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Nomenclature

Variable Description SI unit

µ Earth’s gravitational parameter km3

s2

η Reflectivity -
ρ Density kg

m3

A Area m2

c Normalized Position Vector −
CD Drag Coefficient -
I Inertia kg ·m2

J2 Earth’s oblateness -
n Normal Unit Vector -
pSRP Solar pressure at 1 AU N

m2

r Position Vector km

R Earth Radius km

u Velocity Unit Vector -
v Velocity Vector km

s

x, y, z Coordinates km

Acronyms Description

EoL End of Life
GG Gravity Gradient
HRM Hold and Release Mechanism
IADC Inter-Agency Space Debris Coordination Committee
LEO Low Earth Orbit
RAAN Right Ascension of Ascending Node
SRP Solar Radiation Pressure
TRL Technology Readiness Level

1. Introduction
Due to the rapid expansion of the space sec-
tor, the number of satellites in orbit has in-
creased. The problem of possible collisions is
nowadays of major importance since even a sin-
gle impact can lead to mission failures generat-
ing space debris, whose number must be con-
trolled to avoid catastrophic consequences. For
this reason, it is fundamental to implement miti-
gation actions. Moreover, the future LEO popu-
lation will be dominated by small satellites with
limited propulsion capabilities; this leads the de-
velopment of passive de-orbit technologies, in
which area-augmentation devices play an impor-
tant role. Since the latter largely depends on
attitude control, a potential solution is to model
a pyramid sail to keep the satellite aligned with
the relative "wind" direction.
The following analysis is inspired by a LEO con-
stellation of 6U CubeSats designed in a cooper-
ative project involving five Universities world-
wide; specifically, one of them will be equipped
with a drag sail. The implemented dynamical
model simulates both the CubeSat orbital and
attitude motion during de-orbiting, to numeri-
cally prove the pyramidal sail stabilization ef-
fect. The model was used to test several initial
conditions in terms of orbital parameters, under-
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standing the limits of the sail as passive attitude
stabilization device. Then a preliminary design
has been performed, with the selection of a suit-
able technology to fit the payload in 1U, mak-
ing it independent from the rest of the CubeSat.
Finally, the manufacturing process has been in-
vestigated to understand the design feasibility.

2. State of the Art
According to IADC guidelines [11], satellites in
LEO should be de-orbited in 25 years at most,
through active or passive strategies: the former
use propulsion while the latter take advantage of
external perturbation forces. In particular, drag
sails can be used as passive de-orbiting devices:
they increase the drag surface area, reducing the
decay time. A drawback is the great dependency
on attitude control. In this case, conventional
methods cannot be used [4] because the amount
of attitude torque to counteract the SRP can be
excessive and propellant based attitude control
systems require a large amount of propellant,
limiting the satellite operational lifetime. A po-
tential solution is to use a pyramid-shaped sail,
that acts as a passive stabilization device.
From a technological viewpoint, the drag sail
module main hardware components are booms,
sails and deployment mechanisms. Sails can
be rigid and non-rigid, meaning that they, re-
spectively, need or not some kind of support-
ing structure once deployed [4]. Non-rigid sails
show some advantages but they are too flexi-
ble and this often has deleterious effects on at-
titude control. Rigid sails maintain their shapes
by connecting membrane edges to the booms,
which can be composite [2] or inflatable struc-
tures [8]. The first one can be flattened and
then longitudinally rolled onto an hub, in this
way their stowed volume is very limited. The
deployment is obtained by unrolling the booms,
usually exploiting actuators. During this pro-
cess, their section changes from a flat configura-
tion to one that depends on the selected geom-
etry. However, they are quite heavy and their
mechanical parts can be a major source of fail-
ure. Inflatable space structures are promising
candidates, even if the TRL is still low. Some
advantages include low volume when stored for
launch, low system complexity, and a simple de-
ployment mechanism. Challenges are ground
testing, which is complex and costly, and the

search for efficient packing schemes. Different
storage methods are:
• Coiling and Wrapping: a common stowage

method which consists in first flattening the
uninflated boom and then rolling it into a
coil or wrapping it around a hub;

• Z-folding: in this method the boom is first
flattened and later folded back and forth at
regularly spaced intervals at discrete lines;

• Origami Folding: it consists of different
patterns that allow an extremely compact
stored configuration;

• Conical Folding: by introducing a slight ta-
per, a conical boom is formed, providing a
compact telescopic stowage configuration.

Drag de-orbit systems have already been used in
different past missions and are nowadays of great
interest and under constant development.

3. Dynamic Model
The satellite geometry has been modelled as a
union of two separate parts: the main bus, which
is the 6U CubeSat, and the pyramidal sail, re-
sponsible for quickening the re-entry and sta-
bilizing the satellite attitude. The geometrical
model is shown in Fig. 1.

