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1 ABSTRACT

This paper presents the pre-development activities for the
Antenna Pointing Mechanism (APM) of ESA’s PLATO
mission. It details the design of an anti-backlash
mechanism for the APM actuator gear train, with
emphasis on:

- The origins and impact of shaft misalignment on
mechanism performance,

- the verification methodology developed to assess the
relative alignment of the motor, intermediate, and
output shafts, and

- theresults of the actuator life test, including observed
gear tooth wear and the resulting changes to the
lubrication strategy.

In addition, the paper examines the integration of an RF
coaxial cable within the APM’s moving assembly,
addressing:

- The test campaign and post-test inspections
conducted to evaluate the coaxial cable assembly
design,

- the findings from the destructive inspection of the
coaxial cable,

- lessons learned, underscoring the importance of
careful design in cable attachment and routing.

2 INTRODUCTION

PLATO (PLAnetary Transits and Oscillations of stars) is
third medium-class mission in ESA's Cosmic Vision
programme. The Spacecraft will use its 26 cameras to
study terrestrial exoplanets in orbits up to the habitable
zone of Sun-like stars.

PLATO’s communication subsystem will use X-band for
the satellite control and K-band for science data transfer
at high data rate, up to 72 Mbps.

The Ka-band high gain antenna has been required to
provide a minimum gain of 39 dBi at the edge of
coverage (EOC) including all losses and pointing errors
at the S/C interface.

assembly

The spacecraft will downlink the science and
housekeeping data generated by both the platform and the
payload by the Ka band HGA five days per week during
six hours passes when the HGA beam will pass over the
ground stations.

During nominal science operations, the HGAA is re-
pointing twice per day. Once to point towards the ground-
station at the beginning of the communication window
and once again in the middle of the communication
window to limit the pointing error loss.

During PLATO’s Phase A, KDA has been identified as a



potential supplier of the antenna subsystem and started
the architectural studies of the antenna subsystem.

The development of dual band Ka- and X-band antenna
has been rejected based on cost reasons. Instead, KDA
chose to put the X- and K-band antennae put on a single
common boom steered by a two axis Antenna
Deployment and Pointing Mechanism (APM). For the
APM rotary actuators, KDA proposed an adaptation of
KARMA-7 SRA (Small Rotary Actuator), initially
developed for MetOp SG APM. The proposed adaptation
tackled the pointing accuracy requirement by two stage
anti-backlash device for the two-stage spur gear train.
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Figure 2 KARMA-7 Antenna Pointing Mechanism

The RF network has been split to Ka-band waveguide
and X-band coaxial cable. The Ka-band waveguide
rotary joint is concentric with the SRA axis. A trade-off
has been made between X-band rotary joint and fixed
coaxial cable vs flexible coaxial cable. The additional
loss of the rotary joints together with the additional cost
drove the decision to attempt a development of the
flexible coaxial cable with dedicated cable wrap units.
The coaxial cable is routed on the side of the SRA,
necessitating a cable housing which forces the cable to
follow pre-determined kinematics.

KDA have proposed an all-metal Axially Displaced
Ellipsoid (ADE) dual-reflector system with a Ka-band
feed horn from BG Sweden. Considering 600mm dish
diameter, the derived HGAA internal pointing error limit
which guarantees the required gain at EOC has been
0.27degrees which excludes external contributors
(AOCS error, orbital drift, I/F TED, etc.). On the SRA
level, the positioning error limit has been set to +/- 0.06°.

The APM is controlled by on-board computer via APME
(MDPE) from BG Austria, a qualified product also used
by KDA for MetOP SG APM.

Considering the proposed architecture, the main
recognised gaps in KDA’s heritage were:

- the need to improve the APM pointing accuracy and
- to confirm the life of a moveable coaxial cable.

The life requirement was not extensive: the PLATO
APM shall perform around 1 030 000 degrees at the APM
(SRA) output, including the ECSS factors.

