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ABSTRACT
This paper provides an overview of the SCS mechanism
design and presents the results gained from the
qualification phase. Challenges encountered during
development and verification and identified solutions
are discussed. Finally, the main lessons learnt are
presented.

INTRODUCTION
The Sentinel-4 mission is part of the Copernicus
initiative for continuous monitoring of Earth
atmospheric composition and air pollution using a high
resolution Ultra-Violet and Near Infra-Red (UVN)
sounder. As the instantaneous field of view is a slit on
the earth, this kind of instruments needs to scan the
scene in order to acquire an image. In contrast to LEO
missions where the instrument platform provides the
scan motion with respect to the scene, UVN is operating
in a GEO orbit from a 3 axis stabilized platform. This
configuration demands for a highly accurate mechanical
scanner performing a 18° east-west scan to acquire the
scene images. A second scan axis with 14° motion
capability is needed in addition allowing locating the
scan area at different latitudes, to support seasonal
platform yaw flip manoeuvres, to view internal/external
calibration sources and also for star calibration.
RUAG Space is contractor of the scanner subsystem
(SCS) to be delivered to OHB and then AIRBUS for
integration into the UVN instrument. The SCS consists
of a scanner assembly (SCA) including the scanner
mirror (SCM) and a scanner drive electronics (SDE).
The key design drivers for the SCS are challenging
requirements for the mechanism pointing performance
and for the optical performance of the mirror too. The
dynamic and static pointing requirements in the micro
radian range combined with the presence of microvibration and the variation of the thermal environment
where asking for a highly optimised design solution. A
multidisciplinary development approach has been
applied to tackle the challenging cross-couplings
between the individual engineering domains. The final
design was achieved by continuous performance
simulation,
design
optimisation
loops
and
characterisation by test, first at component level very

early in the project and finally at full assembly level by
combining test measurements with correlated simulation
model data. The applied performance simulation
approach has been presented in [1].

CURRENT STATUS
The SCS design has been subjected to qualification
programme
including
performance,
functional,
environmental and life tests using a Qualification Model
(QM) and a separate Life Test Model (LTM). The tests
on these two models are completed and the QM is
delivered to the customer.
Two Flight Models are to be manufactured. The FM1
assembly is completed and this model is entering the
acceptance test phase. The FM2 model is currently
being assembled.
During qualification testing, most of the predicted
performance aspects could be confirmed. Some
unexpected intricacies were encountered and
improvements have been identified and considered for
the flight models directly. Consequently the FM1 has to
be subjected to PFM test levels in order to provide
evidence needed to complete the SCS qualification
status.

DESIGN OVERVIEW
The scanner assembly (SCA) is a two axis gimbal
mechanism used to support and steer the scanner mirror
(SCM). In the current application, each axis is driven
separately in close-loop control by the scanner drive
electronics (SDE) however, combined motion is needed
to correct for misalignment error during a scan.
The SCA static interface structure provides the
mechanical I/F to the UVN instrument optical bench
and supports the first rotation axis. This N/S-axis
supports the Main Frame intermediate structure which
supports the second axis called E/W-axis. The second
axis supports the mirror yoke to which the mirror
(SCM) is attached.
The overall SCA design with high level of symmetry for
several reasons:
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A) Each axis needs to be dynamically balanced to
minimise cross coupling from one to the other axis and
to avoid rotational disturbance due to translational
micro-vibration.
B) Thermal effects shall not induce rotational variation
to the mirror pointing angles in order to comply with
very challenging repeatability requirements.
C) The symmetrical design allows using a simple and
reliable launch lock design using only one actuator to
lock both axes.

relatively low frequencies. The gravity sag effect has
been considered early in the design but still caused
several challenges during on ground testing and
calibration. Since the flex spider stiffness is not constant
but varies with the rotational position some considerable
effort was needed to achieve a successful design.
The gravity sag has several critical consequences:
A) The alignment of the optical encoder redhead to the
scale disc is varying which affects the measurement
performance. This effect is characterised for each model
individually and compensated by the configurable
control electronics.
B) The launch lock system separable contacts have
rather small opening strokes and need to be aligned very
precisely in order to allow full functionality during onground testing. Some limitation regarding the SCA
orientation could not be avoided.
The low frequency structural modes turned out to affect
the position controller stability more than initially
expected. During the design phase the flex spider
stiffness characteristic have been tuned to avoid that
individual modes overlap each other and that critical
frequency areas with high micro-vibration input are
avoided. The resulting design still included a critical
mode at around 100 Hz which made tuning of the
position control loop challenging.

