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Abstract
A mechanism to deploy satellite reflector antennas was developed to provide a rotation angle of up to 90
degrees. The energy necessary for deployment is stored within curved tape springs, which are buckled
and thereafter folded into stowed position. The release at the hold down points and stored energy of the
buckled tapes triggers the deployment.
New characteristics with respect to similar mechanisms are a complete guidance without friction
combined with a high pointing stability (0.01° half cone). No additional latching elements are needed.
The presented hinge integrates several functions (deployment motorization, guidance, latching and
pointing stability) in a compact design weighing less than 0.6 kg (1.3 lb). This paper reports the
development process from concept to finished product including material characterization, simulation,
verification approach and lessons learned. The design of The Ultra Light Mechanism for Advanced
Antenna Systems (ULMAAS) is not exclusively intended for deployment of reflector antennas. The
concept is scaleable for different appendages, e.g., solar generators or masts.
Introduction
The Ultra Light Mechanism for Advanced Antenna Systems (ULMAAS) focuses on a new generation of
lightweight reflector antennas requiring compact and accurate deployment systems with no motorization
and high pointing stability. An ultra light reflector of Astrium [1] was selected as reference application.
This allowed specifying requirements more precisely and establishing a representative test program.
The development started with a survey covering comparable deployable mechanisms of the last 40
years. A simple design emerged from this survey and a patent application covering its unique features
was submitted. The concept aimed for a device with low mass, high reliability and high pointing accuracy.
A major characteristic is its completely frictionless deployment.
The next steps were the trade-off on materials and geometry, simulations, and functional testing.
Verification of the mechanism performance was done using a dummy antenna in a qualification process
that includes multiple deployments after thermal cycling in order to gauge repeatability of deployment
kinematics and reliability of end position.
Requirement Specifications
A performance specification was written with the help of Astrium in Toulouse and other antenna
manufacturers in order to guide the development of the mechanism. The specification was a general
catalog of requirements not specifically tied to a particular design. Some of the key parameters and
requirements are listed below:
2
- Antenna payload with 2.2-m (7.5-ft) diameter and a mass density of 2.2 kg/m shall be deployed
- Mass should not exceed 0.5 kg (1.1 lb) including interfaces to the spacecraft and deployable
appendage
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- Occupied volume in the folded configuration should not exceed 140 x 200 x 80 mm3 (0.1 ft3)
The main performance parameters are:
- Deployed stiffness should exceed 2 Hz
- Position accuracy at end of life should be better than 0.01° half cone
- Deployment repeatability should exceed 0.005° half cone
- Latching shock on the payload should not exceed 100 N·m (75 ft·lbf)
The performance environment included the sine loading (15 to 20 g) and random vibration of a typical
launcher for these antennas (12 gRMS in-plane / 20 gRMS out of plane) as well as a qualification
temperature range between -90°C and +90°C (survival) with a deployment range of -40°C to +70°C.
Consideration of a storage period of five years in the folded configuration without loss of deployment
torque required accelerated creep testing.
Material and Geometry Trade-Offs
A key point of the development was defining a baseline conceptual design. The survey of state of the art
devices revealed advantages and disadvantages of existing technical solutions. A typical representative
of a compact mechanism is the elastic collapsible hinge (ECH) such as the Maeva [2] hinge depicted in
Figure 1.

Figure 1. Maeva hinge
At first sight the advantage of the hinge concept is its simplicity, but appearances are deceiving and the
overall behavior is complex and requires an extensive investigation of curved tape spring elements, which
are cornerstones of the design. A short outline of the main characteristic of these elements follows.
Tape Spring Characteristics
We know tape springs from steel measuring tapes that utilize the snap-in effect to achieve a straight and
stable cylindrical shape. Curved tape springs provide a self-latching function. Fundamental studies of
design and performance of these elements were carried out by Pellegrino and Steffen [2] [3] at the
University of Cambridge. The schematic bending behavior is illustrated in Figure 2.
The tape springs are stiff until they buckle under a bending moment. In the buckling zone, the affected
cross section is flattened. The peak value is higher for bending against the tape spring curvature
(opposite sense) than for equal sense bending. The steady state moments are almost equal in both
directions
The challenge in using an ECH design is building a high deformable hinge with sufficient deployment
torque and end stiffness. This was solved by using curved spring elements of different length. The longer
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spring bent in an S-shape, in both equal and opposite senses, can be accommodated below the shorter
one resulting in a compact folded hinge with high torque capability.
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Figure 2. Typical moment vs. angle graph for curved tape springs
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Figure 3. Baseline concept in deployed and folded state
Design
The design of the ULMAAS incorporates four pairs of tape springs in a row, each with the curvature
facing inwards as shown in Figure 4. The rectangular arrangement maximizes torsion stiffness.
The major parameters for motorization and stiffness of the hinge are the free length of the spring, the
curvature and the width of the tape springs, and their thickness. The shorter spring (Spring B) can be
seen as a pivot for the mechanism. The distance between the springs controls the bending stiffness of
the deployed hinge. The different length of the spring elements is compensated by four support bodies.

