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Abstract

A lenticular strut/carpenters tape hinge was developed, qualified, and flown, with successful operation on
orbit on several vehicles. The lessons from this effort were incorporated into a second-generation design.
This design is suitable for large lightweight structures such as thermal shields and solar sails. While the
initial design relied on the actual gossamer structure for the hinge functional testing, the evolved design
can be tested in component-size facilities without loss of test fidelity, and integrated into various assemblies
at vehicle integration resulting in a more affordable hinge, suitable for lightweight mechanisms.

Introduction

The hinges have been built and were qualified and acceptance tested to a typical set of spacecraft
mechanisms test requirements: torque output, vibration testing, thermal vacuum cycling and operation,
and for the prototype or qualification unit, life testing. This hinge is not intended for high torque applications,
but is suitable for lightweight deployable structures such as thermal shields or baffles, or for solar sail
applications.

The hinge is shown in Figure 1. This simple design contains few moving parts. Functioning as a hinge, the
basic mechanism is a flexure. This makes it ideal for lightweight applications because of the inherent
insensitivity to temperature extremes during operation. The iterations on this design from qualification to
flight hardware to re-use have improved the processes and decreased the costs associated with the build
and test of the hinge.

Figure 1. Stowed Installed Hinge
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History

Original design
The hinge design was originally built to deploy a large membrane supported by a lightweight frame. This

hinge was developed using engineering units to understand the operation of the hinge, and after
development, the prototype or qualification unit was built to demonstrate design margin. The qualification
test program included Torque Output testing, Thermal Vacuum testing, Thermal Cycle testing, Vibration
testing, Acoustic testing, as well as Life Cycle testing The lessons learned from the qualification unit were
used to improve the processing of the flight units, which resulted in significant savings because multiple
units were built for each shipset. Several shipsets have been flown and successfully deployed on-orbit.

Second-Generation Design

When a new application was identified on a different spacecraft, the hinges were redesigned to deploy a
panel-mounted membrane rather than the frame-mounted membrane. The hinge design was revised to be
more modular and the test program was designed to minimize the manufacturing and test costs while
maintaining the technical integrity of the hinge. While this iteration on the design was later determined to
not be required for the mission, the proposed design changes are discussed, based on the lessons learned
and the proposed benefits.

Design

Original design
The hinge design is a carpenters tape or lenticular strut hinge. To increase the torque output without

increasing the maximum strain there are a total of four tape spring elements, two in each orientation. The
orientation of the tape springs was chosen to be in the convex orientation. The convex configuration allows
for good control when flattening the hinge during stowing, as shown in Figure 2, as the two edges can easily
be pinched during the stow operation. The material selected was chosen for the stiffness and strain rate.
The hinges shown are painted black for thermal control.

The radius of the spring cross section in the free state is Ri. The stowed radius Rz is 80% of Ri on the
inside of hinge. Our investigation into the design suggests that these two radii should be the same, however
the installation required a smaller stowed radius than the spring cross section radius.

One effect this has is that the hinge, with a stowed radius smaller than the cross section radius, will not just
rotate when released. When released, the hinge will rotate, but the stowed radius will expand until it is
approximately the cross section radius. This effectively causes some unintended translation motion at the
release point.

Sliding interfaces were examined at the attachment of the tape spring to the fitting, but the final design
clamps all four tape spring elements and prevents any sliding at the ends of tape springs. While sliding
interfaces were examined, these tended to move around more than desirable. Additionally, keeping the
ends clamped means the ends are electrically bonded, which is ideal for ESD and other electrical grounding
requirements. Structurally joining all four spring ends does create some non-linearity in the deployment
torque as the outside tape spring constrains the interior elements and causes a secondary buckle shown
in Figure 3. The secondary buckle wasn't detrimental to the hinge torque output, but is probably the source
of some small nonlinearities in the torque output, discussed later and shown in Figure 10.

The stowed radius, Rz, is formed by the placement of the hinge support and the end fittings in the assembly.
The support controls the stowed radius of the hinge and also prevents "rolling" of the stowed hinge. This
“rolling" is where the center of the radius moves without any rotation, and because there is no net change
in the total curvature of the spring elements, there is almost no resistance to this motion without the support.
Without this support, the stowed hinge would have almost no structural stability. The hinge support and
rolling direction are shown in Figure 3.