Figure 1. SCA Design

Scanner Mirror
The flat scanner mirror has a usable optical dimension
of diameter 112 mm. Its state of the art flatness allows
reaching a maximum total wave-front error better than
40 nm RMS. The coating has been optimised for
UVVIS with reflectivity above 90% and NIR for
reflectivity above 87%.

Flex Spider
The two axes share a similar design based on flexible
hinges (flex spiders) which allow for a frictionless
movement. The scan range of the two axes is ±9.0° and
±7.0°. Flexural hinges have been chosen due to the
friction free and highly repeatable rotation behaviour.
This characteristic has been considered as a key element
to achieve the specified pointing performance. As the
most critical motion profiles are performed at very low
speeds of only a few µrad/s the use of ball bearings has
been considered as not appropriate.

Based on existing RUAG Space heritage a specific flex
spider design has been developed. The flex spider is
made from TiAl6V4. Reasons for selecting titanium
were the lower elastic modulus, density and the
availability of reliable fatigue and crack propagation
data.
To achieve desired stiffness in all DoF the flexible blade
dimensions have been tuned extensively. This resulted
in blade thickness of 0.24 mm at blade length of
~50 mm. Such blade dimensions are easily achievable
by using wire-EDM cutting but this manufacturing
technology has been discarded early in the project. The
reason not to apply EDM cutting is the reduced fatigue
performance of EDMed surfaces due to formation of a
re-cast and alpha-case layer in the heat-affected zone.
For solid parts such layers can be easily removed. But
the thickness of these layers can vary a lot, the removal
would result in large tolerance variation on the final
blade thickness. As this would affect the stiffness
significantly the entire spider was manufactured using
high speed milling in order to reach the required
thickness accuracy.

The main drawback of the flexural hinges is the low
radial stiffness which causes deflection under
gravitational load and creates many structural modes at
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The torque compensation is working passively using a
specifically shaped permanent magnets and iron pole
pieces. The design of this parts has been iteratively
optimised to match the desired level of torque
compensation.

Figure 2. Flex Spider Assembly
The flex spider assembly includes other integral parts
such as the optical encoders, launch lock separable
contact I/Fs and a magnetic torque compensation.
Torque Compensation
The resulting flex spider design would need a torque of
up to 0.5 Nm per axis, i.e. for a pair of flex spiders. To
reach such high torque levels a strong actuator or high
power would have been needed. To avoid high mass for
the actuators and heat generation that impact pointing
performances a magnetic system has been implemented
to reduce the resistive spring torque significantly. The
following diagram shows the E/W flex spiders torque
characteristic for the complete angular range.
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As the force of attraction is increasing over-proportional
with the distance a magnetic air-gap is closed, the
torque compensation elements provide a non-linear
characteristic which is working against the flex element
spring stiffness. If sized properly the flex spider
resistive spring force can be compensated by any
degree. A drawback of such magnetic torque
compensation is that, depending of the magnetic design,
parasitic forces can be generated in other directions.
Some design iterations where needed to find a working
solution which works for all conditions especially also
for on-ground test conditions where the gravity-sag
causes relative shift between the magnetic elements and
causes asymmetric change between the magnetic
attraction forces. The final design still has some
restrictions regarding testability in different gravity
orientations. For example the SCA is not allowed to
operate with the N/S axis placed vertically. This
limitation has been accepted and allowed to maximise
the compensation performance for the N/S axis.
Finally overcompensation has been avoided allowing
the SCA to move to a neutral position in case of
unexpected power loss. This allows directing the mirror
to a safe location.
Voice Coils
The actuation torque for moving the SCA axes is
provided by pairwise arranged angular voice coils. The
pairwise arrangement ensures that a pure torque is
created which avoids unwanted deflection of the
rotation axes.
To minimise thermoelastic disturbance due to motor
dissipation the voice coil design has been optimised to
provide the best possible torque performance within the
available envelope volume and at lowest possible mass.
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Figure 3. Torque Compensation Performance
The Torque compensation is designed to allow adjusting
to the non-linear resistive torque of each flex spider pair
individually. As shown in the figure above the
maximum torque at the end of the motion range is
almost completely compensated and the overall
maximum torque is reduced by a factor 5. This
corresponds to a factor 25 in terms of thermal
dissipation. This large reduction of the actuator thermal
dissipation is a further key feature to achieve the
specified pointing performance.