Nevertheless, the mandatory use of dry lubrication in the
SRA drivetrain - driven by PLATO’s prohibition of fluid
lubricants due to contamination concerns for the optical
payload - posed a significant development risk.

Consequently, a Core Technology Program (CTP)
activity has been put in place with ESA’s Science
Department to address the development risks.

3  SRA DRIVELINE DESIGN
3.1  Anti-backlash stage

The SRA is actuated by a SAFRAN Type 21 PP 61 two-
phase hybrid stepper motor, delivering an input rotation
of 1.8° per step. The output shaft speed is reduced
through two gear stages with ratios of 6.77 and 8.22,
respectively. The gears are made of martensitic stainless
steel, surface-hardened via plasma nitriding, and coated
with PVD MoS: for enhanced wear resistance. The SRA
position sensing is realised with an output potentiometer.

To reduce actuator positioning error to +/- 0.06°, two
design options were initially considered. The first—
minimizing typical backlash of 0.15° through tight-
tolerance driveline components—was ultimately rejected
in favour of an anti-backlash system.

The final design incorporates a spring-preloaded anti-
backlash mechanism that eliminates the backlash in both
drivetrain stages. The stepper motor and intermediate
shaft are supported by pairs of soft-preloaded deep
groove ball bearings, positioned at the shaft ends to avoid
cantilevering. The SRA output shaft is supported by a
hard-preloaded super duplex angular contact ball
bearing, which carries the APM structural loads and
ensures the required stiffness.
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Figure 3 SRA drivetrain with the anti-backlash stage

The intermediate shaft interfaces with both the motor
shaft and the crown wheel. It integrates the anti-backlash
mechanism, which is based on a double split-gear design.



Backlash is virtually eliminated by preloading the two
split gears against their mating gear elements, ensuring
continuous contact on both opposing flanks. As long as
the transmitted torque remains below the preload
threshold, no flank disengagement occurs.
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Figure 4 The anti-backlash assembly

The anti-backlash (ABL) assembly is bearingless, relying
instead on sliding surfaces coated with PVD MoS..
Preload is applied by rotating a pretension ring, which
can be adjusted in discrete steps to achieve specific
preload values. The ABL torque rod connects to the ABL
pinion via a dedicated pin (the ABL pinion pin), ensuring
backlash minimization across both gear stages.

Figure 5 The SRA drive train inserted into the housing

The ABL preload is pre-set by a dedicated GSE which
allows to characterise the stroke vs preload of the ABL
and set the preload with the pretension ring. The pre-set
ABL is then inserted into the SRA housing.
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Figure 6 ABL pre-load measurement showing the
stiffness and hysteresis due to internal friction

3.2  End stop initialisation

With the SRA anti-backlash design reaching maturity,
the main contributor to the APM pointing was the end
stop initialisation error.

Due to the limited resolution of the potentiometer
position sensing and processing chain, the APM actuators
operate in open loop relying on step counting to
determine position. This method requires an initialisation
at the actuator end stop. This initialisation is an important
source of pointing uncertainty. Concerns were raised that
the initialisation could desynchronise the actuator input
and output, if the drive train stiffness were too low,
especially due to the inclusion of the anti-backlash
device.

When the actuator is driven against a hard end stop, the
motor will reach stall torque, and its magnetic and
mechanical positions get out of synchronism. The hybrid
stepper motor has four magnetic states, meaning that the
maximum expected error between the motor and output
shaft is four motor steps, divided by the gear ratio.
Should, however, the drive train and end stop stiffness be
too low, the drive train could be deformed during motor
stall conditions, resulting in unacceptably high
initialisation error.

A test with GSE optical encoder on the output and a GSE
potentiometer on the motor side was performed to
confirm the adequacy of the drive train stiffness.
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Figure 7 End Stop Initialization measurement during
TV cycling test

3.3  Gear Contact Stress Management

KDA has extensive experience in designing gear systems
for long operational life from previous projects.
However, the combination of dry lubrication and the two-
stage anti-backlash mechanism was identified as a key
risk area in the CTP activity.

