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Abstract
It is predicted that over 2,600 nanosatellites and microsatellites will be launched into orbit over the next five
years. In addition, plans for large commercial constellations consisting of thousands of small satellites in the
1,100–1,400 km orbit altitude regime are currently in development, driving the need for a scalable, reliable deorbit system. A drag device provides an efficient method for accelerating deorbit following the completion of a
satellite’s operational mission. The Passively Stable Pyramid Sail is a standardized, bolt-on deorbit system in
the form of a thin-membrane drag sail. The sail geometry is established to provide passive aerodynamic stability
in the upper atmosphere, allowing the system to trim to the maximum drag attitude. This scalable system is
sized according to the satellite mass and orbit altitude in order to deorbit the host satellite within 25 years. Unlike propulsive deorbit systems that require operability of the host satellite, the drag sail approach can be implemented in a manner that ensures deployment and deorbit even if the host satellite is inoperative. The ESPAclass version of the design requires 10 m long booms to deorbit a 180 kg satellite from a circular orbit at an altitude of 1,110 km. A prototype version is in development for a CubeSat demonstration mission called the Aerodynamic Deorbit Experiment. This paper will provide an overview of the Passively Stable Pyramid Sail by describing the design of the ESPA-class system, followed by discussion of the prototype system for the Aerodynamic Deorbit Experiment.
Introduction
Orbital debris is a growing problem in low-Earth
orbit; it has crossed a threshold of critical density
where the number of debris objects will grow exponentially due to collisions unless actively mitigated
(Levin et al., 2011; Kessler and Cour-Palais, 1978),
especially in high value orbits. The recent trend toward CubeSats and small satellite missions has led to

a proliferation of space objects. The most recent
Nano/Microsatellite Market Forecast compiled by
Spaceworks (Williams et al., 2018) states that there
was a 205% increase in the number of satellites with
masses of 1–50 kg launched in 2017 over 2016. They
estimate 2,600 nanosatellites and microsatellites will
be launched in the next five years (Williams et al.,
2018). There is a need for a standardized system that
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can be scaled based upon size and orbit of the host
satellite, to ensure deorbit of the system within 25
years of end-of-mission. There are at least four commercial small satellite constellations planned to provide global internet service, consisting of hundreds to
thousands of satellites in low Earth orbit (LEO) at
altitudes ranging from 1,000–1,325 km (Masunaga,
2016; Satnews Daily, 2016; de Selding, 2015; Wang,
2017). These constellations are summarized in Table
1.
A standardized, scalable, bolt-on system has been
designed to accelerate the deorbit of small satellites
by using a deployable drag sail that is attached to the
satellite before launch. The drag device, called the
Passively Stable Pyramid Sail, or [P S]2, consists of a
thin-membrane sail that is deployed by four booms
into the shape of an aerodynamically stable square
pyramid. With the square pyramid geometry, the drag
sail passively trims to the maximum drag orientation,
thus accelerating the deorbit timeline. Previously
flown drag sail systems have employed square sails,
which tend to trim edge-on to the flow direction.
In comparison to the use of chemical propulsion
for deorbit, where one or more propulsive maneuvers
are used to lower the orbit altitude to the point where
atmospheric drag can complete deorbit within 25
years, a drag sail approach will result in a greater
time spent at higher altitudes, with a larger effective
cross-sectional area during the deorbit duration. Be-

