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ABSTRACT

MECHANISM REQUIREMENTS

The universal goal of minimising the mass and
maximising the stiffness of space mechanisms often
introduces secondary design challenges which are
difficult to overcome. Materials commonly employed to
achieve this goal, such as Titanium alloys, are not well
characterised for tribological performance when
lubricated, and torque margin estimates can suffer as a
result.

The hinge mechanism interfaces between an Astrotube™
Max (AMAX) telescopic boom and Large Deployable
Antenna (LDA). The main requirements driving the
design are typical of most mechanisms in this kind of
application;

The hinge mechanism serves as the critical interface
between the telescopic boom and outer ring structure of
a deployable reflector antenna, and as such, must be
dynamically uncoupled from both items; requiring the
deployed hinge to have a fundamental frequency of
greater than 10 Hz. Combined with restrictions on size
and power consumption, a number of less desirable
material combinations are chosen.

The deployed fundamental frequency of the hinge shall
be greater than 10 Hz in order to decouple it dynamically
from both the telescopic boom and large deployable
antenna. Therefore, high torsional stiffness about the
main axis of rotation of the hinge is required, as this
would otherwise make the hinge susceptible to
disturbance from the LDA’s pitch mode, which happens
to be the first structural mode of the antenna carrying
large mass participation.

In this paper, we demonstrate the importance of correct
lubricant selection for sliding contact on Titanium, and
we show how metal-metal contact is exploited in the
design of this high stiffness mechanism; furthermore we
discuss the implications of performing system-level
kinematic testing in humid-air conditions and present the
successful qualification test results.
Figure 2. Antenna System Architecture
Due to the mechanism interfacing with two
comparatively low frequency components of the system,
high dynamic amplification leading to very high output
accelerations are seen by structural components of the
hinge. These are in some areas up to 45grms for the outof-plane random vibration case. A trade-off lies in
designing the mechanism with enough specific stiffness
to minimise the dynamic amplification of the input
loading and compliant enough to limit stresses on its
structural parts.

Figure 1. Hinge Mechanism EM

The deployed angle of the hinge is derived from the RF
architecture and performance. The chosen latching
method should guarantee stability in the deployed
position, and low shock induced during deployment i.e.
less than 5g at any frequency up to 10kHz.
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DESIGN BASELINE
The hinge architecture consists of a prime mover, latch
arm and baseplate. The LDA and Astrotube™ Max are
attached mechanically to the prime mover and baseplate
respectively. The prime mover is passively actuated
using redundant torsional springs. To maintain a
controlled deployment and latching, the baseline design
accommodates an eddy current damper at the rotating
joint axis.
The latching pin within the latch arm assembly rests on a
cam-like feature of the prime mover. The pin slides on
the prime mover during deployment and drops into a
carefully dimensioned slot when the deployed angle is
reached, providing the required deployed stiffness and
positive locking.

Figure 3. Hinge Mechanism PFM
The prime mover torsional springs (one is redundant)
were sized using European Cooperation for Space
Standardisation (ECSS) motorisation factors, which
include inertial torque, shaft system assembly friction,
damper friction, harness parasitic torque and friction
introduced due to the latching pin sliding on the prime
mover. The main contributors to the torsion spring sizing
are harness parasitic torque, damper friction, and closedcoil spring friction.
The use of a closed-coil spring, which contributes to
about 10% of friction, was not foreseen but was a
limitation imposed by the project time constraints. To
overcome this frictional contribution, an open loop
(pitched) torsional spring would be ideal. Steps have
been taken to minimise this friction by lubricating each
closed coil with a suitable vacuum grease, despite the
torque margin analysis accounting for the dry condition.
Schedule and procurement constraints led to the sourcing
of an eddy current damper whose damping rate was
substantially below the subsystem requirement. Initially,
the target was to maintain the rotational kinetic energy of
the hinge below 1 Joule; this required damping of circa
30 Nms/rad, but only half of this damping rate was
available from the damper that had been sourced.
As a result, two dampers on the same shaft system were
baselined for the design, and further testing and analysis
was performed to determine whether the deployment