The importance of managing contact pressure in MoS:-
lubricated gear trains—through exceptionally precise
gear alignment—has been recognized in prior KDA
projects and supported by findings by ESTL [3]. The life
of MoS:-lubricated gears is primarily influenced by peak
contact pressure and the cumulative number of tooth-to-
tooth engagements. While the effect of relative sliding
between gear teeth is also acknowledged, it remains an
area requiring further understanding.

KDA have proposed a contact pressure limit based on an
experience from JUICE SADM development. In that
project, a Qualification Model (QM) was built, the gear
misalignment was measured, and contact pressure was
analytically derived based on the measured values using
MSC ADAMS Gear AT software. Following the
successful completion of the JUICE SADM QM life test,
the same contact pressure limit was adopted as the design
target for the PLATO CTP gear train. This decision was
justified by the similarity in design, materials and surface
treatments between the two projects.

The PLATO CTP SRA gear train was analysed with the
same software, to evaluate gear contact conditions. From
the agreed contact pressure limit, the maximum
allowable misalignment angle between the three SRA
gear axes was derived.

Contact pressure peaks and distribution in the SRA’s
involute cylindrical gears are primarily influenced by
gear ISO grade, associated tolerances, and misalignment
of the rotating axes. This misalignment is largely driven
by the positional tolerances of the bearing seats for the
motor and intermediate shaft. Together with the location
of the main super-duplex bearing, these tolerances
determine the relative angular alignment of the shafts and

gears.
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Figure 8 Influence of gear misalignment on contact
pressure distribution - illustrative example from a
KISSsoft analysis [4]

During the actuator’s Manufacturing Readiness Review
(MRR), CMM inspection of the housing parts revealed
that bearing seat co-alignment required improvement. To
address this, a dedicated jig was manufactured to enable
precise alignment of the inner and outer actuator housing
halves and the motor cover. After alignment, holes for
alignment pins were co-drilled across the three
components, ensuring consistent bearing seat alignment.

The final alignment of the assembled SRA shafts was
verified using a dedicated Ground Support Equipment
(GSE). This GSE employs laser pointers mounted on the
shaft ends, projecting beams onto a distant screen. The
resulting traces are mathematically fitted, and the
misalignment angle between shafts is backcalculated.

Figure 9 SRA instrumented with laser pointers



Figure 10 Tracks of laser pointers used to back-
calculate the shafts misalignment

3.4  SRA Test campaign

Due to the critical importance of gear alignment, the
decision was made to build the SRA in Engineering
Model (EM) quality rather than the initially planned
Breadboard configuration. Additionally, the gears have
been manufactured and lubricated in a single batch,
together with future QM and FM gears. That was a
strategic decision, which allowed to later streamline the
QM testing, leveraging results from the CTP activity.

The SRA EM underwent the common test sequence:
- Vibration testing

- Thermal vacuum cycling testing

- Life testing.

The life test concluded with an end-stop survival test,
which stressed the actuator by driving it against the end
stops with maximum initial speed of 0.5 °/s, at maximum
current for 120s, followed by 400s at nominal current.

Following each test phase—and at multiple intervals
during the life test—a series of functional tests were
performed to assess pointing performance in terms of
position accuracy, resolution, backlash and hysteresis.

35 Results of the SRA tests

Position accuracy exceeded expectations and was well
within the +/-0.06° limit. In most cases it stayed within
+/- 0,04°. This confirmed that the ABL and Gear train
designs are suitable for flight.

Position accuracy (Shen posticn - optical ancaoder position 2E20-12-03-11.13 54)
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Figure 11 Position Accuracy.Plot from TV cycling test

Over the course of the Life Testing, a gradual increase in
minimum-current-to-run was observed, which indicated
an increase in driveline friction. No degradation of the
motorisation was seen after exposure to sinus and random
vibration.