cause the probability of collision with on-orbit objects scales with the area-time product, the probability of collision is therefore greater for the drag sail
than for the propulsive deorbit approach. However,
the thin-film sail material with low areal density between the booms contributes to impacts that may be
less likely to result in large debris objects when a collision occurs (Nock et al., 2013).
The [P S]2 design can scale to deorbit a host satellite ranging from a one-unit (1U) CubeSat to a 400kg class small satellite. Small satellites within the 180
kg Evolved Expendable Launch Vehicle (EELV)
Secondary Payload Adapter (ESPA) class may be
deorbited within 25 years from an initial orbit altitude
of up to 1,110 km. The [P S]2 system is deployed upon the completion of the host spacecraft mission.
Once deployed, the [P S]2 cannot be retracted.
There have been several drag sail systems packaged
within 3U CubeSats or smaller, listed in Table 2. The
drag areas of these devices are sized to deorbit CubeSats, and would be insufficient to provide significant reductions in orbital decay times for larger satellites. The dragNET system successfully deorbited a
Minotaur I upper stage (about 100 kg mass) (Spaceflight101.com, 2016) in about two years after launching the ORS-3 mission to an altitude of 500 km and
an inclination of 40.5° (MMA Design, 2016; Clark,
2013). Without the device, it could have taken up to
six years to deorbit. InflateSail decreased the deorbit

Table 1. Planned Satellite Constellations for Global Internet Service
No. of
Satellite
Orbit
Orbit
Company
Satellites
Mass
Altitude
Inclination
OneWeb
720
150 kg
1200 km
87.9°
SpaceX
4,425
400 kg
1110-1325 km
53°- 81°
Boeing
2956
unknown
1000, 1200 km
88°, 45°, 55°
Telesat
117
unknown
1000, 1248 km
99.5°, 37.4°
Table 2. List of Drag Sail Missions and Their Status
Name
Drag Area (m2)
Organization
dragNET
14
MMA Design
AEOLDOS
1, 1.5, 3
University of Glasgow

Reference
(Satnews Daily, 2016; WorldVu, 2016)
(SpaceX, 2016a, b)
(Masunaga, 2016; Boeing Company, 2016)
(Telesat Canada, 2017)

Status
Flown & deorbited
In development

Deorbitsail

25

University of Surrey

Failed to deploy

Inflatesail

10

University of Surrey

Flown & deorbited

CanX-7

4

University of Toronto

Flown
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Reference
(MMA Design, 2015, 2016)
(Harkness et al., 2014)
(Stohlman and Lappas, 2013)
(Kramer, 2017)
(Viquerat et al., 2015)
(Shmuel et al., 2012)
(University of Toronto, 2017b)
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time of the 3U Cubesat bus from an estimated five
years to 72 days, deorbiting from a 505 km altitude,
97.44° orbit (eoPortal News, 2017). The CanX-7 satellite demonstrated a significant change in the altitude decay rate after the sails were deployed (The
University of Toronto, 2017a). Surrey Satellite Technology, Ltd. and the Surrey Space Center have deployed the RemoveDEBRIS satellite that will
demonstrate active debris capture techniques, and
then deorbit with a deployable drag sail (Forshaw,
2016). The Drag Deorbit Device uses four retractable
tape spring booms to modulate drag area for attitude
control (Guglielmo et al., 2018).
In this paper, the driving requirements for the [P
S]2 system are described in Section II. The sizing
analysis and design of the deployable drag device are
presented in Section III, along with discussion of the
design scalability. Conclusions are offered in Section
IV.

system shall be capable of initiating drag sail deployment either via ground command or backup timer; and (4) The [P S]2 shall provide passive aerodynamic stability about the maximum drag attitude
when in the upper atmosphere. These driving requirements have provided the basis for the design of
the [P S]2 system.
2.1. Scalability
The size of the drag sail needed to deorbit a
spacecraft within 25 years is highly dependent on the
mass, orbital altitude and inclination of the host satellite. Increasing mass and altitude of the host satellites
will require an increase in the drag area provided by
the sail. A scalable system allows the [P S]2 to be tailored to the specific mission without a customized
design process. Increasing the boom length by a factor of 10 (from 1 m to 10 m) results in a mass increase of a factor of 16.2 for the drag sail assembly.
The 10x increase in boom length results in a factor of
100 increase in drag area, equal to the base area of
the square pyramid. Table 3 shows the [P S]2 system
sizes that can be used for different classes of CubeSat
and SmallSat host spacecraft. While the basic design
of the deorbit system is similar for CubeSat and microsatellite applications, some design changes are
required. These changes are discussed in Section III.