223

The support components provide large cut-outs with sufficient clearance for the flattened long tape
springs (Spring A) in their bent configuration.

Interface S/C side
Spring B
Interface washer
Spring A

End stop
Support
Interface reflector side

Figure 4. ULMAAS Design
Tape springs are connected to metallic fittings by adhesive bonding and an additional screw connection.
The bond minimizes stresses around the bolting hole while the bolt connection with curved washers
reduces peeling loads on the adhesive. On the backside of the small spring, an end stop limits travel of
the hinge during deployment after reaching the straight configuration (back buckling). It does not have
effect on the alignment precision of the hinge.
A material trade-off for the springs included metallic and fiber reinforced materials, stiff materials with a
high elastic deformation ability. Achieving a high pointing stability over a wide range of temperatures
meant that the ratio of thermal conductivity to coefficient of thermal expansion was a main driver in the
selection process. The decision to use carbon fiber reinforced plastic (CFRP) is based on the high
thermal stability of this family of materials.
After selecting CFRP as the material of choice, a direct comparison of several carbon fibers was made in
a search for a good balance between high stiffness and high elastic strain. The selected fiber is a Toray
T800 carbon fiber with a 295 GPa (43000 ksi) tensile modulus and an elongation of 1.9%. The matrix
system has been selected to meet stringent thermal stability and outgassing requirements. Bryte EX1515, a cyanate ester system with considerable space heritage, was selected.
Spring Design
The performance of the hinge in terms of stiffness, torque and the general ability to bend is determined by
the design of the spring elements. The total thickness has to be in the range of 0.3 to 0.45 mm,
corresponding to laminates with three to four plies. The availability of thinner prepreg material is deemed
advantageous in the lay-up design of the spring elements as it allows greater tailoring of the composite.
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A principle relation between the bending radius of the tape spring r and the curvature radius R of the
spring cross section was derived by Pellegrino [3]. The factor connecting these radii is derived from
stiffness parameters of the specific lay-up. Equation (1) is used to assess the bending radii of the lay-up.

r

*
D11
*
D22

R

with [D*] = [D] - [B] [A]-1[B]

(1)

[A], [B], [D] are the non-zero quadrants of the laminate compliance matrix. D11* and D22* are the diagonal
terms of the matrix [D*]. R is the curvature of the tape spring and r the resulting bending radius.
The bending radius is important because it allows a design that fits in the desired envelope of the hinge.
With the approximate bending radius and the knowledge that the tape spring will nearly flatten in the
cross direction, the peak strain can also be assessed.
The calculation considers only one single tape spring but the pair of springs will influence each other
during folding. The actual behavior is also driven by edge effects, material and manufacturing
imperfections that cannot be predicted properly.
Based on the performed analyses, the following lay-up combinations were selected for further
investigation:
- [0,+45,-45,90] and [0,-45,+45,90]
- [0,+60,-60] and [0,-60,+60]
- [0,+45,-45] and [0,-45,+45]
- [90,+45,-45,0] and [90,-45,+45,0]
Analysis
The activities in the field of simulation and calculation were intended as a support of the design and to
establish a verification approach to correlate and predict test results thus allowing scale-up of ULMAAS to
meet specific end user requirements. Analysis was broadly based and included stress/strain, stiffness,
buckling, deployment torque and thermal deflection predictions
Stiffness
Natural frequencies of the coupled system hinge and antenna were determined in finite element (FEM)
calculations using I-DEAS software (see Figure 5a). The calculated frequencies showed good agreement
with those derived from test data later on. The lowest natural frequency was 3.2 Hz and represents the
torsion stiffness. The frequency in the folding direction (bending mode) is nearly the same (3.4 Hz).