3.6 End of life disassembly and Investigation by
ESTL

3.6.1 MoS2 wear

Following disassembly and inspection, KDA observed
wear on the gear tooth flanks of the motor pinion and the
anti-backlash intermediate shaft. The wear was
consistent with expectations, as these gears undergo the
highest number of revolutions. However, visual
inspection alone was insufficient to assess the degree of
MoS: layer degradation, so the components were sent to
ESTL for detailed analysis.

Figure 12 Motor pinion showing marks on MoS2 due to
meshing with ABL gears (arrows)

ESTL examined all tribological surfaces of the gears and
bearings using low-power digital and optical microscopy
to assess both lubricant condition and substrate integrity.
A subset of components and degraded lubricant samples
were selected for further analysis using scanning electron
microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDAX). One gear was sectioned to
examine the nitride layer.

The crown wheel gears were found to be in good
condition, with no visible substrate wear. Minor marks
consistent with normal operation were observed on the
MoS: coating, covering approximately 40% of the gear
tooth width.

All other gears, except the smaller intermediate shaft
gear, exhibited localized lubricant depletion. Surface
profilometry confirmed complete MoS: film wear in
specific areas of the ABL pinion gear, along with
evidence of substrate wear.



Figure 13 Intermediate Shaft profile measurement
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Figure 14 Profile measurement along scan line on the
edge of the tooth from the figure above

3.6.2  Quality of plasma nitride layer

Sectioning of the ABL gear revealed subsurface cracks.
Although no delamination of the nitride layer was
observed, ESTL noted that the origin of the cracks was
unclear, potentially resulting from the sectioning process,
operational stress cycling, or the nitriding process itself.
This raised concerns about possible crack propagation
leading to future delamination. However, no such
delamination was detected.

Figure 15 Microsection of a gear tooth, the
microsectioning was performed by ESTL

KDA and ESA had previously investigated similar cracks
in another project, where gears hardened by the same
supplier—but at different sites—were examined. It was
found that cracks, or even pores, can form in the nitride
layer if the process is not precisely controlled, as also
underlined in [2]. Despite the use of the same commercial
process name, results varied significantly between the
supplier’s sites.

Nevertheless, it was also observed that cracks can be
introduced during microsectioning, as internal stresses
are released during cutting. Building on this prior
experience—and supported by additional inspection—it
was concluded that the cracks observed in the CTP gears
were caused by the sectioning method.

Figure 16 Microsectioning performed at ESTEC on a
gear from the same supplier as for CTP SRA

It is worth noting that during plasma nitriding, a brittle
compound layer of iron nitrides—commonly referred to
as the "white layer"—can form. Despite its hardness, this
layer is highly undesirable in space mechanism gears due
to its brittleness. ESA  specifically requested
confirmation of its absence via SEM inspection as part of
the gear acceptance process. KDA selected a plasma
nitriding supplier site capable of avoiding white layer
formation. The investigation also confirmed that the
observed cracks were not associated with the presence of
the white layer.

3.7  Change of Lubrication

Given the non-negligible wear observed on MoS.-coated
surfaces, KDA proposed a transition from dry to hybrid
lubrication. This approach combines MoS: with Braycote
601EF, a scheme previously and successfully
implemented in the BepiColombo SADM project.

The proposed change required contamination assessment
by PLATO Prime to ensure that evaporated lubricant
would not adversely affect the PLATO telescopes.
Fortunately, the evaluation confirmed that the
contamination levels were acceptable.

As a result, both the PLATO Qualification Model (QM)
and Proto-Flight Model (PFM) actuators were built using
this hybrid lubrication scheme.



4 X-BAND RF ROUTING MOVING
ASSEMBLY

4.1 Risk of coaxial cable damage due to moving
cycles

The CTP aimed to assess the risk of mechanical damage
caused by coaxial cable cycling, as well as the potential
for cold welding between metallic cable components.
This concern has been highlighted in [1].

