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Deployment Control Mechanisms for Inflatable Space Structures

David P. Cadogan* and Mark S. Grahne*

Abstract

Increases in the number of satellites to be launched over the next several decades will
emphasize the need for the reduction of space hardware mass, stowage volume, and
cost.  One approach to realizing these reductions is through the use of inflatable,
deployable, space structures.  Inflatable structures offer many benefits over
conventional deployable structures because they lower in mass and can be packaged
into small volumes, which reduce launch vehicle size and cost.  The performance
benefit margin of inflatable structures increases as the size of the structure increases,
thus making the technology more attractive for large-scale systems.  Examples of
satellite components that benefit from the utilization of inflatable structures include solar
arrays, communications antennas, radar antennas, thermal/light shields, solar sails, etc.

ILC Dover has developed several technologies to facilitate the use of inflatable
structures in the manufacture of deployable satellite components.  One such technology
is the mechanism used to control the deployment of the structure from its packed state
to its deployed state.  The mechanism used can take several forms depending on the
application.  These mechanisms control the rate of deployment of the structure,
directionality of deployment, and the structural rigidity of the structure during
deployment.

This paper discusses several of the controlled deployment mechanisms available for
use with inflatable space structures.  The state of development of these mechanisms
and examples of their application will also be discussed.

Introduction

Inflatable space structures have been used in space since the late 1950s when the first
balloon satellites were flown.  Balloon satellites, such as the 30 meter diameter ECHO
series (Figure 1), were deployed from a 0.67 m diameter packing container using
inflation gas.  The deployment event of the balloon satellites was uncontrolled and
depended only on the packing method used.  Over 32 launches of inflatable spheres
occurred during the period from 1958 to 1971 with some remaining in orbit for over 11
years.  Several of the early balloon satellites failed during the inflation event.  Some of
these failures were attributed to lack of control of the inflation process.  Modifications
were made to the packing and inflation procedure which lead to success with
subsequent flights.  This was the first experience with design modification to ensure
deployment success.  Balloon satellites, by nature of their geometry (sphere), facilitated
this type of a solution to obtain a controlled deployment.  Future developments where
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inflatable beams, toroids, and other geometric shapes were used required more
complex solutions.

30 meter ECHO Balloon Satellite
Figure 1

In 1996, NASA and the Jet Propulsion Laboratory (JPL) flew the Inflatable Antenna
Experiment (IAE) on STS-77.  This experiment was conceived to verify the accuracy of
an inflatable off-axis parabolic lenticular antenna structure deployed in space.  The
system, pictured in Figure 2, consisted of a 14 m lenticular, supported around its
perimeter by an inflatable torus.  This assembly was attached to the parent spacecraft,
in this case a Spartan free-flier, by three 28 m inflatable struts.

Inflatable Antenna Experiment
Figure 2

Several valuable lessons were learned during the deployment of this large inflatable
structure.  The IAE was packed with the struts z-folded and packaged next to the folded
lenticular structure and a kick-plate.  Once the outer doors were opened and verified in
place, a command was sent to the kick-plate that was to exert an impulse force on the
packed structure.  It was envisioned that this impulse force would extend the structure
to approximately 90% of its length, thus facilitating a linear inflation path.  However, a
phenomena was noted at this point that caused the packed inflatable structure to extend
out of the container and away from the kick-plate.  This phenomena was attributed to
residual gas within the structure that caused it to slightly inflate and begin the unfolding
of the assembly.  Another cause of this phenomena was the residual stress in the
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membranes at each of the packaging folds.  This stress caused the z-folds to open
slightly, in the same manner as a spring, and move the package away from the kick
plate.  Therefore, once the kick-plate was fired the packed inflatable was no longer
resting against it, no effect was noted.  The deployment of the IAE from initial release to
inflation can be seen in Figure 3.

Inflatable Antenna Experiment Deployment Sequence
Figure 3

The loss of the impulse force input and subsequent extension of the structure led to an
uncontrolled deployment.  During the deployment the Spartan spacecraft was pitched in
various directions but returned to near its original orientation when the inflation was
complete.  This deployment demonstrated that significant impulse forces could be
imparted to the spacecraft and that the inflatable could violate set zones of exclusion
around the spacecraft if the deployment was not controlled.