Figure 5a. I-DEAS Simulation
model

Figure 5b. ANSYS
Simulation model

Figure 5c. Simulation model
PamCrash
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Influences to the global stiffness of ULMAAS were assessed parametrically on simplified models with
variation of free length of the springs, spring curvature as well as the size and shape of the fixation area.
The change of the length of one spring will affect the general bent shape, stiffness, buckling strength and
both motorization torque and end of deployment shock.
Deployment Torque Analysis
The folding and deployment of ULMAAS is a geometrically non-linear problem. The anisotropic material
properties of the composite make the FE calculation very complex. Convergence is sensitive both to the
material properties and the mesh. The corresponding motorization torque of the hinge was calculated
with an implicit code for a single pair (Figure 5b) of spring elements and with an explicit code for the
whole hinge (Figure 5c). In both cases, elastic instability points occur. In this regard, the calculation using
ANSYS software (Figure 5b) was very challenging.
The hinge model has a large rotational stiffness that is obtained by the chosen geometry of springs as
cylindrical sectors and the relative large distance between the spring rows. To come into regions of large
bending rotations along with small changes for the rotational moment at the antenna side, one has to
overcome a snap-through-instability of the longer spring. In order to match real behavior observed in
single spring models, the simulation used an arbitrary disturbance by applying a local displacement to the
center of the long spring (Spring A in Figure 4) at the beginning of the movement. In real tests, a preflattening of the springs has to be done to ensure folding without damage to the tape so that essentially
the same disturbance as required for the mathematical models is necessary.
Most interesting in the simulation is the transition of the long spring behavior starting from an almost
symmetrical deformation state (three bending zones) to the final S-shape (two bending zones). It can be
seen that the moment versus deployment angle curve in Figure 6 reaches a minimum, which can be
identified as a snapping through between two qualitatively distinct deformation states (elastic instability).

moment
[N*mm]

angle [rad]
Figure 6. ANSYS simulation – moment vs. angle
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The moment versus angle relationship could be determined during the unfolding process. To do so, all
auxiliary forces or displacements were removed. But the unfolding analysis did not fully converge to the
straight position. Furthermore the implicit code was very sensitive to material stiffness properties.
A simulation with PamCrash (Figure 5c), which is an explicit solver, was more stable to model variations
and allowed introduction of anisotropic material properties. The effects of coupling in the stiffness matrix
for the anisotropic material were clearly visible in the out of plane behavior of the springs seen in Figure
7. The disadvantage one has to face using the explicit code is the rather long solution time (days rather
than hours), which limits iterations and variations in the parameters of the model.
Both simulation and test showed that end of deployment shocks are quite high. A reduction of torque
cannot be achieved without reducing the deployed stiffness and although certain margin exists in this
regard (3.4 Hz vs. a 2 Hz requirement) it was decided to implement a damping system.

Figure 7. PamCrash simulations – hinge deployment
Thermal Investigations
The objective was to predict thermo-mechanical behavior of the hinge. Using the existing FEM, an orbit
simulation with the I-DEAS TMG module was performed. Previous calculations revealed that even with
low CTE materials an additional thermal insulation is necessary to meet the stringent requirement of
pointing accuracy. A multi-layer insulation (MLI) was included in the simulation where a geosynchronous
orbit was simulated. The results (Figure 8) showed a moderate temperature gradient within the hinge. Hot
and cold spots appeared at the interface points. Temperature extremes were in the range of -60°C to
+20°C and corresponding deflections are moderate and stay within the pointing budget of the
mechanism.
Material Testing
The material testing was performed in order to obtain property values and re-run the analysis with them.
Tests were performed in the two orthogonal directions. The tests of the CFRP material covered included
following measurements:
- Density was measured to obtain the exact mass of the model in the simulation.
- Glass transition temperature
- Thickness allows assessing the manufacturing quality. Furthermore, the bending radius depends on
the thickness.
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Fiber, matrix and void fraction reveal a lot about the manufacturing quality but are not really
necessary for the analysis because strain/stress tests were also performed.
Young’s modulus, maximum strain and ultimate stress in tension and compression at reference
temperature, minimum and maximum temperatures.
Coefficient of thermal expansion (CTE) tests are very important as one of the most stringent
requirements refer to pointing stability, which is driven mostly by the thermal characteristics of the
material.
Long-term stress relaxation to assess the change of deployment torque over time due to storage of
the hinge in folded configuration for a long period of time.
Moisture pick-up
Thermal conductivity

Figure 8. Thermo mechanical simulation – Thermal Gradients
Figure 9 shows the test machine used for the test and the failure mode in compression of a sample.

Figure 9. Test set-up and destroyed compression sample
For the long-term creep test, a pair of short tape springs were glued to fittings and then bent and mounted
to a test jig as in Figure 10. Accelerated testing at 60°C was performed in parallel to room temperature
tests.
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Figure 10. Test Jig for creep test
Bread Board and Performance Testing
Bread Board Testing
Basic investigations in terms of CFRP bendability, handling and component interface were performed
with a full-scale breadboard model as shown in Figure 11. The observations made were used to enhance
the design of the hinge and identify weak points.

