panels meet, as well as the
relative range of slippage that occurs within the whole pattern.
With these predictions, an appropriate strategy can be selected
for accommodating this motion.
Keywords: Gossamer, Satellite, Deployable Arrays, Origami

1. INTRODUCTION
The usage of space-based satellite systems has become in-

creasingly common and the rate of new objects being launched
into space has been increasing dramatically over the past few
years [1]. As designers strive to improve the capabilities of satel-
lites, demand has increased for achieving greater surface area
coupled with smaller volumes. Gossamer satellites address this
trade off by creating arrays from deployable membranes, which
are typically lightweight and have a low stiffness. Gossamer
structures have been used by space agencies as far back as the
1950s [2], and their development continues to generate new re-
search and applications, including inflatable, ribbed, tensioned,
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parabolic, wrinkled, reflectors, sails, solar arrays, and optical
gossamer structures [3–8].

Inspired by the precision requirements of reflectarray anten-
nae, this research focuses on gossamer arrays that reduce the
wrinkling that commonly occurs in stowed membranes [9] by
rolling sections of the array [4, 5, 10]. This work characterizes
the relative motion in rolled gossamer arrays, proposes a model
for simulating this behavior, uses the model to show trade offs and
trends when changing competing design parameters, and shows
an implementation of hinges that accommodate this motion.

2. BACKGROUND
One of the main challenges of designing rolled gossamer

structures is that buckling and plastic deformation occurs if slip-
ping is not allowed between adjacent sections of the membrane.
The terms "panel" and "strips" will be used interchangeably to
refer to these adjacent sections. Panel slipping occurs in patterns
using rolled membranes because the membrane layers on the outer
part of the roll have further to travel than the inner membrane lay-
ers. Although the difference in diameter between the inner and
outer layers may be small, it can have significant consequences
to the alignment of the satellite elements, negatively impacting
capability and performance of an otherwise impressive array. A
simple example of the slippage between membrane layers can be
observed by rolling up any softcover book; pages can be seen to
immediately separate from each other as shown in Fig. 1a. How-
ever, this effect makes creases in a continuous folded membrane
problematic, as they do not allow for relative motion in the di-
rection of slippage required for rolling as the pages of a book do,
leading to wrinkling and deformations in the design.

This work aims to characterize the slipping motion in pat-
terns made with parallel rectangular strips, such that slippage can
be accurately predicted and accommodated. If the amount of
slippage required for a given array can be known beforehand, de-
signers can implement techniques to allow for sufficient motion
and preserve the performance of the array. As such, effects of
changing model parameters are shown, and trends which may be
used by designers to predict behavior are illustrated.
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FIGURE 1: EXAMPLE FIGURE OF SLIPPING THAT OCCURS DUR-
ING ROLLING. (A) ROLLED BOOK SHOWING SLIPPING BETWEEN
PAGES. THE BOOK SHOWN (THE BOOK OF MORMON) HAS 531
PAGES. (B) SIMULATION MODEL OF BOOK SLIPPAGE. MODEL
HAS 600 PANELS EACH WITH A THICKNESS OF 0.02 MM, A TOTAL
LENGTH OF 120 MM, AND A MINIMUM BEND RADIUS OF 15 MM,
AS MEASURED ON THE BOOK. BECAUSE EACH MEMBRANE IS
SO THIN, IT IS DIFFICULT TO DISTINGUISH LAYERS IN THIS EXAM-
PLE; HOWEVER THE MODEL CAN BE SEEN TO ALIGN CLOSELY
WITH THE PHYSICAL MODEL, VALIDATING THE ROLLING MODEL
USED. (C) SIMPLE EXAMPLE MODEL TO SHOW INDIVIDUAL PAN-
ELS. (D) CLOSE-UP SHOWING SLIPPING THAT OCCURS ON THE
SAME POINT BETWEEN PANELS IN BLACK.

