
Deployment Mechanics of Highly Compacted Thin

Membrane Structures

Manan Arya∗ and Sergio Pellegrino†

California Institute of Technology, Pasadena, CA 91125

We studied the effects of membrane thickness and crease density on the forces required
to unfold creased membrane structures. 26 cm-diameter models were made using two
different thicknesses (7.5 µm and 25 µm) of polyimide film, and wrapped around a 4 cm-
diameter hub using two different crease densities. They were deployed quasi-statically,
and the deployment forces were measured. Two regimes were observed: an initial phase
(up to about 85% deployed) of low and variable stiffness, and a second phase (above 85%
deployed) of high stiffness. The thinner membrane models required higher deployment
forces than the thicker membrane models during the initial phase.

Nomenclature

n Polygonal degree of the central hub
r Center-to-vertex radius of the central hub
j Number of radial tabs in the crease pattern
s Layer spacing in the packaged membrane
q Linear positioner displacement
N Total number of creases in the crease pattern
h Membrane thickness
fx, fy Force components
f Force magnitude
ε1, ε2 Measured force sensor strains
dx, dy Force sensor deflections
S Force sensor compliance matrix
S1x, S2x, S1y, S2y Force sensor compliance matrix components
C Force sensor stiffness matrix
Cx1, Cx2, Cy1, Cy2 Force sensor stiffness matrix components
D Partially deployed membrane diameter
Df Fully deployed membrane diameter

I. Introduction and Motivation

Solar sails and small spacecraft exhibit great synergy. Solar sails provide propellant-free propulsion for
small spacecraft, freeing up valuable mass and volume, and small spacecraft offer low payload mass and

therefore relatively high acceleration, even with the low thrust produced by solar sails. Recent advances in
the miniaturization of spacecraft (e.g. CubeSats) have led to many new mission concepts that leverage this
synergy.1,2, 3 The motivation for our work is to enable highly capable solar sails for small spacecraft.

To minimize mass, solar sails are made from ultra-thin membranes. To maximize thrust, they need
to have large area. This combination of large-area and low-thickness leads to challenges in packaging and
deployment.
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Packaging large thin membranes into small volumes inevitably introduces creases, which are regions of
high curvature and plasticity. Figure 1 illustrates the compact packaging concept used for the IKAROS
solar sail. At the core of the packaging problem is the design of the crease pattern. A crease pattern is a
systematic arrangement of creases that allows the membrane to be packaged in a repeatable way. The second
challenge associated with solar sails is deployment: given a packaged membrane, how can it be deployed?
To design solar sail deployment systems insightfully, we must understand the forces required to unpackage
the sail. These deployment forces evolve over the deployment process.

The broad objectives of our research are to understand the evolution of deployment forces, to identify the
parameters that control them, and to experimentally investigate the quantitative effects of these parameters.

This paper is organized as follows. In Section II, we review previous studies of solar sail packaging and
also our current understanding of the unfolding mechanics of creased thin membranes. Then, in Section III
we define the specific objectives and approach of the present research. Section IV describes our experimental
techniques, and Section V presents its results. Section VI discusses these results and how they may be
interpreted.

(a) Single IKAROS petal unfolded. (b) IKAROS packaged.

Figure 1. The IKAROS solar sail had 4 triangular petals arranged in a 20m-diagonal square. The sail was packaged
by wrapping around a much smaller 1.6m-diameter spacecraft.4

II. Background

Past contributions to the mechanics of solar sail deployment can be classified into two main groups: those
that are motivated by qualifying solar sail hardware for a specific mission, and those that aim towards a
fundamental understanding of creased membrane mechanics.

In 2001, NASA sponsored ATK Space Systems5 and L’Garde6 to conduct structural testing of 20 m
solar sails in vacuum. These tests considered similar solar sail designs: a square sail divided into four right-
triangular quadrants deployed by four booms. The primary objective was the characterization of the global
structural behavior of the deployed sailcraft, rather than studying the mechanics of deployment of the sail
membrane. Both ATK and L’Garde noted the difficulty of testing the deployment mechanics of gossamer
sails in a representative environment.