Figure 1: Representation of the satellite geome-
try and body axes

The implemented dynamical model considers
both orbital and attitude motion of the space-
craft. The orbital dynamics is described with
the classical two-body formulation [10], while
the attitude dynamics is expressed using the
well-known Euler equations and quaternions as
kinematic parameters. Since this work wants to
investigate the capability of the sail to passively
align the x-axis of the body frame to the wind
velocity, the dynamical model must include the
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main perturbing effects typical of the space en-
vironment in LEOs. In particular, the modelled
disturbances are:

• Gravitational Effects, which are due to
Earth and CubeSat non-uniform mass dis-
tribution. They include the J2 effect [3],
which affects the orbital motion only, and
the gravity gradient torque [6], related only
to the attitude dynamics. Their expression
is, respectively, given as follows:

aJ2 = −3µJ2R
2

2r5

x(1− 5z2

r2
)

y(1− 5z2

r2
)

z(3− 5z2

r2
)


MGG =

3µ

R3

(Iz − Iy)c3c2
(Ix − Iz)c1c3
(Iy − Ix)c2c1


• Air Drag, which is due to residual atmo-

sphere below 1000 km of altitude and is the
external action exploited by the sail to ac-
complish the pointing requirement. It is ex-
pressed as follows [6]:

F = −1

2
ρCD v2rel Aexp(n ·urel)urel

• Solar Radiation Pressure, which is due
to the Sun and is particularly relevant due
to the large exposed area of the sail. It must
be noticed that the Earth can shadow part
of the satellite orbit, making the SRP ef-
fect null in those regions. Its formulation is
given as [6]:

F = −pSRPAexp(n ·us)(2η(n ·us)n+ (1− η)us)

In addition, a deeper analysis regarding the
satellite self-shadowing has been carried out,
since the computation of the external torque is
heavily dependent - due to the sail large dimen-
sions - on the in-light portion of the satellite
surfaces. In particular, the surfaces shadows on
others can be computed using a customized ver-
sion of the Z-Buffer algorithm, which is used in
computer graphics to render a 3D scene in a 2D
image. The basic idea behind the Z-Buffer (and
in general the shadow maps) is to render the
scene from the light viewpoint and compute the
z-coordinate of each visible point composing the
different surfaces: when two or more of those
points fall into the same pixel of the image plane,
the one in light is the closest to the light source.

The Z-Buffer allows a quite simple implementa-
tion and computational efficiency if compared to
other rendering or shadowing algorithms, as ray
casting, planar shadows or shadow volumes.

3.1. Simulations
In order to investigate the effective capability of
the pyramidal sail to stabilize the satellite at-
titude, several numerical simulations have been
carried out. In particular, a set of initial condi-
tions in terms of orbital parameters (initial al-
titude, inclination and RAAN) have been anal-
ysed, to characterize those regions where the sail
achieves its target performance. In addition, an-
other feature of the initial orbit was strongly
considered to mark different simulation results,
i.e. the Earth shadowing effect. The latter has
the result of introducing discontinuities in the
external torque acting on the satellite, since the
SRP has no effects when the CubeSat enters the
Earth shadow region, leading to possible point-
ing loss. A further remark must be done in the
distinction between "in light" and "shadowed"
orbits: an orbit is considered "in light" if, prop-
agating the two body problem equations without
adding the perturbation term and fixing the Sun
position, for an entire period, all the points of
such orbit are not in Earth shadow. It means
that during the simulation, when the perturba-
tions and the motion of the Sun are included,
the satellite can enter anyway the shadow re-
gion, after a certain number of orbital periods;
in general the higher the inclination is, the more
this downside can be avoided.
The sensitivity analysis results for different ini-
tial orbit conditions are shown in Fig. 2 and
Fig. 3. From the resulting maps it is possible
to identify three different regions:

1. below 500 km of initial altitude the satellite
arrives at 250 km without losing the de-
sired pointing, almost independently from
the inclination or RAAN (with few excep-
tions specifically for RAAN = 180 deg).
This means that this region can be iden-
tified as the most suitable for a completely
passive de-orbit.

2. above 525 km of initial altitude the simu-
lation always fails, independently from the
Earth shadow: this implies that the SRP ef-
fect is not negligible if compared with drag,
so the desired pointing direction cannot be
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maintained passively.
3. between 500 km and 525 km of initial alti-

tude the map does not show a defined pat-
tern with the RAAN, the inclination or the
altitude itself. This can be explained by
the fact that the Earth shadow tends to in-
crease the possibility of losing the pointing
direction: since the SRP torque is "turned
on" and "off", the equilibrium attitude po-
sition changes abruptly when the satellite
enters and exits the shadow region, leading
in some cases to greater oscillations and at-
titude loss. It is possible to notice that the
"in light" orbits, in part highlighted with
the red box in Fig. 2 and in part presented
in Fig. 3, show a more regular trend with
altitude.