3. MODEL
Gossamer patterns are defined by a variety of variables gener-

ally based around their required performance; these may include
length and width dimensions, thickness, number of panels, sur-
face characteristics, material properties, and so on. The method
proposed predicts the amount of slippage that occurs using four
of these, which are the number of panels, the thickness of each
panel, the length of each panel, and the minimum bend radius
of the material. A fifth variable may be included, which is how
the array is rolled. Three simple rolling models are shown for
illustration in Fig. 2, however, many other models may be used,
such as those shown by Arya et al. [11]. Additionally, future work
could apply the principles and methods discussed to predict slip
in other rolled patterns created with non-uniform panels. In rolled
gossamer patterns, panels are connected continuously along their
creases. For the purposes of visualizing and discretizing the slip,
the pattern can be imagined as separate strips connected by a
discrete number of hinges along the length of the strip, such as
the example shown in Fig.3. This allows the slip at each hinge
location to be quantified, although in a continuous crease joining

(a)

(b)

(c)

FIGURE 2: ADDITIONAL ROLLING MODELS. (A) EXTERIOR
ALIGNED, WHERE THE OUTER MOST EDGE OF EACH SHEET
IS KEPT ALIGNED TO ITS ADJACENT PANEL. (B) CENTERED,
WHERE THE INITIAL ANGLE OF EACH PANEL IN THE ROLL HAS
BEEN ADJUSTED TO BALANCE THE AMOUNT OF SLIPPING ON
EACH END OF A PANEL, SUCH THAT THE SLIP ON EACH END IS
KEPT EQUAL. THIS REDUCES THE MAXIMUM MAGNITUDE OF THE
SLIPPAGE ON ANY PANEL. (C) DOUBLE ROLL, WHERE EACH END
IS ROLLED TOWARDS THE MIDDLE.

two strips, this slip could be represented by a continuous curve. In
Fig. 4a these hinge locations are represented by circles along the
length of each strip. It should be noted that this model constrains
that each panel is rolled tightly and that gaps are not allowed
between panels1. The four primary variables used are defined
as follows:

• Number of panels (n): Any flat array may be divided into
𝑛 sections. In this work, arrays which are divided into strips
are considered, where the width of each strip is defined by
the width of the array divided by the number of strips, and
the length of each strip is equal to the length of the array, as

1To roll a pattern less tightly in this model, the minimum bend radius of the
pattern should be increased. This can also be used to simulate the effect of rolling
or unrolling the pattern to understand how the slip between panels changes during
these events.
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FIGURE 3: EXAMPLE IMPLEMENTATION SHOWING HOW EACH
DESIGN OR PATTERN MAY BE VISUALIZED AS A SERIES OF
STRIPS CONNECTED BY HINGES. IN THIS EXAMPLE, THERE ARE
5 HINGES CONNECTING EACH SET OF ADJACENT PANELS. THIS
MODEL IS SHOWN IN THE ROLLED STATE IN FIG.8.

(a) (b)

FIGURE 4: GENERAL ARRAY NOMENCLATURE. (A) NUMBER OF
PANELS, LENGTH, AND HINGES DEFINITION FIGURE. HINGES LO-
CATIONS ARE SHOWN AS CIRCLES, INDICATING THE POINT ON
EACH PANEL WHERE SLIP IS BEING MEASURED. NOTE THAT THE
WIDTH OF EACH PANEL DOES NOT AFFECT THE SLIPPING BE-
TWEEN PANELS, AS IT IS INTO THE PLANE AND DOES NOT AF-
FECT THE ARC LENGTH BEING MEASURED. (B) THICKNESS AND
MINIMUM RADIUS DEFINITION.

illustrated in Fig. 4a.

• Thickness of each panel (t): The thickness of the array.
Depending on the purpose of the array, this may be non-
uniform, however in this work each panel is considered as
having a uniform, equal thickness. Arrays that have an ir-
regular surface may be found to have an effective thickness
which can be used in this model; alternatively a more com-
plex implementation could consider each unique thickness
separately.

• Length of each panel (L): The length of the array. This
parameter is the same for each panel.

• Minimum bend radius (𝑟𝑚𝑖𝑛): This is defined by the mate-
rial properties of the material being rolled, and determines
how tightly the array can roll.

In this work, results from the interior aligned model (where
the interior edge of each panel is kept aligned), shown in Fig. 1c
will be shown, because it is the simplest model which illustrates

the trends and trade-offs of changing each parameter. Note how-
ever, the results shown apply to each of the alternative models
shown in Fig. 2. The exterior aligned model (where the exterior
edges of each panel are kept aligned), shown in Fig. 2a, keeps
all of the panel edges on the exterior of the roll aligned and has
the edges on the interior of the roll slip relative to each other.
The centered roll model, shown in Fig. 2b, rolls such that the
amount of slipping on each end of a panel is kept equal to reduce
the maximum magnitude of the slippage on a panel. Rather than
having zero slip on one edge and a maximum slip on the opposite
end, each edge experiences half of the maximum slip. There
exists a location between each panel where there is no relative
slip, however it is more complicated to predict, and so in practice,
the double roll is more intuitive and would most likely be a better
rolling candidate than the centered roll model. The double roll
model, shown in Fig. 2c, rolls both outside edges towards the
middle, such that the exterior edges slip symmetrically.

