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ABSTRACT

This paper presents the design and verification of an in-
novative deployment mechanism for a large-scale solar
sail membrane, tested aboard the BEXUS 34 stratospheric
ballooning mission. The system was engineered to eval-
uate the spin tensioning of a thin membrane while simul-
taneously validating novel deployable booms and their
associated mechanisms under near-vacuum conditions.
During the stratospheric flight, two of the four sail com-
partment doors failed to fully open due to the same failure
mechanism, leading to incomplete deployment and pre-
venting membrane deflection data collection. The study
discusses the results of ground and flight tests, highlight-
ing development and performance of the booms and anti-
blooming mechanism, spin tensioning dynamics, and the
electrical control of the mechanical actuators.

1. INTRODUCTION

Project Svarog [2,13]] is a student-led initiative developing
a cubesat for interstellar travel powered by a solar sail [[1]].
The stratospheric balloon flight with REXUS/BEXUS
from Esrange Space Centre served as a first step technol-
ogy demonstrator, allowing for a development and test
cycle of a solar sail prototype.

REXUS/BEXUS allows university students to carry out
their experiments either in suborbital rocket - offering two
minutes of microgravity, or stratospheric balloons, with a
minimum float of approximately one hour at an altitude
of 25 km. The BEXUS platform was selected to take ad-
vantage of the challenging thermal and near-vacuum con-
ditions as a stepping stone towards future in-orbit demon-
strations. The BEXUS 34 flight experienced a float stage
with the following environment: 16 mbar and -63 °C. The
nominal deployed sail area would have been 5.8 m?.

1.1 Noteworthy design constraints and requirements

The following were key constraints and requirements
which drove the design:

1. Antenna cables for the gondola must pass through
the centre of the assembly, requiring a 35 mm
through hole;

2. Low temperature near-vacuum environment;

3. The gondola landing must be cushioned by crash
pads. As the solar sail demonstrator is slung be-
low the crash pads, the connection between the so-
lar sail demonstrator and gondola should crumple
upon touchdown;

4. Gravitational loads are still in effect at float alti-
tude, and as such any deployed structures must be
able to support their own weight (as opposed to or-
bital deployables).

2. MECHANICAL DESIGN

The mechanical design consists of two hubs connected via
a shaft system. The upper one has the electrical connec-
tions and components, and is assumed fixed with respect
to the gondola. On the other hand, the lower hub stows
the sail and the booms, and has the capability of rotating
about its axis.

2.1 Booms

A novel design of rollable boom was developed. 32 mm
wide spring steel tapes were sourced from Stanley Fat-
Max measuring tapes. Two of these concave tapes were
then connected in a biconvex arrangement to increase
the buckling and torsional stiffness. Initial attempts at
connecting the tapes using adhesive Kapton tape (as an
elastic hinge) revealed that the path length difference in
the spooling of the inner and outer tape was significant
enough over a 2 metre boom to buckle and tear the Kap-

ton tape - Fig.

To alleviate this, the tapes are connected by a non-
adhesive Kapton sleeve with two axial pockets. This
holds the tapes in the biconvex arrangement, yet allows
them to slip axially relative to each other when spooled.



This facilitates very low spooling radius with no buckling,
at the expense of lower torque carrying capability, as the
shear-carrying link between the two metallic booms be-
comes the Kapton tape.

The Kapton sleeve was fabricated using multiple layers
of 50 mm Kapton tape. Using a steel tape as a mandrel,
the Kapton is wound with the adhesive facing outwards
to form a pocket (repeated for two steel tapes). The two
pockets can then be stuck together, and an outer layer of
Kapton tape wound around the entire assembly to mask
the adhesive surfaces. Care is taken to leave appropriate
clearance when winding the pockets, as the circumference
of the convex state of the steel tapes is lower than in the
planar (spooled) state - Fig.[2] This introduces a trade-
off, as tighter pockets are more effective at constraining
the booms when deployed, yet slack in the pockets must
be allowed so that the booms can flatten when spooled.

Figure 1. Boom spooling with booms affixed to tape
causes local buckling (left), as opposed to booms
allowed to slip in sleeve (right).
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Figure 2. Boom cross-section, where green indicates the
adhesive joints of the Kapton tape. Left: Deployed
boom, Right: Spooled (flattened) boom.