Figure 4. SCA Voice Coil Design
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High performance materials have been used to
maximise the voice coil performance. NdFeBe magnets
have been chosen due to their higher energy density and
CoFe is used for the pole pieces to take benefit from the
high saturation limit. The use of NdFeBe has been
carefully assessed especially with regard to the
corrosion sensitivity of this magnet material. The
magnets are coated by the magnet supplier and have
been subjected to a series of environmental test to verify
suitability for the SCS environment. Compatibility to
the long term storage requirements was the most critical
aspect. Handling of such strong magnets is very
challenging and specific tools where needed to avoid
degradation of the protective coating.
The coil is formed using a hot air bonding process.
Using this process the final coil is formed during
winding of the coil wire which is coated with bond coat
on top of the insulation coat. To maximise the coil
performance special wire is manufactured with
optimised coating thickness. The compatibility of the
coating material with demanding cleanliness
requirements has been verified during selection of the
coatings materials.
As an additional feature the voice coil acts as damping
element to minimize the response level of structural
modes resulting from the flex spider stiffness. This
damping effect is created by embedding a core made of
aluminium into the coil. As this core is moving with
respect to the magnetic field, braking forces are induced
thanks to the eddy current effect.
The following table summarises the voice coil
performance parameters:
Table 1. Voice Coil Characteristics
N/S
E/W
Coil Mass [kg]

0.112

0.110

Magnet Assembly Mass [kg]

0.420

0.566

Total Mass [kg]

0.532

0.676

Redundancy

Yes

No

Angular Stroke [deg]

14

18

Motor Constant [Nm/√W]

0.20

0.28

Torque Constant [Nm/A]

1.92

2.70

Thanks to the highly optimised design of the voice coil
the achieved performance is well in line with existing
voice coil designs used in space applications. Reference
[3] introduces a performance ratio α considering stroke
(S, mm), weight (W, kg) and motor constant (Km,
Nm/√W):
∝= (Km × S)/𝑊𝑊

(1)