3.1 Slippage Model
In the following model, polar coordinates were used, where

the radius is a function of the input angle. The model is imple-
mented by the following algorithm.

Algorithm 1 ROLLED INTERIOR ALIGNED MODEL ALGO-
RITHM

1: procedure Find positions of panels in roll
2: Initialize variables 𝐿, 𝑡, 𝑛, 𝑟𝑚𝑖𝑛

3: for 𝑖 → 1 to 𝑛 do
4: 𝜃𝑓 𝑖𝑛𝑎𝑙,𝑖 = 𝜃𝑓 𝑖𝑛𝑎𝑙,𝑖−1 + 𝑑𝜃

5: 𝑙 =
∫ 𝜃𝑓 𝑖𝑛𝑎𝑙,𝑖

0

√︃
𝑟2 +

(︂
𝑑𝑟
𝑑𝜃

)︂2
𝑑𝜃

6: while 𝑙 < 𝐿 do
7: 𝜃𝑓 𝑖𝑛𝑎𝑙,𝑖+ = 𝑑𝜃

8: 𝑙 =
∫ 𝜃𝑓 𝑖𝑛𝑎𝑙,𝑖

0

√︃
𝑟2 +

(︂
𝑑𝑟
𝑑𝜃

)︂2
𝑑𝜃

9: end while
10: end for
11: for 𝑖 → 1 to 𝑛 do
12: Create vector from 0 → 𝜃𝑓 𝑖𝑛𝑎𝑙,𝑖 for panel 𝑖
13: end for
14: for 𝑖 → 1 to 𝑛 do
15: Calculate radii at each point in panel 𝑖 using
16: 𝑟 = 𝑟𝑚𝑖𝑛 + (𝑖 − 1)𝑡 + ( 𝑡2 ) 𝑓 + [ 𝜃

2𝜋 𝑛𝑡]
17: end for
18: return 𝜃 and radii vectors
19: end procedure

This method verifies that each panel is of the length defined,
as shown in Fig. 1c. Because the slip between panels is being
characterized as points set a prescribed distance away from each
edge, the location of each “hinge" in the rolled state my be found
using a similar method to Algorithm 1, however instead of finding
a 𝜃𝑓 𝑖𝑛𝑎𝑙 for each panel which resulting in the panel being the
correct length, a 𝜃𝑑 which corresponds to each hinge location is
found, such that the length is equal to the hinge’s distance from the
edge of the pattern. This allows the hinge points in the rolled state
to be found, and the distance between the same points on adjacent
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FIGURE 5: INTERIOR ALIGNED MODEL WITH FIVE HINGES. (A)
MODEL WITH GIVEN PARAMETERS, WITH HINGE LOCATIONS
SHOWN HALFWAY THROUGH THE SLIP MEASURED FOR ADJA-
CENT PANELS. (B) PLOT OF THE MAGNITUDE OF SLIP REQUIRED
AT EACH HINGE LOCATION. (C) LINEAR FIT TO THE SLIPPAGE
PLOT.

panels to be measured, which is then used to define the slip that
occurs at each location. An example of an interior aligned model
with hinges is shown in Fig. 5. Fig. 5b shows the distance between
adjacent panels at each hinge location, indicating the amount of
slip that is required at each location to enable the gossamer to
roll.

The length of a polar curve can be found by

𝑙 =

∫ 𝜃𝑓 𝑖𝑛𝑎𝑙,𝑖

𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙,𝑖

√︄
𝑟2 +

(︃
𝑑𝑟

𝑑𝜃

)︃2
𝑑𝜃 (1)

and the radius of any point is defined by the equation

𝑟 = 𝑟𝑚𝑖𝑛 + (𝑖 − 1)𝑡 + ( 𝑡
2
) 𝑓 + [ 𝜃

2𝜋
𝑛𝑡] . (2)