Passively Stable Pyramid Sale Driving Requirements
The “mission statement” for the [P S]2 system is
that [t]he Passively Stable Pyramid Sail shall accelerate the orbital decay rate of small satellites, allowing deorbit to occur within 25 years after the end of
the mission. There are four driving requirements for
the [P S]2 system: (1) The system shall be scalable,
capable of deorbiting a host vehicle ranging from
CubeSat-class to 180 kg-class microsatellites from
circular orbit altitudes of up to 1,110 km; (2) The system shall have simple, standardized mechanical and
electrical interfaces with the host satellite; (3) The

2.2. Standard Interface
The drag sail assembly is required to have a
standard mechanical and electrical interface with the
host spacecraft, to provide broad applicability as a

Table 3. The Passively Stable Pyramid Sail System, Designed to be Scalable to Provide Deorbit Capability for CubeSat
and SmallSat Host Spacecraft
Host Spacecraft
Spacecraft Class

Passively Stable Pyramid Sail Assembly
Volume

1U CubeSat

1.33

0.5U

Mass (kg)
0.74

3U CubeSat

6

0.5U

0.74

1.0

6U CubeSat

12

0.5U

0.74

1.0

865

12U CubeSat

24

1.5U

3

5.0

1,225

27U CubeSat

54

3U

6

8.0

1,250

ESPA-Class SmallSat

180

6U

12

10.0

1,110

SmallSat

400

6U

12

10.0

990
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Boom Length (m)
1.0

Max Altitude for 25-year
Deorbit (km)*

Mass (kg)

1,070
940
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deorbit system. The interfaces for each version of the
[P S]2 system are established to provide ease of integration with the host system, as shown in Table 4.
For host CubeSats of the 1U or 3U form factor, the
[P S]2 is mechanically mounted with screws that pass
through the CubeSat rails into the drag sail assembly.
The [P S]2 assembly includes the bottom pegs, per
the CubeSat standard. For 6U, 12U, and 27U CubeSats, bolt holes are provided for hard mounting the
[P S]2 within the CubeSat structure. For SmallSat
host satellites, [P S]2 will have a simple bolt-on mechanical interface to the satellite structure.
For 1U and 3U CubeSats, the electrical interface
uses a flat-flex, six-position ribbon cable, with a Molex connector to the [P S]2 printed circuit board. Host
satellites with larger form factors will use a standard
RS-422 interface to provide power and data connectivity with [P S]2.
2.3. Initiation of Drag Sail Deployment
The [P S]2 is required to be capable of initiating
drag sail deployment through a command received

from the host spacecraft, or based upon a stored deployment time that may be updated via ground command. The intent of this requirement is to provide the
host satellite with control over deployment initiation,
but ensure automated deployment in the event that
the host satellite becomes inactive. The ESPA-class
system will have the capability to initiate deployment
based upon a watchdog process from the host spacecraft, if desired.
2.4. Passive Aerodynamic Stability
Flat drag sails tend to tumble or trim edge-on to
the flow (Heaton et al., 2014). The [P S]2 geometry is
required to provide passive aerodynamic stability,
such that the maximum drag area is presented in the
flow direction. The square pyramid shape provides
restoring torques when the sail is perturbed from the
nominal maximum-drag orientation (Long and Spencer, 2016). Figure 1 shows the variables that define
the configuration of the sail. The two variables that
define the size and shape are the boom length, L, and
the apex half-angle, φ. The apex half-angle is defined

Table 4. Standard Mechanical and Electrical Interfaces for [P S]2
Host Spacecraft Class
Mechanical Interface
1U CubeSat
4 screws in each corner, attached to CubeSat rails

Electrical Interface
Molex connector to six-position flat-flex ribbon cable

3U CubeSat

4 screws in each corner, attached to CubeSat rails

Molex connector to six-position flat-flex ribbon cable

6U CubeSat
12U CubeSat
27U CubeSat
ESPA-Class SmallSat
SmallSat

Bolt into CubeSat structure
Bolt into CubeSat structure
Bolt into CubeSat structure
Bolt on to satellite structure
Bolt on to satellite structure