304



The stowed radius, Rz, has a natural curvature as shown in Figure 4. For this installation, the hinge support
and frame control the stowed radius to a smaller radius than the natural curvature due to the interface
constraints. The smaller stowed radius naturally results in higher stresses, but the compliance of the frame
allowed some movement of the ends of the hinge, resulting in a larger radius and lower stresses in the
hinges than a rigid structure would allow. An interesting result of this stowed configuration is that the hinge
will move laterally as well in rotation to due to this tighter curvature and additional strain energy. This effect
is shown in Figure 6. While this doesn't impact the operation of the hinge, the additional movement of the
mechanism should be considered in the deployment dynamics and clearances during the release of the
mechanism.

Figure 2. Folding Hinge

Secondary Buckle

Hinge Support

"Rolling'| Direction

Figure 3. Detail of Secondary Buckle and Hinge Support
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Figure 5. Tape Spring Element Geometry
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Figure 6. Linear Shift Due to Hinge Stowed Radius Constraint

Second Generation Design

With a goal of creating a more universal design, the hinge was redesigned to simplify the interfaces. The
redesigned hinge is shown deployed in Figure 7 and stowed in Figure 8. The fittings were redesigned to
mount to a flat panel rather than the tube frame. Because the hinge is open section, the torsional stiffness
of the hinges is low and there is no need to have more than the two mounting screws since the hinge cannot
transfer any significant load in torsion.
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The redesign better established and maintained the hinge curvature, mitigating the lateral motion and
simplifying the release dynamics. Increasing the stowed radius also allows use of a stiffer structure for the
mechanism without the risk of overstress in the hinge springs. A tighter radius with stiff hinge fitting
constraints could result in unacceptably high stresses or reduced life. Increasing the stowed radius does
require more volume for the stowed hinge, but allows the use of the hinge with a structure of any stiffness
without the risk of overstressing the tape spring.

The redesigned hinge incorporates shims between the hinge springs. This separates the leaves of the
hinge to allow more room for the internal springs and eliminates the secondary buckle seen in Figure 3.
The direct electrical bond between adjacent leaves is be maintained with conduction through the shims,
while providing clearance to eliminate the secondary buckling.

The acceptance test program was designed to allow substitution of a small test structure for the large flight
structure, allowing for a cost-effective test program using smaller facilities and increasing the available
facilities which can be used.

The resulting test program can be easily adapted to a variety of applications increasing the utility of the
design for reuse on future missions. With the experience gained from these projects, it is possible to build
and test affordable non-traditional mechanisms while maintaining traditional performance requirements.

Figure 8. Stowed Redesigned Hinge

Original Design Testing

Original Design
To verify the performance of each hinge, output torque testing was performed. The hinge fixture is shown

in Figure 9. The torque output is measured without constraining the translation of the rotating end of the
hinge. This is necessary because of two effects: the center of rotation of the hinge changes as the end of
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travel is approached with the hinge radius essentially going to infinity when fully deployed, and the linear
translation from the constrained radius needs to be free to move. The testing results in a torque versus
angle plot for each hinge similar to the one shown in Figure 10. The output is characteristic of a tape spring
hinge, with a relatively flat output while the hinge unbends and a peak as the transverse radius, R,
unflattens. The initial torque is actually not zero, but this is a test effect due to the backlash in the test
equipment. The final torque is actually zero, because the hinge springs are fully released, however because
the hinge springs are unbuckled, there is significant resistance to stowing which is used to resist the on-
orbit disturbance torques. The fully deployed hinge with unbuckled tape springs is a structure with the
stiffness of the tape springs to react the external loads.

Second-Generation Design
No significant changes are planned for the new design. The fixture requires redesign for the new hinge
interfaces but not for the test methodology which was successful and cost effective.

Figure 9. Hinge Torque Output Test

Deployment Test

The Original Design
The hinges installed into the mechanism are about 1750 mm by 1500 mm as seen in a deployed mechanism
in Figure 11. This resulted in a relatively large deployment fixture.
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Figure 11. Hinge Installed on Mechanism

The first deployment fixture used during qualification is shown in Figure 12. This deployment fixture
performance was good and with the base, was mobile and adjustable. The size of the fixture was limiting
however. When testing one qualification or prototype unit, the size of the deployment fixture wasn't a
significant issue. When testing multiple units per shipset, the size of the fixture quickly dominated the

volume of the Ambient and Thermal Vacuum deployment floor space.
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Figure 12. Original Deployment Fixture

Based on the original deployment fixture, a redesigned fixture was built. This fixture was designed to nest
and minimize the required floor space when using multiple fixtures. The redesign did achieve the goal of
being able to test an entire shipset of the mechanism in the Thermal Vacuum chamber at one time, allowing
one chamber run for each shipset build, resulting in a significant cost savings. The redesigned fixture is
shown in the vacuum chamber with the door open in Figure 13. Multiple fixtures can be seen behind the
first fixture and mechanism.