shock response would be sufficiently low even with only
one damper in operation.
The Hold Down Release Mechanism (HDRM) for the
hinge takes the form of dual FC2 Frangibolt actuators
with co-linear cup-cones positioned between the prime
mover and baseplate. Two actuators are used in order to
fully react both the in-plane and out-of-plane loading on
the prime mover. Accommodating a single larger
actuator was not possible due to the space constraints
imposed by the geometry of the prime mover. In both
instances, the cones of the launch lock are integrated into
the Titanium prime mover, with the 440C Stainless Steel
cups being threaded through the baseplate. The contact
pressure at the launch locks is relatively low (far away
from the proof strength of either material), thus only a
MoS2 substrate coating is used on the cones.
The material selection of the structural components of the
hinge was driven by the high strength and low mass
requirements of the system. The structural components of
the hinge (i.e. prime mover, latching arm and baseplate)
are manufactured from Grade 5 Titanium and the latching
pin is Stainless Steel 440C. The cam-like surface on
which the latching pin slides is lubricated to obtain a low
friction sliding contact due to this material combination
having a dry friction coefficient approaching 0.60 prior
to any galling effects [1].
TRIBOLOGICAL CHALLENGES
The tribological performance of this hertzian contact was
difficult to optimise. Titanium is well known for its poor
tribological characteristics and does not typically respond
well to lubrication even with transition metal
dichalcogens. Due to weak adhesive bonding between
MoS2 and Titanium, the MoS2 film initially trialled on the
surface was removed during deployment, resulting in
metal to metal contact and loss of torque margin.
It is also known that application of wet lubricants with
extreme pressure additives is not sufficient to overcome
the poor tribological properties of Titanium. Cold
welding test data point towards Plasma Electrolytic
Oxides (PEOs), TiCN and other extreme hardness
coatings as the most viable solutions for optimising the
tribological performance of Titanium on various
substrates [2].
During testing it was concluded that aerosolised solventbased preparations of MoS2 were inappropriate for the
high contact pressure in this cylinder-on-cylinder
contact. The deployment was successful with positive
torque margin when the cam was lubricated with a hybrid
coating comprising of a proprietary Diamond-Like
Coating (DLC) overcoated with WS2. The DLC was
chosen to improve the roughness of the Titanium cam, to
increase its hardness substantially, and to provide a high
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surface energy substrate upon which the WS2 would bond
strongly. Additionally, should the WS2 coating fail, the
DLC has a low friction coefficient which would maintain
small, but positive torque margin.
In vacuum, tungsten disulfide shows a maximum
coefficient of friction of 0.04 when sliding against a
stainless steel counter-face; it is thus more lubricious than
molybdenum disulfide and does not suffer from the
formation of trioxides and acids as heavily as MoS2 [3].
Overall this made it a good choice as a DLC over-coating.
Whilst the DLC performance is as yet uncharacterised in
vacuum; being carbon based, it is not expected to heavily
outgas or degrade over time.
The bearings on the main hinge axis and latching arms
are all angular contact bearing sets arranged back-toback. They have phenolic cages impregnated with Bray
815Z and are partially filled with Braycote 601 grease.
These bearings only operate once for a very short time
period and so no further tribological considerations were
deemed necessary.

DEPLOYMENT & SHOCK TESTING
Whilst this proved to be an optimal lubrication regime for
this application; there was acute awareness of the
differing tribological behaviour of WS2 in humid air
versus ultra-high vacuum. For this reason, it was difficult
to predict the dynamics of the deployment (i.e. angular
velocity of deployment and shock induced due to
latching) in vacuum conditions without performing the
test in a vacuum.
Due to unavailability and cost of vacuum chambers, a
longer route with in-air testing, correlation and analysis
was adopted to predict the deployment behaviour in
vacuum and determine the suitability of the damping rate
chosen. A detailed ADAMS model was created in order
to fully evaluate this behaviour.

That being said, the bearings used on the main hinge axis
to support the prime mover are made of 52100 steel (a
project timescale constraint). This material is known to
oxidise over time and cause degradation/contamination
to bearing lubrication. Care will be taken on the PFM to
fully coat all surfaces of the bearing with lubricant and to
put in place strict controls regarding storage life and
periodic exercise.
Figure 5. ADAMS Model
A breadboard mechanism was assembled and tested in
humid air first and foremost. A complete set of friction
measurements was taken for each rotating element in the
mechanism; bearings, dampers and torsion springs. Then,
a quasi-static torque margin test was conducted in order
to calculate the only remaining resistive contributor; the
pin-cam interaction. All this empirical data was fed back
into the ADAMS model.
Further testing was conducted with a mass-inertia
representative LDA attached to the mechanism. Several
deployments were performed with fixed-fixed boundary
conditions and several low frequency shock
accelerometers attached to the hinge. During deployment
and latching, acceleration-time history in all three axes
was recorded at the baseplate (connected to Astrotube™
Max) and at the prime mover (connected to LDA). The
acceleration data recorded at these points are critical to
further determine if the Astrotube™ Max and LDA
would survive the shock loads.
Figure 4. Stowed (top), Deployed (bottom)

The parameters of this shock test were replicated in the
ADAMS model, and a correlation exercise was
undertaken to match the deployment speed, deployment
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time and shock response spectra (SRS) resulting from the
shock testing. A simple Matlab program was written to
convert the acceleration-time data into an SRS, using the
‘Smallwood’ algorithm to do so.