For linear voice coils [3] reports values for α up to 144
for non-redundant actuators and 81 for redundant
actuators. Converting the SCA angular voice coil
performance characteristics to linear values, α of 130 for
the non-redundant E/W voice-coil and 92 for the
redundant N/S voice-coils are achieved. Thanks to
today’s available magnetic analysis tools, optimisation
of the complex shaped parts needed for an angular voice
coil can be done very efficiently.
Angular Sensor
The angular position of the each axis is sensed using
high resolution optical incremental encoders. Once the
homing is done, the absolution position is provided by
the electronics with an increment every 349µrad. In
between increments, interpolation based on the preamplified analogue signal is performed allowing
reaching micro-radian resolution.
A commercially available encoder has been adapted for
the SCS. This included mainly space compatible
materials for the encoder housing and ESCC
standardized cabling.
The encoder system has been qualified for the S4
radiation environment with extensive test campaign
including radiation expected in GEO orbit. This was a
challenging task and turned out to be at the limit of
acceptability due to the industrial design of the EEE
components used in the encoder read-head. Specific
protection circuitry is still implemented to detect and
recover from radiation effects.
Launch Lock
The launch-locking of the two SCA motion axes is
implemented with a single brush-motor driven actuator.
This actuator drives a large preloading arm which is
equipped with a spherical shaped separable contact I/F.
Thanks to the spherical shape only a small stroke is
needed to unlock and allow 2-axis rotary motion. The
preload force further causes the flex-spiders to deflect in
radial direction until further separable contact I/Fs are
engaged which constrain support structural loads in the
remaining in radial and axial directions. The available
gap in all this separable contact I/Fs is rather small and
very precis alignment was required to ensure reliable
release of the launch lock and allow free motion
especially during on-ground testing with gravity sag
present.
During QM thermal testing it was discovered that the
achieved alignment was not sufficient for the N/S axis.
This axis did not move at the specified cold operation
temperature and became free at an elevated temperature
level only. The N/S axis is placed between the I/F
structure which interfaces to the instrument optical
bench with almost zero CTE and a Main Frame made
from aluminium with high CTE. This challenging
design causes large thermoelastic deflections, larger
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than the minimal gap available in the separable contacts.
Following the experience with the QM an improved
alignment process was defined and applied for the FMs.
A specific challenge was to design the actuation system
to comply with the demanding cleanliness requirements.
The selection of the lubrication was heavily driven by
the need for low outgassing but also to allow operation
in normal air. The actuation system includes several
critical tribological elements for which a suitable
lubrication approach was needed.
For the motor brushes early breadboarding has been
done to confirm suitability of existing commercial
available brushed motor designs. For the rather low
lifetime it was assumed that no special brush material is
required, even if part of the operation time is in vacuum.
The breadboarding confirmed that standard Cu-Graphite
brushes are perfectly suitable. After full lifetime of
~1’500’000 revs at motor level almost no brush wear is
observed.
For the gear classic grease lubrication is implemented.
To minimise the evaporation of the grease all wet
lubricated elements are sealed using labyrinth. A
detailed outgassing budget is established to assess the
worst case contamination for the optical surfaces.
Thanks to the high seal efficiency and low vapour
pressure of the pre-baked grease the resulting worst case
contamination remained significantly below the
specified limits.
For the actuator output bearings wet lubrication was not
acceptable as not enough design volume was available
to implement an efficient seal design. For this part of
the actuator dry lubrication was applied. The need for
testability in normal air-environment again was a key
criterion for selection of the lubrication. For this
bearing, cages made from PEEK, filled with PTFE,
graphite and carbon-fibre are used. The bearing steel
parts are coated with Dicronite DL-5. This bearing
design performed reliably and was found to have no
visible wear after completion of the life testing
programme. Based on this result it is assumed that this
bearing design would allow much longer operation time
than the ~1’000 revs required for the SCA launch lock.

ASSEMBLY
The complex and partially highly sensitive parts of the
SCA makes the assembly a very delicate task. Due to
the long project duration some personnel changes in the
team where unavoidable and efficient knowhow
management is of high importance. Nevertheless well
trained and fully committed personnel are necessary to
ensure successful completion of each individual step.
Among many technical aspects to be considered, team
management, organisation and motivation shall not be
underestimated for such challenging projects.

Figure 5. Fully assembled SCA FM1 in ISO5 cleanroom
Cleanliness
One of the main challenges for the SCA assembly is the
required cleanliness level. For the SCA the cleanliness
level is specified to reach a maximum particle
contamination of 50 ppm and less than 50 ng/cm2
molecular contamination.
During design considerable effort was taken to
minimise contamination. This includes cleanability at
piece part and assembly level and avoidance of particle
generation during assembly and handling. Nevertheless
the contamination budget turned out to be a very
challenging topic even when all related best-practices
are applied and well maintained facilities are used.
For the QM it turned out that the specified
contamination limits are exceeded by about a factor 2 at
the end of the qualification campaign. Consequently
some improvement was needed for the FMs.
For reduction of particle contamination an improvement
was achieved by performing intermediate cleaning more
frequently. Molecular contamination is much more
critical as significant cleaning efficiency is only
possible with wet cleaning or vacuum baking. However
vacuum baking is limited by the maximum possible
temperature. For the full assembled SCA the limit is
+50°C which renders bakeout rather inefficient.
Wet lubrication is very challenging to be applied on the
complex shaped surfaces of the fully assembled SCA.
The main improvement is therefore to be achieved by
avoiding contamination. Most promising improvement
was expected by further training of all involved
personnel to improve awareness for the topic. This
resulted in many small improvements which cumulate at
the end of satisfactory cleanliness level. Current
intermediate cleanliness status of the FM1 confirms that
regarding molecular contamination a significant
improvement is achieved. Particle contamination is
improved as well but additional cleaning is still
necessary.
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Alignment

PERFORMANCE

To avoid the separation failure encountered with the
QM at low temperature an improved alignment
approach for the separable contact parts became
necessary. Different approaches have been evaluated
but most of them turned out to be not suitable as
alignment accuracy of a few µm was needed and the
critical areas are not accessible at the fully assembled
SCA.