Figure 2: Sensitivity maps for different inclina-
tions and RAAN. In the red box, part of the
"in light" orbits are highlighted, showing a more
regular pattern with altitude compared to the
ones partially shadowed by the Earth

4. Technology
In this section, a preliminary design of the drag
sail module is described, with the aim of stor-
ing it in 1U. This modular drag sail is designed
to provide minimum intrusion to the remaining
CubeSat parts. A brief analysis of the deploy-
ment system is eventually presented: the final
configuration is consistent with the sail geome-
try, so the booms are mounted to be deployed
with the correct inclination. To prevent them
from hitting the frame edges, a mechanism is se-

Figure 3: Sensitivity maps for different inclina-
tions and RAAN of "in light" initial orbits. The
white boxes for inc = 70 deg come from the fact
that at the related altitudes the Earth shadows
part of the orbit

lected to move the booms central panel in place
of the upper panel, avoiding any damage to the
system.

4.1. Boom Analysis
Great attention has been given to the booms
study, which are very important for keeping the
sail shape. The first step was to select a proper
technique for their design: this analysis was
done in collaboration with Cecilia Giovannini
[5], supervised by Professor C. Colombo.
Inflatable structures folded with origami pat-
terns were selected since they provide compact-
ness of the folded components and an axial de-
ployment. Among various origami techniques,
the Miura folding was chosen since it is quite
simple, it leaves more space for the sail storage
and it provides better straight-line deployment.
Fig. 4 shows a single story of a Miura folded
cylinder, composed by different layers of height
H. Each layer is formed by n cells, each one is a
trapezoid characterized by d1, d2, φ1, φ2, with
a total length of 2πR.

Figure 4: Miura pattern

Among the aforementioned parameters, the de-
sign variables are R, n, φ1. After their selection,
the dependant parameters can be easily com-
puted by means of mathematical formulations.
The final configuration of the Miura-Ori cell pat-
tern is reported in Tab. 1.
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φ1 [deg] φ2 [deg] d1 [mm] d2 [mm] H [mm]

66 30 8.5 16.6 6.3

Table 1: Miura cell parameters

After the definition of the Miura-Ori cell param-
eters, a kinematic analysis has been performed,
with the aim of using the half-story of the cylin-
der to study the mechanical behavior of the de-
ployable structure. The idea was to solve a sys-
tem of nonlinear equations and to retrieve some
unknown parameters at each h, from 0 to H,
through the MATLAB function fmincon. Then,
for every step, the Miura-Ori cell points are eval-
uated by means of kinematic relations. The ini-
tial and final configurations are shown in Fig. 5.

Figure 5: Miura-Ori deployment kinematics

During the overall de-orbit phase, the booms
must remain rigid, hence the internal pressure
was used to keep the booms inflated and rigid
enough to have the sail well deployed. This con-
cept is discussed in [12]: the boom is described
as a thin wall cylindrical structure (membrane
element) which exploits the pre-stress condition
given by the internal pressure to withstand ex-
ternal loads and keep its shape. Regarding the
material, a laminate composed of two 14.5 µm
aluminum layers and a 16 µm of BoPET was
selected.

4.2. Sail Folding Methods
Correctly folding the sail membrane will af-
fect how the sail deploys and the sail efficiency.
The most classic techniques are Z-folding and
origami. An interesting alternative, known as
square-twist method [7], can provide benefits
in volume-constrained applications. Among the
aforementioned methods, two alternatives were
considered, again in collaboration with Cecilia
Giovannini [5], that are: modified square-twist
method and double direction z-folding. Since
the first increases the design complexity, the sec-
ond was preferred. It consists in folding the sail
first along one direction, then along a perpendic-

ular one. At the end, the sail will be stored in
a prismatic configuration: the first apex of the
triangle will be attached to the central support,
the other two edges to the booms. For what con-
cerns the material, it consists of a 13 µm layer of
Kapton (capable of withstanding high tempera-
tures) with a 300 Å aluminum coating on both
sides. The double z-folding procedure is shown
in Fig. 6.

Figure 6: Double z-folding

4.3. Multi-Objective Optimization
A multi-objective optimization analysis has been
implemented to retrieve the values of all the final
configuration parameters. The selected design
variables are:
• L = length of the boom
• R = radius of the boom
• P = pressure in the inflated boom
• Hc = distance from the upper panel to the

booms support
To achieve correct results, each variable value is
limited between an upper and a lower boundary,
reducing the search domain. Then, the MAT-
LAB function gamultiobj was used to find their
optimal values to minimize the following objec-
tive functions:

1. Folded boom height heffective
2. 1

K , i.e tip displacement
3. ∆P

P with ∆P = Pin−P
4. 1

R
5. 1

L
The final results are reported in Tab. 2.