JAXA’s design of the 20 m solar sail IKAROS included a simulation and experimental campaign to
characterize its centrifugal deployment process.7 Dynamic deployment experiments on small-scale models
were carried out. For example, Furuya8 performed dynamic centrifugal deployments of 0.3 m- and 0.6 m-
diameter models of creased membranes made from 12.5 µm-thick aluminized Kapton. In such dynamic tests,
inertia plays a dominant role, obscuring structural effects.

DLR and ESA conducted ground tests of sail deployment to support their solar sail program. One of
their demonstration experiments con sited in the deployment of a single triangular quadrant of a 5 m × 5 m
square sail, made from 7.5 µm-thick aluminized Kapton. The deployment forces were measured.9 These
tests were done in air, without gravity offload, and at relatively high deployment rates (≈ 25mm/s).

NASA’s NanoSail-D2 was the first to demonstrate solar sail deployment from a nanosatellite. A 3.14 m ×
3.14 m sail made from 2.5 µm-thick CP1 was deployed in LEO from a 3U CubeSat.10 The sail design was the
familiar square sail divided into four right-triangular quadrants with four deployable booms. Each triangular
quadrant was Z-folded and then rolled onto a central hub. Ground deployment tests were conducted on low-
friction tables. Given the aggressive timeline of this mission, the details of the unfolding of these very thin
membranes were not considered.
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The Planetary Society’s LightSail-1, currently under development, packages a larger sail (5.65 m ×
5.65 m) in a 3U CubeSat.2 LightSail-1 also uses the four-quadrant, four-boom square sail architecture.
However, LightSail-1’s quadrants are packaged differently than NanoSail-D2. Each quadrant is Z-folded
from the outside edge to the center, and then Z-folded again to packaged the sail. Similar to NanoSail-D,
initial deployment tests were conducted on low-friction tables.

The primary objective of the studies described above was to qualify a solar sail system for flight. Un-
derstanding the fundamental mechanics of solar sail deployment, or exploring the range of parameters that
may influence these mechanics, were beyond the scope of these studies. The physics of creased membranes
have been variously investigated. Here, we highlight a few studies.

Murphey11 developed a constitutive law for randomly creased membranes. He conducted biaxial tension
tests to measure the stress-strain response of randomly creased 25 µm- and 50 µm-thick Kapton. However,
solar sail packaging schemes will generally use a systematic arrangement of creases, which Murphey only
briefly addresses. The modeling techniques presented therein may be useful in analyzing the behavior of
creased membranes after they are almost completely deployed.

Papa and Pellegrino12 investigated the load-displacement response of the Miura-ori fold pattern con-
structed using 25 µm-thick aluminized Kapton. Their simulations suggest that the creased membrane shows
drastic increases in stiffness over a range of the unfolding process. Their experiments, however, did not
measure the deployment forces over the full range of the unfolding of the Miura-ori pattern.

Woo and Jenkins13 conducted experiments and simulations to establish an effective elastic modulus for
singly creased membranes. Their work was done with 25 µm thickness Kapton and looked at the effects of
strength of the crease. The interaction of multiple creases, and the structural behavior of multiply creased
membranes was not considered.

We note a gap in past work regarding the unfolding behavior of multiply creased thin-membrane structures
over a large range of motions, and the parameters that affect this behavior.

III. Objective and Approach

The broad objectives of our ongoing research are to understand the mechanics of the deployment of
creased membrane structures, to identify the parameters that control these mechanics, and to experimentally
investigate the quantitative effects of the dominant parameters.

In the particular study presented herein, we investigated how membrane thickness and crease density
affect the force needed to unfold creased membranes. We define crease density as the number of creases
divided by the deployed area of the membrane. We adopted an experimental approach; we constructed
small-scale models of creased membrane structures, deployed them quasi-statically, and measured the forces
required to do so over the entire deployment process. The reasons underlying this approach are outlined
next.

Ideally, we would like to conduct experiments that are exactly representative of solar sail deployments
in space, and thus measure the actual deployment forces. Unfortunately, the confounding effects of air drag
and gravity make it challenging to do so. To conduct representative experiments, the effects of air drag and
gravity must be mitigated.