The SCS performance testing is tested using dedicated
optical metrology equipment developed for this
application. See [2] for implementation details and
performance characteristics.

Finally some drawbacks of the SCA design have been
utilized to improve the alignment accuracy. Thanks to
the low stiffness of the flex spiders it was possible to
measure the available gap at the separable contacts by
measuring displacement versus force. From such
measurements initial shimming definition is derived
first at flex-spider pair level and later fine-tuned at
assembled axis level. The large CTE difference present
at the N/S axis is utilized to verify the resulting final
gap. This is done by subjecting the partially assembled
SCA to hot and cold temperature environment in order
to find the temperature limits at which unobstructed
motion is still possible. Exceeding the SCA temperature
limits is avoided by positioning the SCA in a nonapplicable worst-case orientation in which the available
gap is further reduced and contact is found within
acceptable temperature bounds. The identified
temperature limits of this specific test condition are used
to correlate a CAD based gap prediction model. From
the correlated model the resulting gap for all applicable
in-orbit and on-ground operation cases are predicted.

Pointing Accuracy
Absolute pointing accuracy better than 200 µrad can be
achieved on both axes. The scan function allows
continuous motion of one axis with a speed up to 0.9°/s.
Accurate scanning can be commanded between 15 to
40µrad/s with a resolution of 0.1µrad/s. The linearity
during a scan over the full range is better than ±4 μrad
after averaging the error over a 6.5 second dwell time.
Step and stare motions can also be commanded with
step size between 15 and 100 µrad with a resolution of 1
µrad. The repeatability and stability after averaging the
error over a dwell time is better than 6 µrad.
In general, the resulting SCS pointing performance is in
line with the predicted performance. The most
significant and not previously predicted nonconformance was on the absolute pointing accuracy. It
turned out that most of the NC is due to low
repeatability at the mounting I/F to the instrument
optical bench. At this I/F, thermal washers partially
made from glass fibre reinforced epoxy are used. For
the QM, the thermal washers where not serialized and
where mounted with a changing arrangement for each
mounting operation. For the FM1 this simple
improvement already confirmed to improve the absolute
pointing accuracy towards compliant levels.
Exported Torque
The exported torque test was conducted at the SENER
micro-vibration test facility for all foreseen in-orbit
operational modes. The results have been postprocessed using time domain filter to extract the signal
in different frequency bands and for computing the
resulting moment at the satellite CoG.

Figure 6 Gap prediction model

Figure 7 SCA during exported torque measurement
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In the range 0.01 to 5Hz, all cases are within the
specification. The 20 to 500Hz frequency range is more
challenging to test as the facility noise is already near
the specification. However, the test confirmed the
expected level resulting from simulation performed with
the tool described in [1].
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Figure 8. Exported torque during Earth scan 5-20Hz
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As the facility could not always inject the lowest
specified micro-vibration level, correlation with the
analytical tool presented in [3] was necessary.

LESSONS LEARNT
The development of high accurate pointing system
required to master multiple disciplines [1]. A key aspect
was the early availability of a simulation tool allowing
developing
the
control
electronics
including
compensation for sensor as well as mechanical
repeatable disturbances. To calibrate and validate the
pointing requirement, a dedicated test set-up was
necessary [2] as well as the availability of a microvibration facility.
The specific knowledge of designing flex spider was a
central element to achieve the high pointing resolution
and repeatability over large angular range. This item
combined with a light and accurate incremental COTS
encoder allows close-loop control with µrad accuracy.
However, qualification of such EEE part for GEO
operation was challenging and has a non-negligible cost
effect.
The implementation of a passive torque compensation
unit to minimise angular torque, development of high
efficient voice-coil and appropriate choice of material
helped significantly to minimise the thermo-elastic
disturbances.
The very early breadboard testing at component level
allowed to implement cost-effective solutions and
significant risk reduction. For the launch lock actuator
this resulted in a very robust solution using components
with short lead-time. For many other components
valuable input for the simulation model could be
generated.
Quite significant effort was needed to master the effect
of gravity during on-ground testing, the requested
cleanliness level and the alignment of the launch lock
separable contacts. This last element has currently the
largest improvement potential for future developments
of similar mechanisms.
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