This equation has several parts. The first three terms consist
of determining the initial radius of any sheet, and the fourth term
adds the effect of the angle at which the particular coordinate is
at. The initial radius of each panel is affected by several factors,

such as the minimum bend radius, how many panels are below it
in the pattern, as well as the thickness of the material being rolled.
The first term (𝑟𝑚𝑖𝑛) accommodates the minimum bend radius,
the second term ((𝑖 − 1)𝑡) adds the thickness of all of the panels
closer to the center than the sheet being found, and the third term
(( 𝑡2 ) 𝑓 ) is a factor to find either the top, middle, or bottom surface
location of any panel, where 𝑓 = 1, 0, or −1 for the top, middle,
and bottom surfaces, respectively. The fourth term ([ 𝜃

2𝜋 𝑛𝑡]) adds
to the radius in proportion to the angle at which any point is at,
using the assumption that the radius increases the total thickness
of all panels in each full rotation. This is intuitive, as the bottom
surface of the innermost panel in a pattern will be in contact with
the top surface of the outermost panel when it has made a full
rotation. If the radius were smaller after one rotation, the panels
would interfere with each other and it would not be able to roll.
While some rolled patterns do not make a full rotation, such as
that shown in Fig. 1b, it is assumed that the radius is continually
increasing with this same relationship. Fig. 1c shows how, after a
rotation of 2𝜋 radians, the radius of the innermost panel has been
offset from its original value by the sum of the thicknesses of the
other panels.

By substituting Eq. 2 into Eq. 1, the analytical solution for
the length of a sheet of material in a rolled pattern can be found
using the following equations:

𝐴 = 𝑛 𝑡 (3)

𝐵 = 𝑟𝑚𝑖𝑛 + 𝑡 (𝑖 − 1) (4)

𝐶 =
𝐴2

4
+ 𝜋2 𝑖2 𝑡2 − 2 𝜋2 𝑖 𝑡2 + 𝜋2 𝑡2 (5)

𝐷 = 𝑟2
𝑚𝑖𝑛 𝜋

2 − 2 𝑟𝑚𝑖𝑛 𝑡 𝜋
2 + 2 𝑟𝑚𝑖𝑛 𝑖 𝑡 𝜋

2 (6)

𝐸 =
√︁
𝐴2 𝜃2 + 𝐴2 + 4 𝜋 𝐴 𝐵 𝜃 + 4 𝜋2 𝐵2 (7)

𝐹 = 𝐸 (𝐴 𝜃 + 2 𝜋 𝐵) (8)

𝐺 =
√︁
𝐴2 𝜃2 + 4 𝐵 𝜋 𝐴 𝜃 + 4𝐶 + 4 𝐷 (9)

𝑙 (𝜃) = ( 1
4 𝐴 𝜋

) [𝐹 + 𝐴2 ln
(︃
𝐴2 𝜃 + 𝐴𝐺 + 2 𝜋 𝐴 𝐵

2 𝐴 𝜋

)︃
] (10)

4. SIMULATION RESULTS
Using this model, the relative displacement between adjacent

panels in a rolled pattern can be determined for any point along the
panel. This allows for the prediction of the translational motion
required when actuating these structures, which is particularly
useful when determining appropriate hinges to incorporate into a
design.

The four parameters outlined in Section 3 determine the final
displacement of the rolled model. Using the model, the effect
that each of these has on the final design and how to tailor each
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FIGURE 6: EXAMPLE HEAT MAPS SHOWING HOW THE MAXIMUM DISPLACEMENT CHANGES FOR EACH COMBINATION OF TWO PARAM-
ETERS. FOR EACH COMBINATION, THERE ARE TWO PARAMETERS THAT CHANGE, AND TWO PARAMETERS THAT ARE FIXED. WHEN
FIXED PARAMETERS ARE USED IN THIS EXAMPLE, THERE ARE THICKNESS = 0.5, TOTAL LENGTH OF EACH PANEL = 40, MINIMUM BEND
RADIUS = 1, AND NUMBER OF PANELS = 10.

parameter to modify the overall slippage between panels can be
determined.