III.A. Reducing air drag

To reduce air drag, we can reduce the dynamic pressure either by reducing air density (e.g. by conducting
experiments in near-vacuum conditions), or by reducing the speed of deployment by conducting experiments
slowly. Currently, we favor the second approach of conducting slow, quasi-static experiments. Of course,
if the designed deployment process is dynamic (e.g. the deployment of IKAROS), then a slow, quasi-static
experiment will not yield the exact loads on the deployment system. However, quasi-static experiments allow
us to decouple structural and mechanical effects from those of inertia, and study them in isolation. Since our
primary interest is in the structural mechanics of the unfolding of creased membranes structures, we chose
to perform quasi-static experiments.

III.B. Gravity offload

The second confounding effect is gravity. To reduce the effects of gravity, we can either accelerate the exper-
iment downwards (e.g. use a drop tower or a parabolic flight), or we can provide mechanical gravity offload
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forces. The first approach allows only experiments of short duration, which conflicts with our preference for
slow, quasi-static deployment tests. The second approach is more suited to quasi-static experiments. There
have been two traditional gravity offload approaches for solar sail deployment experiments: one, offload-
ing only the weight of the deployable booms (e.g. the ATK5 and L’Garde6 experiments), and two, using
low-friction tables to support the sail membrane during deployment (e.g. the LightSail2 and NanoSail-D210

ground deployment experiments). Neither of these two approaches is suitable for studying the structural
response of creased membranes. In the first case, the membrane is mechanically coupled to the booms,
which dominate the structural response. In the second case, the frictional contact with the table introduces
spurious loads in the membrane.

Our approach to mitigating the effects of gravity on the membrane is two-pronged: first, we provide
indirect gravity offload forces by attaching the membrane to a central support structure, and offloading the
weight of the support structure (we also offload the weight of the membrane at the locations where we apply
the deployment forces); second, we perform experiments at such small scales that the membrane weight is
on the order of one-tenth or smaller than the deployment forces.

III.C. Packaging scheme

In Section II, we outlined a variety of packaging schemes that have been used for solar sails. A common
architecture is a square sail, divided into four triangular quadrants. These quadrants can be Z-folded once
and then rolled, or Z-folded twice along orthogonal axes. Such an architecture generally relies on deployable
booms, but we wanted to explore options for solar sail deployment without booms.

IKAROS demonstrated sail deployment activated by centrifugal forces. The IKAROS sail was wrapped
around the central spacecraft, which drove us to consider wrappings. We found two published algorithms that
parametrically generate crease patterns to wrap finite-thickness membranes around polygonal hubs.14,15 We
chose Guest and Pellegrino’s algorithm for the sake of simplicity: for constant packaged radius and constant
deployed area, there is a single parameter that controls the number of creases in the crease pattern, and thus
just a single parameter that controls crease density.

IV. Methods

The packaged membrane was wrapped around a central supporting hub. The construction of the hub
and the wrapping of the membrane are discussed in Section IV.A. The hub and the packaged membrane
were suspended above a benchtop to offload the weight of the hub. The hub was oriented such that when
fully deployed, the membrane was parallel to the ground. The weight of the membrane was offloaded only
indirectly, through its interfaces with the hub, and through the edge regions where deployment forces were
applied.

Figure 2 shows the experimental setup. The packaged membrane was deployed by applying two opposite
and equal forces at two opposing points along its periphery. Two synchronized linear positioners provided
these forces. Each linear positioner consisted of a lead screw driven by a stepper motor and a carriage capable
of traveling back and forth along the lead screw. Each carriage carried a force sensor, which measured the
two horizontal components of force required to deploy the membrane. The force sensor design is discussed
in Section IV.B.

IV.A. Creased Membrane Models

Guest and Pellegrino’s scheme generates crease patterns that allow the membrane to be wrapped around
a central polygonal hub. In the packaged configuration, the membrane layers can be spaced a distance s
apart, to accommodate finite-thickness membranes. The pattern is designed such that all crease edges have
the same length in both the packaged and fully deployed configurations. Their crease pattern algorithm
takes four inputs: the number of edges n of the central polygon, the center-to-vertex radius r of the central
polygon, the spacing s between layers of the packaged membrane, and the number of radial tabs j.

Figure 3 shows an example crease pattern produced by this algorithm for n = 8, j = 3. The generated
crease patterns consist of two types of folds: major folds (fold angle ≈ π) that define the boundaries of n
azimuthal sectors, and minor folds (fold angle ≈ 2π/n) that fold the sectors around the central hub. The
major folds dominate the structural response of the creased membrane. The total number of creases in the
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Figure 2. Experimental setup.