ILC Dover has been developing several mechanisms for deployment control of large
inflatable structures to address the anomalies noted in the IAE for future applications
such as solar arrays, sunshields, and antenna systems.  The basis for these
developments is a firm understanding of the system requirements and the behavior of
inflatable structures gathered from over 50 years experience with similar structures.  To
date, several controlled deployment mechanisms have been designed, manufactured
and tested in the laboratory environment with great success.  Chamber testing on
several mechanisms will occur in 1999 followed by deployments during space in Space
Shuttle flight experiments planned for late 2000.

It is important to note that the inflatable structures discussed in this paper are
manufactured with in-situ rigidizable materials.  In other words, the materials are
packaged in a flexible state, deployed to shape with inflation gas and then made rigid
through some outside influence such as heat or UV energy.  Once rigidization is
complete the structure is vented and structural integrity is maintained by the composite
shell structure.

Initial Release Inflation Initiation Inflation
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System Requirements

As stated previously, the deployment control mechanism must not only control the rate
of deployment but must also control the directionality.  This is of particular importance
with inflatable structures because without strict control their path during inflation can be
random and chaotic.  Use of these mechanisms dictates the path of deployment and
ensures that zones of exclusion around the spacecraft, perhaps areas populated by
solar arrays or instruments, are not violated.  The rate and smoothness of deployment is
important to control in order to limit impulse forces and moments imparted to the parent
craft or the device being deployed such as a solar array.  Control of the rate is important
because changes in the rate during deployment will alter the internal pressure and thus
the system rigidity during deployment.  Large changes in rate of an unmanaged system
will yield large volume changes which also effect the system’s internal pressure.

Another important requirement of the controlled deployment device is that it maintain a
uniform internal pressure in the structure during deployment.  The device will also
dictate the value of the pressure by design.  This is important because the rigidity of an
inflatable structure comes from the tensile stress in its walls and is proportional to the
internal pressure.  By maintaining a pressurized column of gas from the parent craft, or
origin of the inflation, to the point of deployment control, the inflatable structure will
maintain rigidity during deployment.

Deployment Control Devices

Several devices exist to control the deployment of inflatable structures.  They are
principally in two forms: 1) Devices that control the deployment of tubes, and 2) Devices
that control membrane structures.  Several of these devices and their application are
discussed below.

Compartmentalization
ILC Dover has developed several structures that control the deployment of the structure
by staging the inflation of various cavities within the structure.  This can be
accomplished through the use of burst disks, pressure relief valves, or controlled
orifices.  These options are sometimes augmented with external features such as break
ties or becket loops to provide additional control.  Each approach has a slightly different
performance effect and impact on logistics of the system.  For instance, burst disks will
require the ability to replace them after each test.  Pressure relief valves will yield a
series of compartments with slightly lower pressure in each compartment from the origin
to the termination.  Orifices do not provide a true step function in the inflation event and
may allow one cavity to pressurize ahead of schedule.

Use of this approach is limited when considered alone but may be used in conjunction
with another device to improve overall deployment function.  This is again due to the
nature of the rigidity in inflatable structures during deployment where wall stress must
be maintained and relatively constant.  A cross section of a typical compartment staged
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inflation system can be seen in Figure 4.  Deployment control of an inflatable system by
staging the inflation in various chambers was demonstrated by ILC Dover on the
Evolved Expendable Launch Vehicle (EELV) Recovery Spray Shield (RSS).  The RSS
was designed to ride almost into orbit with the propulsion & avionics (P/A) module of the
EELV, and inflate once the P/A module was separated and fell back to earth and the
parachute was deployed.  The inflated RSS created a wall that protected the engine
from salt-water exposure during impact and recovery in the ocean where it was to be
recovered for referbishment.  The RSS consisted of a series of stacked inflatable toroids
that were inflated one by one to deploy the system to its final shape.  The deployment
sequence can be seen in figure 5.  During the deployment of the RSS inflation gas
enters the bottom toroid and steps upward from toroid to toroid growing from the base.
Infusion of the gas is accomplished through a series of staggered passage holes that
force the toroids to fill one at a time.   Each of the toroids is also connected to the one
below with intermittently spaced break tabs that break at a prescribed load.  The break
tabs keep the assembly together during deployment so it does not flail in the air stream
during decent on the parachute.

