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analyse the Martian underground down to two meters
under the surface.

ABSTRACT
For the development of the Focus Mechanism of the
CLUPI instrument of the ExoMars 2020 mission, the
CSEM implemented a design based on flexible structure
technology and the use of Off-The-Shelf (OTS)
components. This choice was essentially motivated by
the availability of the miniature LVDT and voice-coil
components. Such approach presents many challenges
such as:
 the qualification of the OTS voice-coil motor and
Linear Variable Differential Transformer (LVDT),
 the implementation of a reliable launch locking
system,
 the design of a flexible structure mechanism
compatible with harsh mechanical environment.

The Close-up Imager (CLUPI) on board the ExoMars
2020 mission is a high-resolution camera with its
primary goal to provide close up images of the collected
samples before their chemical analysis. More
information on the CLUPI instrument is provided in [1].
The instrument is developed by Thales Alenia Space
Switzerland, under the PI-ship of Pr. Josset of the Space
Exploration Institute. It is equipped with a focus
mechanism which extends it capabilities and allows to
acquire high-resolution images of the surrounding
geological environment.

The present article describes each of the above
problematics and the investigation carried by CSEM to
find solutions meeting the mission needs and constrains.

The CLUPI Focus Mechanism is developed by CSEM
based on the flexible structure technology and the use of
Off-The-Shelf components. This approach has been
chosen to meet the tight schedule constrains of the
mission without significant impact on the mechanism
reliability.
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INTRODUCTION

ExoMars 2020 is an ESA-Roscosmos led mission which
will investigate the presence of past and present life on
Mars. Equipped with a drill and a chemical analysis
laboratory, it will be the first mission to sample and

MECHANISM CONCEPT AND DESIGN

The CLUPI Focus Mechanism illustrated in Fig. 1,
needs to accurately position a mobile set of lenses with
respect to a fixed one. It shall maintain the alignment
between the two optics while adapting the distance
between them to change the instrument focal length.

Figure 1: CLUPI Focus Mechanism

___________________________________________________________________
Proc. ‘ESMATS 2017’, Univ. of Hertfordshire, Hatfield, U.K., 20–22 September 2017

The main requirements driving the design of the
mechanism are:
 mass under 220g,
 operational stroke from -4.3mm to +4.3mm,
 concentricity and co-alignment at reference
position better than 50 µm and 0.1 degree,
 stability of the concentricity and co-alignment
during operation better than 20 µm and 0.1 degree,
 compatibility with the ExoMars environment.
2.1 Mobile stage flexible structure guiding
The guiding function of the mechanism is carried out
using a flexible structure system composed of three
flexible guiding plates.

Figure 3: Mechanism guiding structure
The guiding displacement stroke is limited by flexible
end-stops made of a stack of two blades. These end-stop
contact points are at ±4.6mm and they will damp
excessive displacement of the mobile stage up to
±5.0mm.
2.2 Mechanism motor and sensor
In order to drive the mechanism, compact and
contactless solutions have been implemented. To save
cost and development time, OTS components were
chosen:

Figure 2: Flexible guiding plate
Each plate is a deformable parallelogram, having four
flexure blades acting as joints as illustrated by Fig. 2. By
combining these three plates in an equilateral prism as
illustrated in Fig. 3, a quasi-isostatic linear guiding is
obtained. This guiding allows linear movement along
the Z axis (optical axis) and block all other degrees of
freedom. The obtained guiding has a non-linear rigidity
along the main axis which increases from 34 N/m at rest
position to 95 N/m at operational end-of-stroke.

 a Voice-Coil Motor (VCM) from Moticont,
 a Linear Variable Differential Transformer
(LVDT) sensor from Singer Instrument & Control
Ltd.
2.3 Launch locking system
To prevent the mechanism movement and to avoid
excessive stresses in the guiding flexure blades during
the launch and Mars landing phases of the mission, a
launch locking system has been implemented. This
system is illustrated in Fig. 4.