Figure 3. Crease pattern for n = 8, j = 3 produced by Guest and Pellegrino’s algorithm.14 Primed points indicate the
folded configuration. AOE is one of the 8 azimuthal sectors, and ABDE is one of 3 radial tabs within that sector.
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generated pattern is N = n(2j − 1). The crease density is therefore N/Af , where Af = πD2
f/4 is the final

deployed area.

Model h (µm) N n j Df (mm)

1 7.5 120 8 8 266

2 7.5 276 12 12 258

3 25 120 8 8 268

4 25 276 12 12 261
Table 1. Creased membrane models. h is the membrane thickness, N is the total number of creases, and Df is the fully
deployed diameter.

For this study, we investigated four different creased membrane models. Since we are interested in the
effects of membrane thickness and the crease density, we varied the membrane thickness h, and the number
of edges n of the central hub (which controls the crease density N/Af ). We chose two values of h (h = 7.5 µm
and h = 25 µm) and two values of n (n = 8 and n = 12). Table 1 shows the relevant parameters for the
four models. All models had r = 20 mm. The number of radial tabs j was chosen so that the diameter Df

of the fully deployed membrane was around 265 mm for each model. The layer spacing s was taken to be
twice the membrane thickness h.

IV.A.1. Membrane scoring

Polyimide Kapton HN film of two different thicknesses was used to construct the models. Laser perforation
was used to score membranes precisely along the crease lines. Figure 4 shows a micrograph of a perforated
score line for h = 7.5 µm Kapton. An Universal Laser Systems ILS9 laser cutter with an infrared laser
(λ = 10.6 µm) was used at low power settings (1% power, 25% speed) to perforate the membrane along
the crease lines. Since the same power settings were used to perforate both thicknesses of the Kapton film,
the diameter of the perforated holes depended on the film thickness. As such, different hole spacings were
used to obtain a roughly 36% removal of material along a crease line for both films. Table 2 shows the hole
spacings and diameters for the two different film thicknesses.

h (µm) Hole diameter (mm) Hole spacing (mm)

7.5 0.20 0.55

25 0.16 0.45
Table 2. Laser perforation settings for scoring different thicknesses of Kapton.

During the perforation process, the membrane was a supported by a flat piece of steel. Isopropyl alcohol
was used to clean the charred residue generated during the laser scoring process.

Figure 4. Scoring h = 7.5 µm Kapton using laser perforation.

IV.A.2. Central polygonal hub

The central polygonal hub was constructed as shown in Figure 5. Two acrylic plates were laser-cut to
match the central polygon scored onto the membrane. Paper card stock walls were attached to the acrylic
plates, producing top and bottom halves of the hub. These halves were epoxied to the scored Kapton film,
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sandwiching the membrane central polygon. A string was attached to the center of the acrylic plates, so that
the membrane and the hub could be suspended. A third acrylic plate was inserted at the bottom of the hub
to lower the center of gravity. This made the suspended hub stable and insensitive to small asymmetries in
the deployment forces.

The membrane was folded and wrapped around the hub by hand. Flat-head tweezers were used to fold
along the crease lines. As shown in Figure 5, the membrane had 40 mm-long integral tabs which were used
to attach the membrane to the force sensors.

(a) Two acrylic plates were cut to match the central polygon. (b) Card stock walls were built around the acrylic plates.

(c) The two halves of the hub were attached to the membrane,
which was wrapped around the hub.

(d) String was used to suspend the hub, and a third acrylic
plate was used to lower the c.g. of the hub.

Figure 5. Hub construction example for n = 4, j = 2.

IV.B. Force Sensor

A novel two-axis force sensor was designed to measure the in-plane components of the deployment force, and
support loads in the out-of-plane direction. The design of the force sensor was driven the tendency of creased
membrane structures to exhibit drastic increases in stiffness during deployment. As such, the force sensor
can measure forces up to 1 N along each axis, while having high sensitivity and high resolution (≈ 0.004 N).