Figure 11. Full-scale breadboard model
Several deployments were performed with the test gadget and an inertia dummy attached to observe the
unbuckling and latching of the springs. The breadboard made it easy to exchange the tape springs. This
allowed replacing tape springs quickly and made it possible to test different lay-ups. The different lay-ups
were assessed qualitatively regarding their robustness against defects. Figure 12 shows a side and a top
view of the test gadget with a dummy inertia attached.
Performance Testing: Motorization
The laminates are by their very nature asymmetric. To compensate for coupling effects, they were
mounted pair-wise in the test gadget. The test gadget has the same dimensions as the hinge except for
the width, which had been halved. The test rig is depicted in Figure 13. The measurement determined the
angle-moment relationship of the hinge and thus the motorization of the ECH. The test was performed by
applying equal torque to both interfaces. The resultant angle was measured from 90° to approximately 5°.
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Smaller angle a higher torque than the test rig could withstand, so the peak moments close to 0° could
not be determined during these tests.

Figure 12. ECH and dummy inertia

Figure 13. Test rig during static tests
Figure 14 shows the results from 5° to 90° for different lay-ups. It shows that the motorization depends
mostly on the laminate thickness. In contrast to this, the spring behavior is driven mostly by the lay-up
identifiable in the graph between 15° and 40° where the buckling shape of the long tape spring changes.
Furthermore, the test revealed the robustness and sensitivity to bending of the specimens. Therefore, the
selection of appropriate lay-up was not only based on the numerical data but also on the observations
recorded.
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[0,+45,-45,90] and [0,-45,+45,90]

[0,+60,-60] and [0,-60,+60]

[0,+45,-45] and [0,-45,+45]

[90,+45,-45,0] and [90,-45,+45,0]
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Figure 14. Quasi static moment vs. angle
Performance Testing: Stiffness
The stiffness and the dynamic test required a different test jig. The test facility used a jig to mount the
hinge, a dumbbell shaped dummy inertia to simulate the spacecraft appendage, a video camera to record
the dynamic behavior of the hinge during deployment and laser interferometers to monitor the static
deflection under a given load and the pointing accuracy after every deployment. Under the mounting
plate, hinge force transducers measured the latching shock. The set-up is shown in Figure 15.
To determine the bending stiffness of the hinge, weights were attached at both ends of the dummy
inertia. This led to a pure bending moment about the hinge axis. The distortion due to the applied load
was monitored by laser interferometers pointing on a target fixed to the hinge.
As the displacement is very small, it was assumed that the distance from interferometer to target is
constant at all time. A detailed view of the apparatus is given in Figure 16.
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Figure 15. Test setup for stiffness and dynamic test
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Figure 16. Test setup for stiffness measurement
Figure 17 shows that the deployed stiffness is mostly driven by geometric parameters (curvature, tape
spring width, but not thickness) rather than by the lay-up. Except for the thickness, all tested items had
identical dimensions. The lay-up is decisive for the motorization torque but not for the deployed stiffness.
[0,+60,-60] and [0,-60,+60], before deployment
[+/-45,0/90,0/90,+/-45], before deployment

[0,+60,-60] and [0,-60,+60], after deployment
[+/-45,0/90,0/90,+/-45], after deployment

10

Moment [Nm]

8

6

4

2

0
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Deflection [°]

Figure 17. Stiffness of the hinge
Performance Testing: Dynamic and Latching Shock
The setup proved to be difficult, as the non-symmetric lay-ups tend to deform sideward when bent and
the clearance to the side walls of the rig had to be adjusted carefully. The force recording, which is
depicted in Figure 18, showed that most of the travel of the appendage was accelerated with low spring
torque, which corresponds to the quasi static measurements. A notable first peak can be interpreted as
the huge stiffness increase of the tape springs close to zero degree deflection. A second peak, which was
higher and in negative direction resulting from overtravel, is the one to be regarded by the maximum
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root moment (Nm)

shock criteria of the performance specification. The decay of the vibration and the periods of the
amplitudes allow an assessment of structural damping (15-20%) and natural frequency (3.85Hz).
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Figure 18. Dynamic moment vs. time
The final lay-up design is based on to the best variant in sample testing either [0, 60,-60] or its mirrored
variant [0,-60, 60]. The thickness of the composite is approximately 0.33 mm. The support parts that are
bridging the different length of the springs are made from the same laminate with a thickness of 2.5 mm.
Conclusions
The final design of ULMAAS, a light weight self-motorized deployment mechanism, was achieved through
iterative analysis and testing. The first analytical predictions led to a design with a very high deployment
torque, which then had to be mitigated. Use of dedicated tests showed that the lay-up of the composite
could be fine-tuned to reduce this torque without a substantial reduction in deployed stiffness. The
analysis approach shows that prediction of characteristics is possible even for complex non-linear
problems but in this case it goes hand in hand with testing, as the traditional approach of validating an
analysis with a test will not work.
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