To visualize the effect of slipping on the model, a number
of hinges to be equally spaced along the panel are assigned, and
then plot the relative displacement between panels at each hinge
location. An example of this is shown in Fig. 5. It should be
noted that a pattern with 𝑛 panels will have 𝑛 − 1 hinges. In
Fig. 5, each hinge location is defined by a distance away from the
interior edge, and is represented by a unique color. This facilitates
visualization of how the magnitude of the relative displacement
between panels increases along each panel as it is further from the
aligned edge, as well as how the relative displacement changes
along a given hinge location for each panel which is further away
from the center of the roll. The two primary parameters that will
be used to quantify results are the maximum displacement found
within a pattern, as well as the slope of a linear fit to the dis-
placement of each hinge location. The maximum displacement
is useful for quantifying how much parasitic motion needs to be
incorporated into a design to accommodate slippage between pan-
els. This affects the design of hinges in the pattern and strategies
they use. For example, a pattern with a small maximum displace-
ment may incorporate a compliant hinge that achieves precise
behavior, while a pattern with more displacement may require a
hinge which allows sliding between panels, such as that shown in
Section 5. More relative displacement required between panels is
similar to adding more degrees of freedom to the system, in that
more motion and freedom into the system to achieve folding must

be introduced. As such, minimizing the magnitude of relative
motion between panels is preferred in the scope of this work.

An additional metric for determining the desirability of the
configuration is the slope of a linear fit to the displacement along
a hinge location. Finding a linear fit to each set of hinges defined
by a hinge location allows the relative range of displacements
which are required at each hinge location to be found. The
displacement of each hinge location is illustrated in Fig. 5c by a
line of each color. On this plot, many individual points can be
seen, each of which represents an individual hinge in the pattern,
and by minimizing the slope of the linear fit shown in Fig. 5c,
the range of unique displacements required by each hinge in a
pattern is reduced. This has the benefit of reducing the number
of novel hinges which are required and can significantly simplify
the design work required for a pattern.

4.1 Maximum Relative Displacement
From this model, it can be seen that the maximum magni-

tude of displacement is intuitively at the outermost edge of the
outermost panel, such as the example shown in Fig. 1d.

Color scaled heat maps are used in Fig. 6 to visually convey
the effect the different parameters have on the maximum displace-
ment of a rolled pattern. Fig. 6 shows every combination of the
four parameters mentioned in Section 3. It should be noted that
the units of the input parameters depend on the specific use case;
for this reason the values in these charts are unitless. The purpose
of these charts is to visually show the relationship between the
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FIGURE 7: EXAMPLE HEAT MAPS SHOWING HOW THE SLOPE OF THE LINEAR FIT CHANGES FOR EACH COMBINATION OF TWO PARAM-
ETERS. FOR EACH COMBINATION, THERE ARE TWO PARAMETERS THAT CHANGE, AND TWO PARAMETERS THAT ARE FIXED. WHEN
FIXED PARAMETERS ARE USED IN THIS EXAMPLE, THERE ARE THICKNESS = 0.5, TOTAL LENGTH OF EACH PANEL = 40, MINIMUM BEND
RADIUS = 1, AND NUMBER OF PANELS = 10.

parameters and maximum slippage rather than quantify specific
displacement amounts for future replication. For this reason the
actual output values of each configuration are not shown. The
heat maps show a positive correlation between increased panel
thickness and increased slippage, as well as increased strip length
and increased slippage. There is a negative correlation, on the
other hand, between both the minimum bend radius and number
of panels with the amount of slippage that occurs. Inspection
of the heat maps shows that the thickness of each panel has the
largest relative effect on the maximum slippage that occurs in the
pattern. Designers of rolled gossamer structures can use these
heat maps as tools to visualize the relative magnitudes and di-
rections each parameter will have on the slippage of panels when
making design decisions.

4.2 Linear Fit Relationships
The relationships between each parameter and the slope of

the slippage are similar to those of the maximum displacement,
in that there is a positive correlation between the thickness and
length with increasing slippage, and a negative correlation be-
tween the number of panels and the minimum bend radius with
increasing slippage. One of the main differences between the ef-
fects on the maximum displacement and the slope of the slippage
for each hinge location is the rate at which they change with each
parameter. For example, it can be seen by comparing Figs. 6a
and 7a, Figs. 6d and 7d, and Figs. 6e and 7e, that the number of
panels has a greater impact on the slope of the slippage at each
hinge location than it does on reducing the maximum slippage in

the design.