RS-422
RS-422
RS-422
RS-422
RS-422

Figure 1. Diagram of the square pyramid sail with
variable definitions (Long and Spencer, 2016).
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as the angle between one boom and the center axis,
so an apex half-angle of 90° corresponds to the flat
sail. The nominal value of the apex half-angle was set
to φ = 70° after a preliminary stability analysis
showed that this angle provides a good balance between stability and frontal area for drag generation.
The aerostability of the system has been assessed
using a six degree-of-freedom (6DOF) simulation,
with perturbations including gravity gradient, solar
radiation pressure, and non-spherical gravitational
harmonics. Asymmetries such as thermal distortions
of the booms are not currently modeled in the 6DOF
simulation. The aerodynamic stability provided by
the square pyramid geometry will be assessed based
upon angular rates and accelerations in the bodyfixed frame during the Aerodynamic Deorbit Experiment flight demonstration, described in Section 3.3.
Drag Sail Design
The [P S]2 design has been established based upon the driving requirements discussed in Section II.
In the initial design process, a sizing analysis for the
ESPA-class system was performed, from which key
design parameters could be derived. In this section,
the sizing analysis is discussed, followed by a summary of the designs for the ESPA-class and CubeSatclass [P S]2 systems. A prototype of the CubeSatclass system has been tested, and will be flown on the
Aerodynamic Deorbit Experiment mission. The CubeSat-class serves as a technology pathfinder for the
larger ESPA-class system.
3.1. Sizing Analysis
A deorbit analysis was conducted to determine
the length of the booms required to deorbit a satellite
within the 25-year international guideline. The initial
analysis used DAS for system sizing, then the General Mission Analysis Tool (GMAT) (Chavali and
Hughes, 2016) was used for verification of the ESPA-class sizing and to generate the data for Figure 2.
GMAT generally results in shorter deorbit times than
the NASA Debris Analysis Software required by the
FAA (Johnson and Itchkawich, 2007), but gives a
deorbit history. After selecting the atmospheric and

Copyright © A. Deepak Publishing. All rights reserved.

gravity models, GMAT requires an input of coefficient of drag (CD), drag area (AD), and satellite mass
to propagate the orbit lifetime. A conservative value
of CD was determined using Direct Simulation Monte
Carlo for a pyramid sail that oscillates about the maximum drag attitude. The chosen value was CD = 1.8,
which corresponds to a pyramid with an apex halfangle of φ = 70° and a total angle of attack of 30°.
The satellite drag area was assumed to be the base
area of the pyramid. This was calculated using Equation 1, where L is the length of the booms. The
GMAT gravity model was set to JGM-2 of degree 4
and order 4 and the atmosphere model was MSISE90, which is valid to 1400 km (Hedin, 1987; 1991).
The orbit history was simulated starting from a 1,110
km circular orbit for different boom lengths. The results are shown in Figure 2 for system with a total
mass of 180 kg. It can be seen that a drag area of 177
m2 is adequate to deorbit this system within 25 years.
Therefore, the full-scale design has 10 m long booms.
(1)
3.2. ESPA-Class Design
The ESPA-class design of the drag sail in the deployed configuration is shown in Figure 3. In the
stowed configuration, the full volume of the [P S]2
assembly is 12 cm x 24 cm x 36 cm, equivalent to the
6U CubeSat standard, with a mass of 12 kg. The
packaged volume of the system is sized based upon
the boom dimensions, sizing of the four boom deployers, and accommodation of the four folded sail
segments. The stowed volume of a deployable boom
is determined by the stowed height and minimum
wrap diameter. These are defined by the cross section
and the maximum allowable strain of the materials,
respectively (Fernandez, 2017). The SHEARLESS
booms developed at NASA Langley were chosen because of their small volume in the stowed configuration. As shown in Figure 4, the SHEARLESS booms
are comprised of two carbon fiber tape springs inside
of a polymer sleeve. The tape springs have the freedom to slide relative to one another within the sleeve,
allowing a smaller hub to be used (Fernandez, 2017).
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Figure 2. GMAT simulation results for a 180 kg satellite starting at an altitude of 1,100 km
with different drag areas. Drag sail assumed to have φ = 70°.