Conceptually, the two-axis force sensor consists of an orthogonal pair of clamped cantilever beams that
are mechanically coupled, as shown in Figure 6. The basic idea for this design was provided by the work of
Wood, Cho, and Hoffman.16 Metal-foil gages measure the strain at the base of each of the cantilever beams.
The measured strains ε1 and ε2 yield, through a processing step, the two in-plane components of force fx
and fy. We can also estimate the tip deflections dx and dy based on the measured strains.
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(a) Isometric view. (b) Top view.

Figure 6. Two-axis force sensor.

The cantilever beams were made from a 25.4 mm-wide strip of 50.4 µm-thick blue-tempered 1095 spring
steel shim stock. The 25.4 mm width provided stiffness in the out-of-plane direction. The strip was bent into
an open “C” shape as shown in Figure 6. The two free ends the strip were then mechanically clamped, and the
strain gages applied at indicated locations. The strains were measured using a Vishay Micro-Measurements
System 7000 with a 7003-8-SG Strain Gage Input Card.

IV.B.1. Force Sensor Calibration

Forces applied at the tip result in the measured strains ε1 and ε2. fx activates primarily ε1, and fy activates
primarily ε2, though there is some mechanical coupling. In general, the force components fx and fy will be
nonlinear functions of the strains ε1 and ε2. To characterize the force sensor response, we relate increments
of force to increments of measured strain:[

dfx

dfy

]
=

[
∂fx
∂ε1

∂fx
∂ε2

∂fy
∂ε1

∂fy
∂ε2

][
dε1

dε2

]
=

[
Cx1(ε1, ε2) Cx2(ε1, ε2)

Cy1(ε1, ε2) Cy2(ε1, ε2)

][
dε1

dε2

]

However, it is difficult to determine the components of the stiffness matrix C directly. We can, however,
directly measure the components of the compliance matrix S = C−1.[

dε1

dε2

]
=

[
∂ε1
∂fx

∂ε1
∂fy

∂ε2
∂fx

∂ε2
∂fy

][
dfx

dfy

]
=

[
S1x(ε1, ε2) S1y(ε1, ε2)

S2x(ε1, ε2) S2y(ε1, ε2)

][
dfx

dfy

]

To determine the first column of S, we applied increments of fx while keeping fy = 0, and measured the
strains ε1 and ε2, as shown in Figure 7. We numerically differentiated the measured strains with respect to
fx to obtain the first column of the compliance matrix:[

∂ε1
∂fx

(ε1)
∂ε2
∂fx

(ε2)

]
=

[
S1x(ε1)

S2x(ε2

]

Noise was removed from the derivatives by interpolation with cubic splines, as shown in Figure 7.
To determine the second column of S, we performed a similar procedure, except we applied increments

of fy while keeping fx = 0.

8 of 14

American Institute of Aeronautics and Astronautics



0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
−1000

−500

0

500

1000

1500

f
x
 (N)

S
tr

ai
n 

(µ
ε)

 

 

ε
1

ε
2

(a) Force sensor calibration data.

−1500 −1000 −500 0 500 1000 1500
−6000

−4000

−2000

0

2000

4000

6000

8000

10000

12000

14000

16000

ε(µε)

S
 (

µε
/N

)

 

 

S
1x

S
1x

 spline fit

S
2x

S
2x

 spline fit

(b) Force sensor calibration curves.

Figure 7. Force sensor calibration. The load fx was applied using an Instron machine and measured using a ±10 N
load cell.

Once we have the compliance matrix S, we can determine fx, fy from ε1, ε2 by performing the following
matrix inversion and integration: [

dfx

dfy

]
=

[
S1x(ε1) S1y(ε1)

S2x(ε2) S2y(ε2)

]−1 [
dε1

dε2

]
[
fx

fy

]
=

∫ fx,fy

0

[
dfx

dfy

]
=

∫ εx,εy

0

[
S1x(ε1) S1y(ε1)

S2x(ε2) S2y(ε2)

]−1 [
dεx

dεy

]

A similar procedure was used to estimate the force sensors tip deflections dx, dy.

V. Results

Figure 8 shows the deployment force as a function of the deployment coefficient (defined as the partially
deployed diameter D divided by the fully deployed diameter Df ) for each of the four models. We performed
three runs for each of the four models. For all runs, the speed of the linear positioner q̇ was kept constant
at 0.78 mm/s.