Figure 4: Launch locking system

Such a locking system maintains the mobile stage by
holding it between the three flexible locking stages.
During launch and landing phases, the locking stages are
preloaded and maintained locked around the mobile
stage by the locking ring. The locking ring presents a
groove with recesses in which the locking stage contact
pads can slide. To release the locking device, the ring is
rotated, placing the groove recesses above the locking
stage, allowing them to retract thus freeing the mobile
stage. The ring is held in place during the launch, and
rotated during actuation, by a Non-Explosive Actuator
(NEA) provided by Eaton.
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Based on such observations, the investigation continued
by cutting through the LVDT in order to access the
potting and eventually observe the wire rupture location.
The cut was performed using a low speed diamond
wheel saw. Then the potting was carefully removed
using a scalpel to access the ruptured wires. During this
process a transparent viscous material was found within
pocket of solid epoxy. Such material was found around
the wire at the location of the rupture as illustrated by
Fig. 6.

COMPONENT OFF-THE-SHELF
ASSESMENT AND QUALIFICATION

The LVDT sensor and the VCM are components not
designed for space. Thus, to implement them in the
CLUPI instrument flight models, some assessment and
qualification activities are required early in the
development of the mechanism.
3.1 LVDT assessment and qualification
The LVDT body consist of a set of three copper coils
(one primary and two secondary), encapsulated between
two steel tubes along with the required routing circuitry,
all held together using epoxy potting. With such a
construction, the LVDT is inherently very robust. The
main area of concern was related to the effect of thermal
dissipation on such a heterogeneous and elongated item.
Therefore, the LVDT was tested against thermal
cycling, according to ExoMars specifications: 300
cycles between -125°C and +80°C. Out of the three
samples tested, one sample was taken out of the chamber
after 25 cycles. It was the only one still functional after
cycling: the other samples, electrical testing showed that
both primary and secondary circuits were damaged.
The damaged items were further investigated. Using
x-ray imaging, it was possible to identify the location of
the ruptured circuitry as shown in Fig. 5. Such images
also showed that ruptured wires did not remain aligned,
indicating an anomaly in the potting material.

Figure 6: Damaged LVDT cut view
Based on this observation and with the help of Singer
Instrument & Control Ltd, the LVDT manufacturer, the
origin of this viscous material was found to be remains
of cyanoacrylate use in the LVDT assembly process. A
new manufacturing process was implemented which
avoids the use of cyanoacrylate. Also, different potting
materials were tested.
Singer manufactured three batches of samples, each
using different potting materials, but all made according
the same improved manufacturing process:
 Standard LVDT epoxy potting
 EC2216 grey epoxy potting
 EC2216 transparent epoxy potting
Singer then tested the three designs to a hundred of
ExoMars thermal cycles with no damaged observed.
Finally, the option with transparent EC2216 potting was
retained due to its excellent performances at cryogenic
temperature and its low viscosity before polymerisation.
3.2 Voice-coil motor assessment and qualification
The VCM is made of two parts: the coil and the body.
The coil is mounted on a tubular amagnetic structure.
The body consist of a magnet mounted within a soft iron
body which close the magnetic field. Various potential
design issues were investigated to assess the VCM
compatibility with the mission.

Figure 5: Damaged LVDT x-ray image

The first issue investigated was the compliance of the
VCM to the Martian thermal environment. Thus, it was
tested along with the LVDT under the 300 thermal

cycles (see section 3.2). The performance of the VCM
was not affected by the thermal cycling.
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Another thermal environment was identified as
potentially hazardous to the magnet of the VCM: in the
CLUPI integration process, a Dry Heat Microbial
Reduction (DHMR) process is planned. The intense heat
required by such a process can make the magnet lose
some of it magnetic energy. The VCM were tested under
various high temperature environments. Such tests
revealed that the VCM magnets keep all their
performance after being exposed to temperature up to
110°C. Above that, the magnet starts losing some of its
efficiency and the VCM performance decreases. Such
tests allowed to adapt the DHMR process parameters to
avoid damaging the VCM magnet.

4.1 Launch locking critical aspects

Finally, the resilience of the VCM to the launch and
landing load environment was assessed. While the coil
part presented no significant defects nor potential failure
points, the body is not as sturdy: the magnet is only
glued onto the soft iron parts. The solidity of the glue
joints was assessed by performing shearing test on
various VCM items. Such a test showed that the gluing
strength and condition of the VCM magnet was very
heterogeneous: some of the glue joints failed at loads as
small as 20N while others held on to up to 200N. Such
dispersion in the glue strength is probably due to a
poorly understood manufacturing process.