5. IMPLEMENTATION
To validate the accuracy of the model, an example prototype

was made and compared with simulated results, using the dou-
ble roll model. While the single exterior slip model has been
discussed so far, the double roll was chosen for this prototype to
demonstrate an example of an additional model. The prototype
had the parameters 𝑛 = 6, 𝑟𝑚𝑖𝑛 = 11𝑚𝑚, 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 0.2𝑚𝑚,
and 𝐿 = 600𝑚𝑚, with 5 hinges along the length. This model is
shown in Fig. 8a, with the associated magnitude of slip for each
hinge shown in Fig. 8b. The prototype model was created using
novel hinges which allow for rotation (during folding) and trans-
lation (for the slip during rolling), shown in Fig. 8d. These hinges
were designed specifically to accommodate the slip between pan-
els, because all other rigid hinges would fail to allow for the
sliding required between panels. These hinges are effectively
cams which allow motion along the prescribed path. Note that all
hinges in the prototype are the same size for simplicity; however,
there are adverse effects from introducing a straight hinge into a
curved section of material. Being able to accurately predict the
maximum displacement at each hinge location allows designers
to use the smallest hinges possible at that location, reducing these
adverse effects. One method that could be used is to discretize
the slip into 3-5 categories, such that each hinge location could
use the smallest hinge which would also accommodate the slip
required, rather than to create unique hinges for every hinge in
the pattern.
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(c) (d)

FIGURE 8: ROLLING MODEL IMPLEMENTATION WITH EXAMPLE
HINGES WHICH CAN BE USED TO ACCOMMODATE SLIPPING BE-
TWEEN PANELS. THIS MODEL IS SHOWN IN THE OPEN STATE IN
FIG.3. (A) SIMULATION MODEL WITH THE SAME PARAMETERS.
NOTE THAT THE RED HINGES IN THE MODEL CORRESPOND TO
THE WHITE HINGES IN THE PROTOTYPE, THE BLUE HINGES IN
THE MODEL CORRESPOND TO THE GRAY HINGES, AND THE
GREEN HINGES IN THE MODEL CORRESPOND TO THE BLACK
HINGES IN THE PROTOTYPE. HINGE COLORS WERE CHANGED IN
THE SIMULATION TO IMPROVE VISIBILITY. (B) SLIP RESULTS FOR
EACH HINGE LOCATION IN THE SIMULATION MODEL. (C) ARRAY
IN DOUBLE ROLLED CONFIGURATION. NOTE THAT THE BLACK
HINGES EXPERIENCE NO SLIP, THE GRAY HINGES HAVE SOME
SLIP, AND THE WHITE HINGES ON THE OUTERMOST EDGES EX-
PERIENCE THE MOST SLIP. (D) SIMPLE HINGE USED TO FACILI-
TATE ROTATION AND TRANSLATIONAL MOTION WHEN STOWED.

The prototype double roll is shown in Fig. 8c. By measuring
the linear displacement at each hinge, the results of the model
can be evaluated. For the center hinge, shown in black, there
was no measurable shifting as was expected. For the 3 hinges on
each side at an intermediate location, shown in gray, the average
shifting was 2.2 mm with a standard deviation of 0.9 mm. This
corresponds to the predicted slip of 2.2 mm, with a 2.1% differ-
ence between the expected and actual values. The hinges at the
outside edge, shown in white, had an average measured slip of
4.3 mm with a standard deviation of 0.7 mm. This corresponds
to the predicted slip at the outside edge hinges of 4.3 mm, with
a 0.64% difference between the expected and actual values. It
should be noted that the friction in the hinges was non-trivial, and
that by introducing a stiff linear segment into the rolled model,
the results become less accurate. However, is shown that the
model predicted the hinge displacement, and that the methods
presented in this paper show promise for use in the design of
rolled gossamer structures.

6. CONCLUSION
Gossamer structures are utilized in space applications to

minimize stowed volume and maximize deployed surface area.
Rolling the membranes that make up gossamer structures reduces
wrinkles and creasing but requires relative slipping motion be-
tween panels. A numerical model was presented that determines
the amount of slipping that occurs between rolled membrane
strips, including how it varies across the array in response to
changing the variables of thickness, length of the strips, number
of panels, and minimum bend radius. This model was verified
with a physical prototype, which incorporated novel hinges that
accommodate for folding and sliding motion. This work is ben-
eficial for future designers of rolled membrane structures, aiding
them in the design of appropriate hinges to accommodate relative
slipping motion between panels.

ACKNOWLEDGMENTS
This work has been funded by the Air Force Research

Lab/U.S. Space Force, through award number FA9453-22-C-
0013, and the Utah NASA Space Grant Consortium.