Figure 13. Deployed Hinges in Large Thermal Vacuum Chamber

Additionally, changes were made to the test telemetry collection. Support equipment fittings were made to
simplify the installation of the hardware on the deployment fixture which reduced the installation and
checkout time. The coupling to the telemetry was initially an issue due to the translation and center of
rotation issues previously discussed. The redesign resulted in a tab which was fixed to the flight hardware,
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so once the coupling was set up and initially adjusted, there was often no further adjustment required for
each installation of flight hardware. This greatly reduced the time during setup during testing and resulted
in consistent test results. Test results from one unit are shown in Figure 15. Note that the shorter times are
in vacuum and are insensitive to temperature. The longer times are in air due to the damping of the air
resistance during deployment.

Figure 14. Deployment Test and Deployment Test Telemetry
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Figure 15. Mechanism Deployment in Vacuum and Air

Some additional deployment testing was performed during qualification. To investigate the impact of the
alignment during installation, testing was performed on the qualification unit with off nominal rotations and
translations in the hinges. Testing was performed with an induced twist or rotation in the hinge including
the configuration shown in Figure 16. Deployment tests in this and similar off-nominal configurations
demonstrated that there was no significant difference in the deployment of the mechanism with the twist
when compared to the baseline. While every effort was made to properly align the hinges during installation,
this testing was able to determine the sensitivity to alignment, and allow credible engineering assessment
of the installation process.

311



€3

Figure 16. Hinge Performance Verified with Induced Twist

Second-Generation Design
The redesigned hinge was for a deployable shield, approximately 2000 mm by 500 mm, stowed in a height

of approximately 50 mm. The mechanism is shown in Figure 17, with the stowed mechanism shown in
Figure 18.

Figure 17. Deployed Redesigned Hinge, Installed on Proposed Shield

Figure 18. Installed Redesigned Hinge
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In the original design, the size of the hardware drove the logistics and test costs and the test configuration
was a driver in the hardware design. Based on this knowledge, the 2000-mm dimension of the flight panel
was shortened to approximately 500 mm. The other dimensions were left unchanged, allowing a simple
change to reduce the size of the test article. By maintaining the weight of the test panel equal to the flight
panel, the moment of inertia about the deployment axis was left effectively unchanged. This resulted in the
test article shown in Figure 19. This resized test article could be tested in component-sized facilities, and
moved without large transportation equipment.

Figure 19. Redesigned Hinge, Installed in Proposed Test Article on Notional Fixture

Ultimately as the vehicle design matured, this panel was not needed to meet the mission requirements, and
this deployable was removed from the baseline design. Conceptually, this test method is sound, and as
other missions require shields, baffles, or sails, this method can be utilized to provide lightweight deployable
mechanisms at a reasonable cost.

Lessons Learned

These hinges are not traditional hinges. The tape spring hinges are undamped, have relatively low torque
output, and do not have a fixed center of rotation. This can be further complicated if the curvature of the
stowed hinge is not controlled as this can introduce additional “off-nominal” lateral translation, complicating
the release and deployment. The relatively low torque output, the moving center of rotation and the
possibility of lateral motion increases the difficulty of deployment testing by increasing the possibility of
inadvertently constraining the mechanism during deployment testing.

The initial design of mechanism required the entire structure for testing the hinges. With an undamped
hinge, testing with a representative inertia is needed to achieve flight-like deployment dynamics during test.
The resulting large lightweight structures presented a number of logistical challenges.

The large size of the mechanism required significant floor space for manufacturing.

The large size of the structure required large and more expensive environmental test facilities. The test
facilities used are typically used for vehicle-sized equipment, rather than component-sized hardware. The
large size introduced significant air damping during ambient deployments and required large test fixtures.
Large test fixtures require more space for storage and operation.

While the large lightweight flight hardware was easy enough to handle, transportation was difficult due to

the size of the shipping containers. The containers were large and heavy, due to the container material
needed to package the hardware.
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Reducing the size of the test article for manufacturing and acceptance testing, reduces the cost and
schedule of the build and test, and makes smaller test facilities feasible for use in testing. The support
equipment for smaller hardware is easier to handle and store.

When a similar design was proposed, the lessons learned from the first program were incorporated into the
new design to reduce the size of the test article. By maintaining the flight-like inertia, the testing maintains
flight-like dynamics. The integrated deployable is tested for assembly, integration, and normal operation on
the vehicle. Because the flight installation will be tested on the vehicle anyway, there are no additional
hidden costs as a result of this approach, resulting in successful acceptance testing with all performance
verified at a lower cost.
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