Internal Compartmentalization EELV RSS Deployment
 Figure 4 Figure 5

Columnation Device
The columnation device is a mechanism that allows an inflatable tube to grow linearly,
as a column, from a fixed base.  A cross section of the device can be seen in Figure 6.
The columnation device consists of a mandrel with an aspect ratio >1 (length to
diameter), an inflatable tube, and a mounting base.  The aspect ratio is greater than
one to ensure the tube can not deploy off the mandrel at an angle.  The inflatable tube
is drawn over the mandrel and stored behind it prior to deployment.  Gas is introduced
through the center of the mandrel into the tube to begin deployment.  The build-up of
pressure in the tube develops a plug-load on the tube wall and thus a longitudinal stress
in the tube wall that pulls the tube from its stowed volume.  The mandrel has
circumferencial seals that provide friction to the tube and retard its deployment.  The
seals prevent premature inflation of the stowed tube and determine the longitudinal
stress, and therefore the rigidity during deployment, of the structure.
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Columnation Device NASA Crew Rescue Device
Figure 6 Figure 7

Another application that utilized the columnation device was the solar array
demonstration model developed for Boeing on the Teledesic program by ILC Dover.
This 3.6 m x 10 m array demonstrator was developed as a proof of concept to verify the
packing and deployment requirements could be met.  The challenge of the design was
to meet the packing volume constraints of a 3.6 m x 0.2 m x 0.3 m available volume for
the entire array and deployment system.  This and other design requirements drove the
design to a three-column design where the central column acted as the deployment
device and the side columns were the rigidizable structural supports.  Since the packing
volume was limited in height, a columnation device was developed that utilized an
inflatable mandrel and was collapsible (Figure 8).  Inflation of the mandrel deployed the
columnation device and then introduction of the gas into the tube deployed the array.
The full scale demonstration model of the array can be seen in Figure 9.

     Inflatable Columnation Device    3.6 m x 10 m Teledesic Demonstration Model
          Figure 8          Figure 9

The demonstration unit functioned well over multiple deployments.  Deployment tests
were conducted at ILC with the array suspended from a sliding track to provide a
simulated zero-g deployment.  The deployment of the array was linear and well
controlled from initiation to full extension.
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Roll-up Devices
One method of deployment control that has seen wide application in tubes and struts is
the roll-up.  This approach utilizes a rolled inflatable tube with an embedded mechanism
to control its rate of unrolling when inflation gas is introduced.  This is akin to a common
party favor that unfurls when you blow into it.  There are two classes of deployment
control used in roll-up devices: 1) mechanisms embedded in the tube itself, and 2)
mechanisms mounted at the end of the tube.

Examples of mechanisms embedded in the tube itself include constant force springs,
Velcro, and break tabs.  Each of these approaches mechanically keep the roll in the
packed state until inflation pressure overcomes the mechanism and initiates
deployment.  These approaches also incorporate components along the entire length of
the tube and must therefore be integrated into the structural portion and thermal blanket
(if required) of the tube.

Velcro Roll-up Devices - Velcro strips added to the exterior of the tube can be used
effectively to control deployment of an inflatable tube as well as assist in maintenance of
the package shape during launch vibration.  This is accomplished by adding four
independent strips of Velcro to the tube’s exterior, two strips of hook at 10 and 2 o’clock
positions, and two strips at the 8 and 4 o’clock positions, and then flattening and rolling
the tube about the 9 to 3 o’clock axis.  Figure 10 shows an example of the Velcro
deployment mechanism on the Next Generation Space Telescope (NGST) sunshade
demonstration model (discussed later).  Figure 10 shows the deployment of a tube with
the Velcro deployment mechanism, and sunshield membrane support hardware, from
two different angles without the accompanying sunshield layers (shown in the center
drawing of the same device).  When inflation gas is introduced into the tube the tube
expands causing the Velcro hook on the top side of the tube to be peeled from the
Velcro pile on the bottom side of the tube, allowing the tube to unroll.   By selecting
various grades and widths of Velcro, resistance to unrolling can be predicted and
controlled, thus yielding the internal pressure required to provide the specified interim
beam stiffness.

Velcro Roll-up Device with Membrane Tensioning Frame
(shown on the NGST sunshade model)

Figure 10
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One example of this approach would be the inflatable beams of the NASA Next
Generation Space Telescope’s deployable sunshield (figure 11).  The NGST is being
developed for a 2007 launch, however, several enabling support technologies, such as
the inflatable sunshield, are being designed and tested at this time.  A 1/3-scale
sunshade is being designed and manufactured by ILC Dover to fly on the Space Shuttle
in a mid-2000 flight as a flight experiment.  This experiment, called the Inflatable
Sunshield In Space (ISIS), will prove the viability of several inflatable system
technologies including the controlled deployment mechanisms.  At the time of the first
model design and manufacture (½-scale), the Velcro deployment mechanisms were
planned for use.  This approach has been changed to a brake mechanism mounted at
the end of the tube due to subsuquent changes in materials and design.