Figure 3. Deployed drag sail subsystem for the ESPA-class concept.

The SHEARLESS configuration selected was
version 3 described by Fernandez in (Fernandez,
2017) because it is the version most thoroughly tested
for mechanical properties. Both tape springs have the
same design with a radius of 19 mm, a subtended angle of 135.7°, and a three-ply carbon fiber layup of
[45PW/0/45PW] (Fernandez, 2017). The stowed
height is 45 mm, and the minimum wrap diameter is
30 mm. The boom deployer is shown in Figure 5, and
measures 100 mm x 100 mm x 58 mm. The boom is

Copyright © A. Deepak Publishing. All rights reserved.

mounted to, then wrapped around, a central hub. The
central hub is able to spin freely with two guide rollers positioned to enforce the desired orientation of
the boom. The design ensures the 70° apex half-angle
for the square pyramid shape, and supports the boom
inside the deployer. Deployment of the 10 m booms
will be controlled by a Faulhaber motor. The motor
regulates the deployment rate, and helps to ensure
that the booms are able to unfold the sail quadrants
during deployment. It is important for the boom to
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Figure 4. SHEARLESS boom in the stored and deployed state (Fernandez, 2017).

Figure 5. Labeled boom deployer for the ESPA-class concept.

regain its full cross section at the root when fully deployed, to maximize its stiffness.
Rocker arms/hands are included in the deployer
mechanism to prevent boom blossoming. Blossoming
occurs when the coils of a boom do not rotate with
the same angular velocity as the hub. Rather, the layers slide with respect to each other and expand to a
lower energy state. Blossoming typically occurs
partway through the deployment, and causes the
boom to jam inside the deployer, risking damage to
the boom at the root. A common way to prevent this
is by applying a normal force to the outside of the
boom roll at regular intervals around the circumference (Fernandez et al., 2013). The anti-blossoming
assemblies for the [P S]2 are shown in Figure 6. The
force is applied on the rocker arms by torsion springs
that are restrained by the spring mount posts. The
rocker hands are pressed against the outside of the
boom roll continuously as the outer diameter shrinks
as the boom deploys. The rocker arm/hand design

Copyright © A. Deepak Publishing. All rights reserved.

enables six points of contact on the boom room while
only needing three assemblies. If blossoming were to
occur, it would begin as small bulges in the boom
roll. The rocker hand can pivot around the bulge, allowing the boom to continue to deploy. In contrast, if
using only a rocker arm, the deployment could potentially stall. Sobey and Lockett described this as the
most effective way to control blossoming, according
to their testing (Sobey and Lockett, 2016).
The sail membrane is divided into four membrane
quadrants for ease of packaging, deployment, and
survivability. Risks associated with the sail membrane are proper stowing and extraction from the
drag sail assembly, and degradation of the material
following deployment due to the space environment.
Corin, the selected sail material, creates a protective
layer of silicon dioxide as it is subjected to atomic
oxygen erosion (Tennyson, 2001; Alhorn et al.,
2011), allowing the membrane to maintain structural
integrity for long durations in space. The sail mem-
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(a) Boom stowed

(b) Boom deployed

Figure 6. The boom deployer shown with the boom stowed and deployed. Blossoming is prevented by the rocker hand that is
attached to the rocker arm.

brane will be packaged using the efficient design of
Z-folding into a long thin rectange, then wrapping it
around a spool, as was done for NanosailD and
NEAScout (Alhorn et al., 2011; McNutt et al., 2014).
Each sail quadrant is folded separately and stored
next to a boom deployer, with one corner mounted to
the deployer and each of the other two corners mount
to a different boom tip. This means that each boom is
connected to one corner of both of the adjacent sails
and all of the booms work to pull out the sails at the
same time.
The estimated volume is 12 cm x 24 cm x 24 cm,
including volume for batteries and an avionics board.
The conceptual stowed assembly is shown in Figure