REFERENCES
[1] “Online Index of Objects Launched into Outer Space.”

(2024). URL https://ourworldindata.org/grapher/
yearly-number-of-objects-launched-into-outer-space?
time=2003..latest.

[2] Jenkins, Christopher HM. Gossamer spacecraft: membrane
and inflatable structures technology for space applications.
American Institute of Aeronautics and Astronautics (2001).

[3] Chandra, Mukesh, Kumar, Satish, Chattopadhyaya, Som-
nath, Chatterjee, Sayan and Kumar, Prakash. “A review on
developments of deployable membrane-based reflector an-
tennas.” Advances in Space Research Vol. 68 No. 9 (2021):
pp. 3749–3764.

[4] Arya, Manan, Lee, Nicolas and Pellegrino, Sergio. “Ultra-
light structures for space solar power satellites.” 3rd AIAA
Spacecraft Structures Conference: p. 1950. 2016.

[5] Fang, Houfei, Lou, Michael, Huang, John, Hsia, Lih-Min,
Quĳano, Ubaldo, Pelaez, Giovany and Svolopoulos, Vasil.
“Development of a 7-meter inflatable reflectarray antenna.”
45th AIAA/ASME/ASCE/AHS/ASC Structures, Structural
Dynamics & Materials Conference: p. 1502. 2004.

[6] Seefeldt, Patric, Spietz, Peter, Sproewitz, Tom, Grundmann,
Jan Thimo, Hillebrandt, Martin, Hobbie, Catherin, Ruffer,
Michael, Straubel, Marco, Tóth, Norbert and Zander, Mar-
tin. “Gossamer-1: Mission concept and technology for a
controlled deployment of gossamer spacecraft.” Advances
in Space Research Vol. 59 No. 1 (2017): pp. 434–456.

[7] Ruggiero, Eric J and Inman, Daniel J. “Gossamer space-
craft: recent trends in design, analysis, experimentation,
and control.” Journal of Spacecraft and Rockets Vol. 43
No. 1 (2006): pp. 10–24.

[8] Furuya, Hiroshi, Mori, Osamu, Sawada, Hirotaka,
Okuizum, Nobukatsu, Shirasawa, Yoji, Natori, Michi-
hiro, Miyazaki, Yasuyuki and Matunaga, Saburo. “Man-
ufacturing and Folding of Solar Sail’IKAROS’.” 52nd

7 Copyright © 2024 by ASME

https://ourworldindata.org/grapher/yearly-number-of-objects-launched-into-outer-space?time=2003..latest
https://ourworldindata.org/grapher/yearly-number-of-objects-launched-into-outer-space?time=2003..latest
https://ourworldindata.org/grapher/yearly-number-of-objects-launched-into-outer-space?time=2003..latest


AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dy-
namics and Materials Conference 19th AIAA/ASME/AHS
Adaptive Structures Conference 13t: p. 1967. 2011.

[9] Tang, Yuzhen, Guo, Hongwei, Liu, Rongqiang and Deng,
Zongquan. “Space membrane wrinkle analytical model
based on piecewise stress field.” Thin-Walled Structures
Vol. 189 (2023): p. 110869.

[10] Arya, Manan, Lee, Nicolas and Pellegrino, Sergio. “Wrap-
ping thick membranes with slipping folds.” 2nd AIAA

Spacecraft Structures Conference: p. 0682. 2015.

[11] Arya, Manan, Lee, Nicolas and Pellegrino, Ser-
gio. “Crease-free biaxial packaging of thick mem-
branes with slipping folds.” International Journal
of Solids and Structures Vol. 108 (2017): pp. 24–
39. DOI https://doi.org/10.1016/j.ĳsolstr.2016.08.013.
URL https://www.sciencedirect.com/science/article/pii/
S0020768316302232.

8 Copyright © 2024 by ASME

,

https://doi.org/https://doi.org/10.1016/j.ijsolstr.2016.08.013
https://www.sciencedirect.com/science/article/pii/S0020768316302232
https://www.sciencedirect.com/science/article/pii/S0020768316302232

	Abstract
	1 Introduction
	2 Background
	3 Model
	3.1 Slippage Model

	4 Simulation Results
	4.1 Maximum Relative Displacement
	4.2 Linear Fit Relationships

	5 Implementation
	6 Conclusion
	Acknowledgments
	References