The boom was modelled as a 6 DOF bushing; the loads
resulting from the deployment shock, as experienced by
this bushing, were evaluated against the strength
properties of the composite layup used in the boom and
against the system level FE model. There were no
concerns with the loads generated by the hinge
deployment, or the settling time of the boom, even with
only one damper operational.

Figure 8. Example Force-Time Data
Figure 6. Correlation Model
Initially, the correlation was extremely strong in the
frequency response, but the ADAMS model was
overstating the acceleration amplitudes in all axes by
approximately an order of magnitude. After
investigation, it was concluded that due to the use of a
rigid body element for the prime mover (instead of a
flexible body); the amplitude response was being
amplified from a lack of damping in the model.
Converting this part to a flexibly body produced much
better correlation results in amplitude response.

QUALIFICATION TESTING
The EM hinge has been subjected to a number of
qualification and engineering tests.
Shock and Vibration
Random vibration has been conducted to a 15.6grms
multi-launcher reduced profile to provide the customer
with several fairing options. The testing was conducted
in the stowed configuration with trial deployments at
various stages and low-level sine testing conducted in the
deployed configuration. A number of test masses were
utilised in place of the LDA in order to help with posttest FE correlation in the deployed state.

Figure 7. Example SRS Data
After successfully correlating the ADAMS model fully
to the empirical shock test data, the model was further
used to predict the shock response at the interfaces under
vacuum conditions (whereby the sliding contact friction
coefficient was minimised to account for the worst-case
deployment energy). This free-free analysis was then fed
into a second ADAMS model with full flexible body,
damping and stiffness properties of the mechanism
components, and the Astrotube™ Max boom fully
incorporated.

Figure 9. Random Vibration Setup

Figure 10. RV Deployed Results
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As shown in Figure 10, the fundamental frequency
obtained in the deployed configuration with Mass A is
very high. Substituting the actual LDA properties into the
FE model yields a first mode of approximately 16.6 Hz
which is above the required 10 Hz, and with excellent
correlation between the test and the FE model. This high
torsional stiffness is obtained by several means; a bearing
configuration which is stiff in all directions (but
especially radially), high specific stiffness of the
structural components and a heavy latching force in the
precision-dimensioned slot.

In general, the following can be concluded from the
development of this mechanism:

Sine vibration / quasi-static and shock testing are all
pending as they will be conducted at system level on the
PFM antenna.

•

It is recommended that excessive uncertainty
factors are applied to friction resulting from
sliding contact between Titanium and other
counterfaces

•

Titanium working surfaces should be improved
by application of a very hard substrate prior to
overcoating with an appropriate wet or dry
lubricant

•

The margins and uncertainty factors given
within the ECSS Mechanisms standard can
often produce designs with excessive
deployment shock (due to very high
motorisation). Care should be taken to balance
the resulting effect of this with the desired total
margin of the system

•

Torsion springs that are not pitched can produce
significant friction torque, this should be
measured and accounted for in margin
calculations

•

The use of aerosolised solvent based MoS2
preparations should be avoided where contact
pressures are moderate to high in either sliding
or adhesive contact

Thermal Cycling and Life Test
A thermal analysis, thermoelastic study and orbital
analysis was conducted to assess temperature gradients
across the hinge, and any elastic effects that may worsen
the pointing accuracy/stability of the reflector. The
thermal cycling itself will be conducted on the PFM at
system level after integration of the antenna to the
spacecraft platform.
Life testing was conducted at room temperature in humid
air, which is a worst-case condition for the lubrication on
the hinge. A total of 10 successive deployments were
conducted, with the torque margin being measured pre
and post. To save time, the HDRM was not used to
initiate deployment, but has been performance-verified
through alternate means and has considerable heritage.

SUMMARY AND LESSONS LEARNT

The PFM mechanism is due to enter the assembly,
integration and test (AIT) phase by the end of 2019, with
long lead items currently on order. Delivery to the
customer is anticipated in Q1 2020.

A hinge mechanism for the passive deployment and
permanent latching of LDAs has been developed with the
following characteristics:
Property

Value

Unit

Max Payload Inertia

55

kgm^2

Deployment Angle

84

deg

Deployment Accuracy

± 0.5

deg

Stowed Frequency (O-O-P)

142

Hz

Deployed Frequency

16

Hz

Torsional Stiffness

95

kNm/rad

Max Latching Shock (300 Hz)

5

g pk-pk

Deployment Time

6.5

s

Max Angular Velocity

20

deg/s

Total Mass (incl. harness)

3.7

kg

Table 1. Mechanism Performance
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