(a) Straight arrangement

7, and two different layouts for the boom deployers
are shown. Both configurations have adequate volume to accommodate sail quadrants as shown in Figure 8. Prototypes of each configuration will be built
and tested, to evaluate system performance and establish a baseline.
3.3. CubeSat-Class System Design
The CubeSat-class [P S]2 system is designed to
deorbit CubeSats ranging from 1U to 27U. A detailed
design has been developed for the 0.5U (10 cm x 10
cm x 5 cm) assembly, which has 1 m boom lengths.
This smallest version of the [P S]2 is suitable for the

(b) Diagonal arrangement

Figure 7. The ESPA-class system with two different arrangements of the boom deployers.
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(a) Straight arrangement

(b) Diagonal arrangement

Figure 8. The ESPA-class system viewed from the bottom, including conceptual sail membrane rolls.

deorbit of 1U, 3U, and 6U CubeSats, as shown in Table 3. The design is scaled upward to accommodate
12U and 27U CubeSats.
The 0.5U [P S]2 assembly will be demonstrated in
the Aerodynamic Deorbit Experiment (ADE) mission, planned for launch in 2019 as part of the United
Launch Alliance STEM CubeSat program. ADE is a
1U CubeSat that will be deployed into a geosynchronous transfer orbit with an apogee altitude of 35,756
km and a perigee altitude of 185 km (LaChance,
2016). It is estimated that the CubeSat will deorbit
within 80 days after deployment of the drag sail.
Without a drag sail, the deorbit period would be seven years or more. ADE will fly an inertial measurement unit to measure the CubeSat attitude rates and
acceleration during atmospheric drag passes. A camera integrated into one of the CubeSat side panels
will be used to capture images of drag sail deployment. The design of the drag sail subsystem is shown
in Figure 9. The strict volume constraints of the ADE
mission created a number of design challenges that
will be discussed in the following sections.

3.3.1. Design of Drag Sail Subsystem
The drag sail assembly is designed to be selfcontained to reduce CubeSat integration complexity,
as shown in Figure 10. The outer casing includes the
feet required by the CubeSat standard (Cal Poly SLO,
2014), and will take the load during launch. The deployer design is illustrated in Figure 11, and a fully
assembled deployer is shown in Figure 12. Each
boom deployer contains a stepper motor with a gear
ratio of 150:1, to control the rate of deployment. During deployment, the booms are oriented such that the
sail segments are smoothly unfolded from their storage compartments. As the fullydeployed configuration is attained, the desired 70° apex half-angle is established by the final position of a boom mount tab
on the hub, and two guide rollers in the deployer.

Figure 10. [PS]2 assembly in the stowed configuration.

Figure 9. Deployed drag sail subsystem for the Aerodynamic Deorbit Experiment.

Copyright © A. Deepak Publishing. All rights reserved.

The volume constraint was a driving requirement
for both the boom selection and the deployer design.
The SHEARLESS boom design developed by NASA
Langley Research Center was selected based upon
the volume requirements. The boom radius was
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Figure 11. Boom deployer design with integrated stepper motor.

Figure 12. Fully assembled boom deployer.

Figure 13. Motor-controlled sail deployment. Left: Initial deployment; Center: Booms 90% deployed; Right: Booms fully deployed
to the desired apex half-angle. Non-flight sail material used for testing.

chosen to maximize the moments of inertia in both x
and y directions (as defined in Figure 4) using the
equations defined by Fernandez (Fernandez, 2017),
to maximize their stiffness. When the stowed height
is kept constant, it is possible to change the boom radius to increase one of the moments of inertia, resulting in a reduction of the other. The final design of the
tape springs is a radius of 8 mm (5/16”) and a stowed
height of 20 mm. They are made from three-ply carbon fiber composites with a [45PW/0/45PW] layup.
Four-ply layups were also investigated, but they were
too thick to accommodate the full length of the boom
in the deployer. The boom deployer, shown in Figure
12, is designed in a similar manner as the full-scale
system with a freely rotating center hub and guide
rollers positioned to ensure a 70° apex half-angle.
For the ADE mission, it was determined that 5
µm thick CP1 is adequate for the short mission duration (Nexolve, 2017). For CubeSat missions with
longer deorbit periods, Corin will be used as the sail