The pulling force of the NEA has to be carefully
adjusted: it needs to be high enough to overcome friction
between the ring and the sliding pad, but it must avoid
building too much kinetic energy which would
overwhelm the end-stop capability to absorb it.

To solve the final issue related to the magnet glue
strength, the mitigating approach selected is to select a
set of VCM fit for flight out of a wider batch of motors
by performing a shear test up to a defined load. This
approach would allow to get rid of the poorly glued
VCM motors.

In order to assess the effect of the launch lock firing on
the mechanism guiding structure, high speed recordings
of the unlocking were acquired.

Moreover, the selected VCM motor will be reinforced
by inserting an adjusted washer around the magnet at the
bottom of the soft iron body and glue it with EC2216.
Such a solution would limit shearing stress on the glue
joint during launch loads.

LAUNCH LOCKING FUNCTIONAL
TESTING

The launch locking system is the only part of the
mechanism involving friction. When actuated, the ring,
pulled by the NEA, slides above the locking stage pins.
In this process, it builds up kinetic energy. At the end of
its stroke, it needs to dissipate this energy. This is
achieved by a flexible end-stop made of two blades. The
end stop partially behaves as a spring avoiding the ring
colliding in the NEA body. It also dissipates some
energy by friction between the two blades and with the
ring. The ring, still being pulled by the NEA, oscillates
along with the end stop until all the energy is dissipated.

The proper absorption of this energy is critical as the
unlocking would otherwise generate an important shock
which would then propagate throughout the structure to
the guiding blades.
4.2 High speed recording of the mechanism
behaviour during unlocking

On such high-speed footages, it was observed that the
launch lock behaved properly: the ring rotates, sliding
on the locking stage pins, and ends its stroke in the endstop. Thus freed, the locking stages retract releasing the
mobile stage.

Figure 7: High speed imaging of the locking stage hammering on the mobile stage

However, the recordings showed the ring had quite
important parasitic movements (sideway translations)
when it hit the end-stop. Approximately at the same
time, the mobile stage sees important off-axis
displacements while the main structure remained
unaffected. This was unexpected as a perturbation from
the ring shock should have propagated to the mobile
structure only through the fixed structure and the
guiding blades. A deeper observation of the videos
allowed to find the origin of the phenomenon: the
sideway translations of the ring made the locking stages
move along while the mobile stage started its descent
under the load of gravity. In their movement, the locking
stage hammers the mobile stage contact surface thus
generating the observed off-axis perturbations. This
phenomenon illustrated in Fig. 7, needs to be avoided as
such perturbations tend to create buckling in the guiding
blades.

specification driving the CFM design. Mounted on the
rover drill, CLUPI is expected to be subjected to very
harsh random vibrations and shocks.
5.1 Specifications
The main development of the design was made based on
a set of specifications issued in 2015. However, after
PDR, the random vibration specification was updated
and became significantly harsher (see PSD curves in
Fig. 9). Meanwhile the latest FEM analysis of the CFM
design results showed that the implemented design was
able to barely survive the initial loads.

4.3 Design updates to improve behaviour during
unlocking
In order to improve the behaviour of the locking system,
PTFE pads are inserted between the ring and the main
structure pillars as illustrated in Fig. 8. These pads
provide a resting surface guiding the ring in rotation and
preventing excessive translation.

Figure 9: Random vibration specifications
While such an analysis showed very little margins, it
was very conservative as it did not take into
consideration any of the friction phenomena dissipating
some of the energy building up inside the launch locking
system.