Several characteristics of the Velcro deployment mechanism to be considered include
the potential for particulate shedding from the Velcro, the effect of multiple deployments
on the Velcro, interface to multi-layered insulation blankets on the tube, and impulse
forces noted during the deployment from the imperfect peeling of the Velcro.

Figure 11
NGST ½-scale Sunshield Demonstration Model Deployment

Constant Force Spring Roll-up Devices - Constant force springs embedded in the wall
of the tube can also provide an excellent means of deployment control for an inflatable
tube.  In this approach, the springs are situated in a closed channel on the tube’s
interior at the 10 and 2 o’clock positions.  The spring force, dictated by the selection of
the spring, determines the pressure required to deploy the tube and thus its structural
rigidity during deployment.  Deployment of this type of device is very smooth and
predictable.  The drawback to this approach is that the springs provide some return
force once they are deployed and therefore impose additional strength requirements to
the structure once deployed.  This effect can be eliminated by utilizing a thermoplastic
or shape memory material as the spring, that returns to a straight shape when heated
as compared to its rolled nominal shape.  An example of this method of controlled
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deployment can be seen in the Synthetic Aperture Radar (SAR) structure shown in
Figure 12.  The inflatable SAR is an ultra-lightweight (<1.6 Kg/m2), low packing volume
SAR developed by ILC Dover and JPL under JPL’s Advanced Technology Radar
Program. The 3.3 x 10 m array incorporated constant force springs in the inflatable
support structure to provide deployment control.  Both ends of the array are rolled
toward the center of the structure and mounted to the composite support platform in the
stowed position.  Inflation gas enters the frame at the base of the rolls on each side of
the structure.  Inflation pressure is balanced to cause both sides of the SAR to deploy
simultaneously.

Constant Force Spring Roll-up Device in SAR Tensioning Frame
(Stowed and Deployed)

Figure 12

Rolling Brake Mechanism
Another method of controlling the deployment of inflatable tubes is the rolling brake
mechanism (patent pending – ILC Dover).  This device is mounted to the tip of the tube
assembly and requires no sub-components embedded over the tube’s length.  It is a
lightweight mechanism that can take several configurations to accomplish the same
goal.  One configuration is the wire brake mechanism (Figure 13).  The wire brake
mechanism utilizes a ductile rod that is wound around rotational shafts, and fastened to
the endcap of the tube.  By rotating one shaft relative to another, the rod is rolled from
the first shaft to the second.  This motion expends energy through deformation of the
rod creating a torque on one shaft relative to the other.  A torque reaction arm extends
from one of the shafts to react the torque produced by the deformation of the wire, thus
keeping the inflatable tube packaged in a tight roll during deployment.  Several factors
determine the pressure required to unroll the tube including rod material, diameter, and
winding path (amount of deformation).

A rolling brake mechanism similar to the wire brake mechanism was used in the
deployment of the 30 meter prototype antenna element, developed by ILC Dover for
Toyon Research Corporation and DARPA.  The 30 meter boom was populated with
antenna elements, packed, deployed, and tested in the US Navy Pt. Mugu bistatic radar
cross-section chamber (Figure 13).  Testing at ILC Dover demonstrated that
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deployment was smooth and had very little impulse force input to the support platform
during deployment.  Testing indicated that the deployment was benign and had no
effect on the antenna elements that were supported on a center partition within the
inflatable tube.

Wire Brake Device         30 meter Antenna Boom During Antenna Testing
Figure 13 Figure 14

Conclusions

Inflatable space structures offer many advantages over conventional systems for use in
many applications such as solar arrays, communications antennas, radar antennas,
sunshields, etc.  These structures are enabling for missions that require particularly
large-scale systems that challenge the mass and packing volume constraints of
conventional launch systems.  A critical component of the inflatable structure is its
mechanism for control of the deployment process.  Deployment of several inflatable
structures in space to date have demonstrated the need for improvements in
deployment control.  Several methods such as compartmentalizing the structure,
columnation, and roll-up devices, have been successfully demonstrated in the
laboratory environment.  Several inflatable structures are being developed as
experiments to be deployed aboard the Space Shuttle in the year 2000.  Further
refinement of the deployment mechanisms, and therefore inflatable structures, will
enable designers to develop low cost, mass, and packing volume structures for use in
future space missions.

Support Arm
Bearing Housings

Endcap of Tube
Ductile Rod
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