L [mm] R [mm] P [bar] Hc [mm]

1450 20 1.3 46

Table 2: Final parameters selected

5



Executive summary Ilaria Ciriolo, Luca Diazzi

4.4. Final configuration
The mass of the main selected component (valve
excluded), along with the total mass, is reported
in Tab. 3.

Component Frame Tank Support Booms Sail Total

Value [kg] 0.133 0.069 0.152 0.080 0.095 0.409

Table 3: Components mass

The internal configuration of the module is
shown in Fig. 7.

Figure 7: View of the internal configuration of
the drag sail module

The deployment is obtained in two steps:
• Mid plane motion: if the booms were

directly deployed from the stored config-
uration, they would hit the frame edges.
For this reason, the central plane should be
moved upwards replacing the upper surface,
which is composed by two panels. A simple
hold and release mechanism, which consists
in small resistors linked with a nylon wire,
forces the midplane to stay in the predefined
position, pre-stretching the springs. When
the resistors heat up, the wire is cut and the
midplane is released. The two upper panels
can open consequently. For the latter, two
solutions are proposed:

1. a resistors-wire system, equal to the
one used to keep the midplane in place;

2. a simple mechanism composed of rods
hinged to the midplane and the upper
panels.

Once the midplane reaches the top, the
booms can be inflated and deployed.
Figs. 8a to 8c illustrate the process de-
scribed above, considering the hinged rods
solution.

(a) Closed configuration

(b) Intermediate opening step

(c) Opened configuration

Figure 8: Opening steps

• Inflation with gas: when exposed to
space, the booms will be deployed. How-
ever, if the ∆P between the stored gas and
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the outside is too high the inflation process
could torn off the booms. The solution pro-
posed is to leave a small amount of gas in-
side the boom support, stored at low pres-
sure, so the first step of the inflation process
will be slow enough. Then, by means of a
solenoid valve, at each step a small mass of
gas will flow from the tanks to the booms,
until the gas pressure equals the nominal
one.

5. Manufacture
This section is devoted to the description of a
possible manufacturing process. For what con-
cern the booms, the limited diameter precludes
to manually support the material from the in-
side, to correctly fold the structures. A novel
manufacturing method was developed and re-
ported in [1]:

1. The aluminum-laminate is wrapped around
a cylindrical mandrel;

2. A stiff plastic sheet, previously folded with
the correct pattern, is wrapped around the
pressurized boom;

3. The pressure inside the boom is used to
press the laminate material against the
plastic mandrel;

4. The plastic is removed and the boom com-
pressed in its stowed dimensions.

Instead, regarding the drag sail manufacturing
process [9], it is quite common to use plastic or
paper guides with holes. An alternative could
be the use of local stiffness variations: when
the material is folded and unfolded, it is easy
to re-fold it along the same lines because it has
been plastically deformed. A third method is
the use of a channel (as a plastic strip) to drive
the folding process. Since the sail folding pro-
cess is easier if compared to the booms one, it
has been actually implemented. A material with
thickness and properties similar to the original
Aluminum-Kapton layer has been employed and
folded with the help of plastic strips. The main
steps of the folding process are shown in Figs. 9a
to 9d.

(a) Unfolded Sail

(b) First folding step

(c) Second folding step

(d) Folded Sail

Figure 9: Sail folding steps

The implementation, although rudimentary, has
nevertheless shown encouraging results which
can be improved using more sophisticated equip-
ment. The comparison between the theoretical
and experimental dimensions of the folded sail
are shown in Fig. 10.
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(a) Theoretical dimensions

(b) Experimental dimensions

Figure 10: Folded sail dimensions

6. Conclusions
This thesis was meant to evaluate the stabiliza-
tion effect of a pyramid-shaped sail in terms of
attitude dynamics and to find a technical solu-
tion to store the drag sail module in 1U CubeSat.
A dynamic model was implemented to study the
evolution of the satellite during the de-orbiting
phase. The model was used to test several initial
conditions in terms of orbital parameters, un-
derstanding the limits of the pyramidal sail as a
passive attitude stabilization device. These sim-
ulations have shown that, in the drag dominated
region, stability can be maintained while some
issues arise in the region where drag and SRP
become comparable and the presence of eclipses
favours the satellite tumbling.
Then, a design process was performed, leading
to the selection of inflatable structures folded
with Miura-Ori pattern as booms, due to the
compact stored configuration and the straight-
line deployment. To keep the sail correctly de-
ployed, the booms need to be maintained rigid,
so a pressurizing system was designed. Con-
cerning the sail, the double z-folding technique
was preferred as it ensures ease of manufacturing
and compactness. Then, the design parameters
of the final configuration were selected through
a multi-objective optimization process, imple-

mented to test several combinations and deter-
mine the most suitable one.
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