Figure 8: Ring guiding PTFE pads
Moreover, the load generated by the NEA to pull on the
ring lever during unlocking was adapted. This load
comes from the compression of springs inside the NEA.
By using better suited springs, it was possible to get an
increased force at the beginning of the ring movement
which then quickly decreases. The overall energy
delivered by the NEA is lowered without impacting the
motorisation margins of the launch locking system.
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MECHANISM RESILIENCE TO
MECHANICAL LOADS ENVIRONEMENT

Aside from mass constraint, the mechanical load
environment of the ExoMars mission is the main

Considering the results of the analysis and the update of
the random vibration specification, it was deemed
important to assess the impact of the friction phenomena
on the resilience of the mechanism. To do so, a vibration
test was set up with the breadboard developed. In such a
test, the mechanism was to be tested first at the initial
specification and then at the updated levels.
5.2 Vibration testing
In the test sequence devised, the model was equipped
with a tri-axis sensor on the mobile stage and a single
axis sensor on the front end of the cover, allowing some
monitoring of the accelerations. The test sequence starts
with a sine sweep test providing an initial image of the
mechanism normal modes and their amplifications.
Then the system was tested to random loads along its
most sensitive axis first (Y axis), starting with the lowest

specification and climbing up to the updated levels,
following the steps hereafter (see Fig. 9):





Initial specification
Updated specification -6dB
Updated specification -3dB
Updated specification

After every random vibration test, a sine sweep test was
performed to assess the impact of the test on the
mechanism structure. Then such process would be
reiterated along the two other axes.
Unfortunately, the CFM breadboard model failed during
the random vibration sequence at updated specification
-6dB levels along the Y axis. The failure was first
noticed when one of the arms of the flexible guiding
plate dropped off. After this failure, a last sine sweep
was carried out to acquire data about the mechanism
response after failure.

to the remaining horizontal blade. Still under
vibration, the stress generated by the inertia of the
arm leads to the second blade rupture.
The fact that one blade was only partially ruptured
indicates that the vertical blades most probably failed
under fatigue due to repetitive buckling under vibration
loads. In order to confirm the rupture by fatigue, the
corresponding markers were looked after using a SEM
(scanning electronic microscope).
After the rupture, because the arm was still attached on
one side, the surfaces of rupture scraped against each
other. This induced some wear on the surfaces as seen in
Fig. 11.

Following this failure various inspections were carried
out to assess the origin and the criticality of the failure
as well as other possible issues related to random
vibrations.
5.3 Post-vibration inspection of the blades and
analysis
The mechanism was inspected first without removing
the cover to keep it locked. Such inspection showed that
out of the 12 guiding blades only 3 remained intact and
one was only partially ruptured (see Fig 10). All the
intact blades are horizontal ones (blades 3 & 4 in Fig. 2).

Figure 11: SEM image of the surface of rupture with
trace of wearing
Because of this wear, it was only possible to find some
traces of crack propagation in the deepest valleys of the
surface, where wear did not occur. Such fatigue markers,
illustrated in Fig. 12, confirms that the rupture of the
vertical blade is due to fatigue.

Figure 10: Incipient rupture of a guiding blade
Based on such observations the most probable rupture
mechanism is:
 Exposed to out-of-plane excitations, the vertical
blades (blades 1 & 2 in Fig. 2) are subjected to
buckling deformation which generates important
stresses in the blade. Such stresses lead to the
rupture of the blade.
 After rupture of one vertical blade, the
corresponding guiding plate arm is attached solely

Figure 12: SEM image of trace of crack propagation
Following such observations, further analysis was
carried out to confirm that such rupture occurred during
the random test at updated levels -6dB and not earlier.
To do so, the behaviour of a ruptured guiding plate was
analysed by FEM. The modal analysis of the broken

guiding plate showed 3 pairs of modes between 1 Hz and
2000 Hz which are illustrated in Fig. 13.
Modes 1 to 4 are hard to detect as the mass involved is
small and these oscillations will not propagate easily to
the mobile stage. However, when the modes 5 & 6 are
exited, the arms will hit the mobile stage at each
oscillation. This excites the mobile stage around 250Hz
and should be seen on the sine sweep if the blades are
broken.

ceramic material for the locking stage pad. During the
vibrations, such a hard material damaged the plasma
anodization coating of the ring.

Figure 15: Locking ring wearing due to vibration loads
5.5 Post-vibration inspection of the locking stages

Figure 13: Broken guiding plate Eigen modes
When comparing the mobile stage, measurements
obtained on the three sine sweeps performed, a peak at
260Hz can be observed on the 3rd sine sweep but not on
the 1st nor on the 2nd ones. This is illustrated on Fig. 14.
This observation confirms that the blades ruptured only
during the random cycles at updated specifications
levels -6dB.