To mitigate these risks, recommendations from the

referenced study were implemented:

- The selected coaxial cable includes an intermediate
non-metallic layer between the outer conductor and
the braid, acting as a wear buffer and preventing cold
welding.

- The center conductor is made of silver-plated copper
with controlled silver thickness.

4.2  Design of the Coaxial Cable Housing

The coaxial cable assembly connects the SMA interface
on the X-band antenna horn to the APM interface on the
spacecraft, located on the APM bracket.

Cable clamp

Figure 17 Coaxial cable housing and clamps

The X-Band RF Routing (XRF) consists of two identical
cable housing assemblies mounted on the azimuth and
elevation axes of the APM. These housings guide the
cable through controlled bending, minimizing wear and
allowing heater installation on the inner surface.

Figure 18 The completed XRF breadboard

The cable is designed to rotate £90°, with a minimum

bend radius defined by the machined curvature in the
cable housing. Figure 19 illustrates the cable kinematics:

- The cable end attached to the rotating guide bracket
(B) follows a circular path (blue curve).

- When rotating from -90° to 0°, the cable ideally
bends around the housing’s machined radius.

- With a fixed clamp between points A and B, the
cable length (magenta curve) remains constant. If the
cable bends around the radius, the rotating end (B)
deviates from the circular path, following a green
trajectory.

This geometric constraint increases stress and
resistive torque if the clamp at point B cannot move
radially.

- CTP XREF testing showed that the optimal solution
was to remove the clamp at point B, allowing the
cable to move freely and reducing mechanical stress.

circular trajectory
of cable clamp

B(0°)

Trajectory the
cable clamp has
to follow in orde
to bend cable
around radius

B(-90°) |,

bending radius

Figure 19 XRF cable kinematics

4.3  Coaxial Cable Clamp design

A coaxial cable clamping solution was developed to
address potential mechanical damage and ensure reliable
RF performance.

There were initial concerns, that a simple tightening of a
clamp around the cable may lead to local deformation, or
even crushing of the cable and impact on the RF
performance.

The first design was based on injection of glue around the
cable at defined points in the clamp. However, due to
issues with the adhesion of the glue, an alternative
solution was selected which relies on a shrink sleeve
which is put between the cable and the clamp.

The shrink sleeve ensures that the compression of the
coaxial cable can be applied within acceptable limit
considering the dimensional tolerances without risking a
degradation of the RF signal. It also compensates the
difference in the thermal expansion of the cable and of
the clamp.



5 X-BAND RF ROUTING BREADBOARD
TESTING

Three coaxial cable assemblies were prepared and tested.

The cables were acceptance-tested by the supplier in

accordance with ESCC standards. Following this, the

XRF test campaign included:

- Functional and performance tests (RF, electrical, and
mechanical) at room temperature and temperature
extremes.

- Mechanical vibration testing (sine and random)

- Thermal vacuum cycling, including resistive torque
characterization at hot and cold conditions.

- Life testing in thermal vacuum, covering expected
ground and in-orbit cycles, including ECSS
mechanism life test safety factors.

Figure 20 Three XRF assemblies on the multipurpose
GSE during a vibration test

A multipurpose test setup was used for all functional and
mechanical tests, enabling measurement of resistive
torque throughout the campaign.

- —|

s =
= =
= =

- |
Figure 21 The functional schematics of the XRF
multipurpose test GSE
RF performance was verified between each test phase. As
suggested in [], the life test included both large and small
motion cycles expected during the mission. Small cycles
were specifically included due to their potential to
exacerbate cold welding. ESA have therefore derived a
detailed life cycle requirement based on PLATO mission
analysis, ensuring high fidelity coverage of azimuth and

elevation axis movements.

.....

S
sl

Figure 22 A life test sequence of SRA and XRF motion
cycles

After vibration testing, a design weakness in the XRF
assembly was identified. The SNO002 cable showed
noticeable changes in insertion and return loss
measurements. The issue was traced to inadequate
support of the cable connector (see Figure 23), which,
together with a relatively high mass of the SMA
connector allowed excessive movement during vibration
and led to cable damage. The cable was replaced, and
testing resumed.