Copyright © A. Deepak Publishing. All rights reserved.

material. The risk of tears due to micrometeoriods
and orbital debris destroying the sail membrane is
mitigated by dividing the sail into four quadrants, and
then adding ripstops to prevent the propgation of
tears. Ripstops are created by making a grid of Kapton tape on the surface of the membrane. A tear is
only able to propagate to the nearest line of Kapton.
There is a design trade-off for the grid spacing because smaller grid sections reduce vulnerability to
debris impacts, but locally increases the thickness of
the membrane. It is important that the ripstop lines
are not perpendicular to the folds or else they will
stack on top of each other, increasing the folded size.
With that in mind, the ripstop pattern shown in Figure 14 was designed. The ripstop lines are parallel to
the hypotenuse edges and evenly spaced. If one of the
square elements between ripstops is completely destroyed, only 12% of the quadrant area and 3% of the
total membrane area will be lost. The available volume for the sail quadrants in the ADE system does
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printed materials. There were a number of iterations
of the design that were printed on an Ultimaker 2+
machine with PLA, a MarkForged MK-2 machine
with black nylon, a Stratasys Dimensions machine
using PLA, and an Afinias H800 machine using
ABS. Each printer used a different color material as
can be seen in Figure 15. The Ultimaker parts are
grey, the MarkForged parts are black, and the
Stratsys parts are cream. When the boom is spooled,
the tape springs are no longer the same length. This is
due to the fact that the tape springs slide relative to
one another. This requires more flexibility in the design for mounting the sails to the boom tips. The testing of the boom deployer consisted of assembling it
with first one spring per anti-blossoming assembly,
rolling up the boom, and determining if the boom
would freely deploy. It was determined that only one
spring was needed per anti-blossoming assembly to
prevent blossoming and allow the boom to freely deploy. Subsequent engineering and flight unit boom
deployers have been machined out of aluminum to
provide strength and rigidity.
The sail prototype consisted of the 5 µm thick
CP1, shown in Figure 16. The edge reinforcements
and the ripstops were taped using 12.7 mm wide kapton tape. The first phase of the frog-legs folding pattern is to z-fold it, like a paper fan, from the wide
base to the apex, along the blue arrow shown in Figure 16. The result of this phase is shown in Figure 17.

Figure 14. Sail quadrant ripstop pattern, dimensions in mm (Long
and Spencer, 2017).

not allow for the rolled packaging scheme described
for the full-scale system. Instead, the sail will be
folded in the “Frog Legs” pattern, as proposed by
Dalla Vedova, et al (Dalla Vedova et al., 2011). It
consists of Z-folding the sail into a strip, then Zfolding the ends into the middle. This allows all three
corners of the sail quadrant to be free for mounting,
and provides minimal friction during deployment.
3.3.2. Prototype Testing
Prototype testing has been performed for the 0.5U
[P S]2 assembly. Initial fit-checks and unit-level
boom deployment tests were performed using 3D

(a)

(b)

Figure 15. PLA Deployer: (a) Fully disassembled; and (b) Partially assembled.
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Figure 16. CP1 sail prototype with kapton ripstops. The sail is first folded along the blue arrow, then both corners are folded in along the yellow arrows. (Long and Spencer, 2017).

Figure 17. CP1 prototype after initial folding phase (Long and Spencer, 2017).

The second phase is to z-fold both sides of the sail
into the center, along the yellow arrows in Figure 16.
The fully folded sail is shown in Figure 18. Note the
two stacks of folds that allows the corners to be accessible for mounting.

Figure 18. The fully folded sail.