In order to attach the sail quadrants to the booms, addi-

tively manufactured aluminium end caps were fabricated.
These were screwed into one metal tape, with the second
tape allowed to slip in a through hole slit, similarly to the
slipping in the Kapton sleeve. The sail quadrants could
then be tied to the mounting bosses on the end caps us-
ing nylon line. The additive manufacturing technique al-
lowed for the part to be hollowed, reducing the mass per
end cap to just 10.5 grams.

Figure 3. Additively manufactured boom terminations.

The booms were able to support themselves and a sail
quadrant at a cantilevered extension of over 2.2 metres
without buckling (under sea level gravitational loads).
They are however thicker (0.95 mm thick when flattened)
and heavier (88 grams per metre) than composite alter-
natives. Nonetheless, this design bears promise as an
extremely low cost approach, which can be constructed
without sophisticated equipment.

Regarding lifetime, it was concluded experimentally that
each boom would typically perform well up to around five
spooling and deployment cycles, after which point wear
(primarily on the seams of the Kapton sleeves at the cor-
ners of the biconvex shape) would start to cause tearing
and failure of the sleeves. Simple static guides at the spool
exits were manufactured from Iglidur i1190-PF, which is
intended to be a low friction bushing material. In future
designs, rollers would be preferable in order to reduce
frictional wear on the Kapton boom sleeves, extending
the boom’s lifetime.

2.2 Clutch

In order to facilitate both motorised boom deployment
and sail spinning from a single motor, a burn wire de-
ployed clutch system was implemented. This consists
of three concentric components and a pin which can be
used to lock the relative rotation of two of the compo-
nents - Fig.[4] The innermost shaft (red outline) is driven
directly by the motor via spur gears. The middle shaft
(blue outline) is fixed to the hanging sail and boom com-
partment of the hub. The outer shaft (or bearing housing,
green outline) is fixed statically to the gondola. During



Figure 4. Clutch mechanism release (pictured in boom deployment mode).

launch and ascent, the clutch pin locks the middle shaft
to the outer shaft, preventing the sail compartment from
spinning. In this state, any movement of the innermost
shaft drives the deployment of the boom spools.

Once the booms and sails are deployed, the pin is dropped,
locking the innermost shaft to the middle shaft. This pre-
vents any further rotation of the spools, locking the booms
in a deployed position. The middle shaft is now disen-
gaged from the outer shaft, such that any torque from the
motor causes the entire sail compartment to spin, centrifu-
gally tensioning the deployed sail.

The benefit of this system was that all the electronic com-
ponents remained static relative to the gondola, such that
no slip rings were required for communication of a rotary
joint. It simplified the control system to just one motor
and two binary burn wires mechanisms. However, the ir-
reversible nature of the clutch deployment reduced flexi-
bility in the mission sequence, which proved to be a dis-
advantage when faced with malfunctions as discussed in

Section[5.3]

2.3 Anti-blooming mechanism

Initial prototyping confirmed that the deployable booms
suffered from blooming issues. Blooming is the tendency
for a spool to radially expand whilst it unwinds (expan-
sion seen as increasing separation between each layer of
the spool). This can create a feedback loop where the
outer layers of the spool expand so much that they start
to flatten into the stiff *deployed’ state, which opposes
further rotation of the outer layers, jamming deployment
completely and causing inner layers of the spool to bloom.

Blooming is induced by frictional forces on the outer layer
of the boom spool, especially at the exit guide. This
issue has been solved previously using sprung, levered
arms to ’compress’ the spool radially. A novel develop-
ment to this concept was implemented, using a spring-
tensioned chain of rollers to wrap the circumference of the

spool - Fig.|5l This was found to be more space efficient
than lever designs, a key consideration when implement-
ing four separate spools in one hub.
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Figure 5. Anti-blooming module in isolation (upper) and
installed (lower).

The chain consists of two parallel braided steel cables
running in the tangential direction, connected via axially-
orientated aluminium shafts with cross holes. These
shafts were additively manufactured rollers (Iglidur 1190-
PF filament), which reduced the friction on the spool. The
steel cables acted as axial constraints for the rollers, and
PTFE tubing was threaded onto the cables as spacers be-
tween each cross shaft. Extension springs were fitted to
crimped connectors at the end of chains, tensioning the as-
sembly in the tangential direction, all around the spooled
boom. These springs were experimentally sized such that
they provided tension even as the diameter of the spool
decreased during winding. It was found that blooming
was most prevalent when the booms were almost fully
deployed, as the cantilever effect of the extended boom
increased the friction at the boom exit guide, leading to
a tangential force acting against further boom extension.
Twist in the booms (induced by imperfections in the Kap-
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