Long unsupported
cable segment

Figure 23 Coaxial cable exit

Resistive torque measurements revealed a strong
dependency on temperature. Torque in cold conditions
was approximately twice that in hot conditions, making
the cable a significant contributor to the overall SRA
torque budget.

5.1 XREF post-life inspection

Following the completion of life tests, all cable
assemblies were visually inspected by the supplier. In
each case, several strands in the bending area appeared
distorted, and in some instances, broken strands were
visible through the semi-transparent cable jacket.

One cable assembly was selected for Destructive
Physical Analysis (DPA) at ESTEC. Computer
Tomography (CT) scans were performed at multiple
locations, and the most severely damaged arecas—
identified in Scans 3 and 4—were selected for further
analysis. These regions corresponded to areas where the



cable had been clamped and subjected to the highest
bending stress.

CT imaging revealed plastic deformation of the outer
braid, with several broken strands. The center and outer
conductors appeared undamaged. The cable was then
disassembled layer by layer for detailed inspection.

Figure 25 CT scan showing the center and outer
conductors

Visual examination of the outer braid confirmed strand-
on-strand rubbing, with some groups of strands showing
complete yielding. The shape of the broken strand tips
indicated failure due to tensile stress.
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Scan 3 &4

Figure 26 Scanning electron microscope image of a
broken outer braid wire indicating a failure in tension

Only very minor damage was observed on the outer
conductor, where silver plating had worn away, exposing
the underlying copper.

Scan 3 &4

Figure 27 Scanning electron microscope image of the
center conductor with flattened areas
The center conductor showed slight surface marks,
including scratches, flattening, and non-uniform strand
width—likely originating from the manufacturing
process. The strands could be separated without signs of
adhesion or cold welding.
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Figure 28 The separated wires of center conductor
strand

According to the applicable ESCC No. 3902, a



component shall be counted as a failure, if mechanical
damages are observed. Nevertheless, based on the
satisfactory results of the RF performance tests, the
absence of damage to the inner and outer conductors, and
the findings from the DPA, it has been concluded that that
the technology and the design is suitable for PLATO
flight hardware with the condition that the clamping of
the cable will be improved. To address this, a second
clamp was added to limit dynamic excitation of the cable
connector.

6 CONCLUSIONS

The CTP program was a success as it de-risked the
PLATO flight development program. The anti-backlash
design solution was confirmed via extensive testing,
requiring only the change of lubrication scheme. The X-
band RF Routing Design has been also adopted for the
Flight design.

Nevertheless, it has been also confirmed that MoS2
lubricated gears are extremely sensitive to alignment and
their life is very limited, despite operating at fairly low
contact pressure (with pressure peak well below 1.0
GPa). Fortunately, the addition of Braycote 601 grease
on top of the MoS2 was possible. The alignment of
components which participate in the gear alignment
budget must be considered during the design phase and
should be discussed with the manufacturer early on. Co-
machining of mating parts is strongly advised. Provisions
for co-alignment during the assembly and for alignment
verification should be planned for (e.g. placement of
fiducial marks).

Similarly, coaxial cables are sensitive to bending stress,
especially when combined with vacuum conditions. The
design of the attachment points, cable guiding surfaces
and kinematics must be done with great care to avoid
local stress concentrations, which may damage the braid
or even worse, the inner and outer conductors.

During the CTP, a significant effort, well beyond initially
planned, was put into the procurement of the gear parts
and especially into the assessment of their quality. It is
recommended to agree with the customer on the scope of
the quality inspections and inspection methods early in
the project. The Plasma Nitriding process is difficult to
manage, and the mechanism designer should not simply
rely on the availability of a generic process, especially
when attempting to harden the typical stainless steels
used in space mechanisms. The Plasma Nitriding process
will certainly require adjustments for the specific gear
parts.
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