To fit in such a small volume, the folds need to be
very small and very precise. This is accomplished
with a Teflon coated wire that is held tightly on top
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of the membrane while the unfolded membrane is
passed over it. The wire is then pulled out of the fold
and laid on the other side. This provides a distinct
edge to guide the fold. Figure 19 shows the sail being
folded with the many volunteers ensuring the folds
stay in place. The green Teflon wire can be seen in
the bottom right corner as it is being held under tension. As more of the membrane is folded, binder clips
are used to secure the folds. Note that the rip stops do
not stack on top of each other, reducing the thickness
of the folded sail. Figure 20 shows the fully folded
sail in the allocated volume of the 3D printed structure.
The mounting points in the sail are at each corner
and are created by reinforcing the CP1 with two layers of Kapton tape on each side, then mounting a
grommet, as seen in Figure 21. A loop of wire is
strung through the holes in the booms that is long
enough to account for the mismatch of the rolled tape
springs, then an extension spring is used to connect
the wire to the grommet. The spring is to keep tension on the sail membrane as it expands and contracts
due to thermal effects. Thermal distortion was estimated to be about 1% of the length of the boom as
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Figure 19. Folding process. Note the green Teflon wire used to
define the folds. (Long and Spencer, 2017).

calculated by the procedure described by Long
(Long, 2018). The foot of the sail membrane is
mounted directly to the [P S]2 assembly using a small
loop of wire.

Figure 20. Fully folded CP1 sail quadrant in the allocated volume
of a 3D printed prototype. (Long and Spencer, 2017).

modifications relative to the ESPA-class design. Table 5 summarizes the differences between the two
systems. It is noted that the 10 m booms for the ESPA-class system provides a 100x increase in the effective drag area relative to the CubeSat-class system
with 1 m booms. The sail thickness loss was estimated from the Nomogram in (Tennyson, 2001) and using Erosion Yield numbers provided in private communication with Brandon Farmer from Nexolve. Erosion Yield of CP1 = 3x10−24, Corin = 5x10−26. Overall, the design scales well from the CubeSat-class to
ESPA-class system.
Conclusion

Figure 21. Grommet attached to the corner of the sail.

3.4. Design Differences between the ESPA-class
and Test Flight
As mentioned previously, the highly constrained
volume of the CubeSat-class system requires several
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While both active and passive methods for deorbiting satellites are likely to be necessary to maintain
the utility of high value orbits, drag sails represent a
low-impact deorbit approach for orbit altitudes of up
to 1,110 km. The [P S]2 system is designed to deorbit
small satellites within the 25-year international
guideline. The Aerodynamic Deorbit Experiment will
provide on-orbit validation of the CubeSat-class deployment system, and demonstrate the aerostability
performance of the square pyramid geometry. Prototype testing of the ESPA-class system will begin at
Purdue University in 2019, and future flight opportunities will be sought for the full-scale version.
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Table 5. Summary of the Design Differences Between the ESPA-class System and the CubeSat-class System
Parameter
ESPA-class
CubeSat-class
System Mass
12 kg
0.75 kg
System Dimensions
112.5 mm x 240 mm x 240 mm
51.25 mm x 100 mm x 100 mm
System Volume

6.48e-3 m3

5.13e-4 m3

Apex Half-Angle

70°

70°

System Drag Area

143 m2

1.13 m2

Deployment Method

Motor driven

Motor driven

Boom Type

SHEARLESS

SHEARLESS

Boom Stowed Height

45 mm

20 mm

Boom Shell Radius

19 mm

7.94 mm

Boom Length

10 m

1m

Boom Hub Diameter

33 mm

30 mm

Boom Deployer Size

100 mm x 100 mm x 58 mm

46 mm x 57 mm x 47.5 mm

Anti-Blossoming Mechanism

Two contact points per spring

One contact point per spring

Sail Material

Corin

CP1/ Corin

Sail Thickness

2.5 µm

5 µm

Sail Folding

Z-folded then rolled

Frog-legs
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