As can be seen in Figure 8, there two regimes of deployment: an initial phase (up to about 85% deployed)
of almost zero stiffness, and a second phase (above about 85%) of increasing stiffness.

It is interesting to note the differences among the deployment behaviors of the four models in the initial
phase. Figure 9 shows the force trajectories for just this phase, from 30% to 85% deployed.

In the final phases of deployment (greater than about 90% deployed), the major folds flattened (i.e. the
fold angles → π), resulting in a large decrease in the bending stiffness of the membrane structure along the
major folds. Where the weight of the membrane was not supported by the offload system, the membrane
collapsed.

VI. Discussion

The first thing to note is that in general the deployment forces are non-zero. Even though the crease
pattern design preserves edge lengths between the folded and fully deployed configurations, there is some
force required to transition the structure from one state to the other.

The second noteworthy point pertains to the difference between the case n = 8 and the case n = 12 for
the h = 25 µm thick membrane. As can be seen in Figure 9, the n = 8, h = 25 µm model exhibits “jumps”
during the initial phase of deployment. These correspond to the sequential unwrapping of radial tabs, which
causes snaps during deployment. The n = 12, h = 25 µm model exhibits smaller “jumps” in force during the
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(b) Model 2: h = 7.5 µm, n = 12
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(c) Model 3: h = 25 µm, n = 8
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(d) Model 4: h = 25 µm, n = 12

Figure 8. Force trajectories.
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(c) Model 3: h = 25 µm, n = 8
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(d) Model 4: h = 25 µm, n = 12

Figure 9. Initial force trajectories.
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initial phase of deployment, see Figure 9. This may be explained by the fact that smaller forces are required
to unwrap smaller radial tabs, and the size of the tabs decreases with increasing n. One can imagine that
as n→∞, tab sizes → 0 and the sectors become lines that require no force to unwrap. The force traces of
the thinner h = 7.5 µm membrane in Figure 9 show no sign of the regular “jumps” that are so clear in the
deployment of the h = 25 µm membranes. This is indicative of a transition from a plate-like behavior in the
case of h = 25 µm to a membrane-like behavior in the case of h = 7.5 µm.

The third, perhaps more surprising, point to be noted is that even though the thinner h = 7.5 µm models
have lower stiffness than the thicker h = 25 µm models and therefore the overall strain energy in the folded
configuration is lower, they require higher deployment forces, at least during the initial phase. We believe
that the origin of these increased deployment forces is electrostatic self-attraction, which causes adjacent
sectors to stick to each other during the deployment. The lower stiffness of the thinner membranes and
the closer spacing of the layers in packaged state allows the electrostatic force to dominate structural forces
during deployment. Figure 10 shows the deployment process for the n = 12, h = 7.5 µm model. As can be
seen, two sectors are stuck together where the deployment forces are applied. These stuck-together sectors
appear darker against the white background as compared to the rest of the membrane. This causes an
increase in the deployment force.

The thicker n = 12, h = 25 µm model does not show this sticking-together behavior. As can be seen in
Figure 11, the sectors are well-separated, and azimuthally uniform in their deployment.

(a) 37% deployed (b) 52% deployed

(c) 70% deployed (d) 86% deployed

Figure 10. Deployment of the h = 7.5 µm, n = 12 model (run 1).
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(a) 37% deployed (b) 52% deployed

(c) 70% deployed (d) 86% deployed

Figure 11. Deployment of the h = 25 µm, n = 12 model (run 3).

VII. Conclusion

We demonstrated an experimental technique using quasi-static deployment of small-scale membrane
models to understand and quantify the effects of membrane thickness and crease density on the forces
required to unpackage creased membrane structures.

We observed that non-zero forces are required to unfold such structures. There is an initial phase
of low but variable stiffness, and a second phase of higher stiffness in the deployment of creased membrane
structures. The thickness of the membrane controls the transition from plate-like to membrane-like behavior.

Finally, we observed that electrostatic self-attraction has an effect on the deployment behavior of thinner
membrane models. Whereas the thicker membrane models deployed in an azimuthally uniform manner,
the thinner membrane stuck to itself during deployment, resulting in an asymmetric deployment. This also
resulted in higher deployment forces for the thinner membranes during the initial phase of deployment.
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