The locking stage was inspected just after vibration,
before unlocking the mechanism. This inspection
revealed neither apparent damage nor wear on the
locking stage blades. Moreover, even with broken
guiding plates, the launch lock system was able to
maintain the mobile stage in place. This is a good
illustration of the launch lock system resilience to
environmental loads.
5.6 Design updates to improve resilience of the
guiding blades
The main improvement to be made on the mechanism is
to strengthen the guiding plates and reduce the stresses
generated in their blades. Solutions toward that goal also
need to match the very constrained development
schedule and mass budget. Thus, the following solutions
are being implemented:
Improvement of the guiding plate design:
The guiding plate material and parameters are modified.
Instead of the initial titanium guiding plate, the updated
CFM design is equipped with guiding plate in Marval
X12 stainless steel. Marval X12 is a stiffer and heavier
material with a much higher yield limit. Due to the
increased material stiffness, the guiding plate
parameters have been updated to obtain a plate with
similar stiffness.

Figure 14: Sine sweep responses of the mobile stage
along the X axis.
5.4 Post-vibration inspection of the ring
The ring sliding grooves were inspected after vibration
to assess the wear due to vibrations. This inspection
revealed very important wear as illustrated by Fig. 15.
Such important abrasion is explained by the use of a

Aside from the improved resilience due to the Marval
X12 high yield limit, this stainless steel has very good
performance under fatigue. Moreover, it benefits from
an excellent behaviour regarding stress corrosion
cracking. The performance of this steel for space
application was investigated in detail for the
development of the Meteosat Third Generation Corner
Cube Mechanism described in [2].

Implementation of anti-buckling pins:
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In order to avoid any buckling of the guiding plate, the
off-plane displacement of the plate can be reduced by
displacement limiters. In this solution, the off-axis
movement of the plate is limited by a pin inserted in a
groove. During normal operations of the mechanism,
there is no contact nor friction between the pin and the
groove. However, under vibration the pin will maintain
the plate within acceptable off-axis deformations
avoiding excessive buckling.

Throughout the activities carried out on the CLUPI
CFM development, many lessons were learned both
regarding the use of off-the-shelf components and
regarding the implementation of a flexible structure
mechanism. These can be summarized in the two
following points:

Figure 16: Anti-bucking pin
Such a solution, illustrated in Fig. 16, is quite easy to
implement. However, its effectiveness can hardly be
analysed by FEM. Therefore, it will be tested in another
vibration test campaign of the CFM development.
Reduction of the specified random vibration loads:
The last way to reduce the stresses seen by the guiding
blades is to reduce the overall random environment
loads at the CFM interface. This can be achieved in two
different ways:
 Review the FEM analyses which were conducted
to define the specification to investigate the
possibility to notch the CFM Eigen modes.
 Implement some modifications on the instrument
structure which would reduce the transmission and
amplification of vibrations from the instrument
interface with the rover to the CFM interface with
the instrument.
Such solutions are being investigated along with the
industrial prime for the CLUPI instrument development.
5.7 Design updates to reduce the wear of the ring
In order to reduce the wear of the ring, both the coating
and the locking stage pad materials are updated. The
locking stage pads will be made of MOS2 impregnated
Vespel (Vespel SP3) and the ring will be coated with an
electroless nickel plating. Such a solution is less
susceptible to wearing and keeps a friction coefficient
compatible with the NEA motorisation margins.

CONCLUSION

 The use off-the-shelf components can potentially
save a lot of time and money. To do so, a reduced
component qualification process needs to be
implemented, targeting only the most critical
issues. However, such components are not likely to
be fully compliant to the space mission
environments. Thus, to mitigate the related risk, a
proper assessment and some early testing allows
for quick identification of the component
limitations. It also gives some time to find and
implement simple solutions. Such a design
improvement process is greatly facilitated when
the manufacturer is eager to collaborate.
 Even with extensive experience, the design of a
new flexible structure mechanism remains a
complex process. However, access to high
performance test equipment such as SEM imaging
or high speed imaging allow for a better
understanding of the encountered issues and
provide essential insight in the design of adapted
solutions.
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