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ABSTRACT
In the frame of the development of the CLUPI instrument
for the ExoMars rover, CSEM developed a frictionless
compliant focus mechanism. Three models were
delivered to Thales Alenia Space Switzerland who is the
instrument industrial prime. The PI activities are assumed
by the Space Exploration Institute.
The main challenges were the low mass requirement, the
development of a new launch lock device and the use of
off-the-shelf components such as the positioning sensor
(LVDT) and the actuator (Voice Coil).
The CLUPI Focus Mechanism (CFM) design was
improved to meet mission’s needs within the constrained
budget and schedule. While solutions were found to
mitigate these issues within the scope of the ExoMars
mission, a lot of lessons were learnt for future
development of a similar mechanism. These lessons are
described as a brief review of alternatives or mitigations
implemented in the mechanism. The final design did not
always incorporate the ideal solutions as schedule and
mission constrains had a strong impact on the team’s
decisions.
1

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
analyse the Martian underground down to two meters in
depth.

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. Detailed information on
the CLUPI instrument is provided in a previous
publication [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 CLUPI Focus Mechanism is developed by CSEM
based on flexible structure technology and the use of OffThe-Shelf components. This approach has been chosen to
meet the tight schedule constrains of the mission without
significant impact on the mechanism reliability.
2

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 maintains the alignment between the two
optics while adapting the distance between them to
change the instrument’s focal length. The main
requirements driving the design of the mechanism are:
• mass under 220 g
• operational stroke from -4.3 mm to +4.3 mm
• 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

Figure 1. CLUPI Focus Mechanism
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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.

2.2

Mechanism motor and sensor

In order to drive the mechanism, compact and contactless
solutions have been implemented. To save costs and
development time, off-the-shelf components were
chosen:
• a Voice-Coil Motor (VCM) from Moticont
• a Linear Variable Differential Transformer (LVDT)
sensor from Singer Instrument & Control Ltd
.

Figure 3. Mechanism guiding structure
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, quasi-isostatic linear guiding is
obtained. This guiding allows linear movement along the
Z axis (optical axis) and blocks 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
The displacement stroke is limited by flexible end-stops
made of a stack of two blades. These end-stop contact
points are at ±4.6 mm and they dampen excessive
displacement of the mobile stage up to ±5.0 mm.

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.
The launch lock consists of a non-explosive actuator
(NEA) associated to a grooved ring and locking stages.
In locked position, the locking stages keep the mobile
stage under pressure exerted by the ring. When the NEA
is released, it pulls on the ring which rotates. The ring has
recesses in the groove which are placed above the locking
stage when the rotation is completed. Theses recesses
allow the locking stage to retract thus freeing the mobile
stage.

Figure 4. Launch locking system
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3

MAIN CHALLENGES ENCOUNTERED
DURING DEVELOPMENT

During the mechanism development a great variety of
challenges were encountered and many issues were
resolved with solutions compatible primarily to costs and
schedule constraints. These challenges can be classed
into three main domains: resilience, performances and
reliability.
3.1

Resilience

The most challenging part of the CLUPI CFM
development was to design a mechanism resilient to the
ExoMars harsh mechanical environment. Such an
environment can be resumed by the following points:
•
•
•

Random vibration up to 27 grms
Sinusoidal vibration up to 25 g (between 30 Hz
and 100 Hz)
Shocks up to 1500 g

The guiding of the mobile stage in enabled by the
deformation of blades of about 65 µm in thickness. Such
thin blades are very fragile and need to be protected by a
strong launch lock. Despite the launch lock, the guiding
design needed to be upgraded many time during the
development as a result of unsuccessful analysis or test
results. These designs iterations were described fully in
[2] and can be summarized in the following steps
1.
2.
3.

4.
5.
6.

7.
8.
3.2

Initial design with titanium blades
Random vibration test led to rupture by fatigue.
Investigation of the rupture is described in [3]
a) Change blade material to stainless steel
Marval X12 which is known to have good
fatigue resilience as stated in [4]
b) Implementation of anti-buckling pins which
limit the off-plane displacements of the guiding
plate, thus limiting the stresses in the blades.
These anti-buckling pins are described in [3]
Second random vibration test led to rupture due
to the guiding plate arm vibration mode
Implementation of transverse blades on the
pivot flexures of the guiding plates
Shock test and analysis showed higher
acceleration levels on the mobile stage, which
may lead to excessive buckling of the
transverses blades.
Consolidation of the transverses blades:
shortened and thickened
Successful random vibration test
Performance

During the development of the mechanism it was
identified quite early that the real performance of the
mechanism would be quite far from the level initially
expected. In the end, the performance of the mechanism
was strongly impacted by two early design trade-offs
described in the following subsections.

3.2.1

Residual friction in the LVDT

The selected LVDT sensor provides a very small
clearance between the body and the core of the sensor.
Thus, despite a very fine adjustment of the relative
position of the core with respect to the body, it is not
possible to completely avoid contact between the two
parts. This contact, albeit minuscule, generates some
friction between the mobile stage and the fixed structure.
While the forces of friction are very small compared to
the standard actuation force and guiding stiffness
(~50mN compared to 1N), they still induce a stick-slip
behaviour which makes the mechanism much harder to
control.
The CFM position is controlled in the CLUPI instrument
by a simple PID loop with optimized parameters. When
operating the CFM EQM using an EGSE with a similar
control loop it can be observed that the mechanism
position tends to oscillate around the targeted position as
illustrated in Fig. 5.

Figure 5. Oscillation of the position due to stick-slip
phenomenon – measurement made on the CFM EQM
for a targeted position z = 0
Such issue was observed but could not be fully resolved
in the frame of the development of CLUPI. The LVDT
sensor selected is the only one available matching the
project needs with respect to mass and size requirements
and the schedule did not allow for the development of a
custom sensor. Similarly, the development of a more
complex control loop would have required more time and
better interfacing with the instrument electronics team.
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In the end, this issue was minimized on the FM by
adjusting the LVDT position with extreme care. This led
to a position resolution of 5 µm and a repeatability of
20 µm.
3.2.2

Eccentricity of the actuator force

The trade-off for the actuation led to the selection of a
single voice coil motor placed on the side of the optics.
Such a solution places the actuation and the reaction
forces axis parallel but not collinear to the guiding
structure axis. This illustrated in Fig. 6.

During the preliminary trade-off, the single off-centred
motor solution was selected due to its optimal mass to
force ratio, especially because the mass remained one of
the most critical requirements throughout the
development. The solution with multiple motors was
discarded because it was too heavy despite its
redundancy and its better performance. The solution with
a single centred motor with a hollow core was discarded
because no existing hardware compatible with the
application was found.
3.3

Reliability

Since CLUPI is a scientific instrument and not mission
critical, it did not have reliability as a critical
requirement: redundancy was often disregarded to the
profit of mass savings. This led to the selection of a nonredundant actuator and sensor. However, reliability
remained an important aspect of the development to
ensure that the mechanism would be able to perform as
desired on Mars.

Figure 6. Lateral shift measurement on the EQM model
before environmental test
Therefore, the motor actuation also generates a
perturbation torque along an off-axis direction. This
torque is counteracted by the guiding structure off-axis
stiffness but still induces a lateral shift (see in Fig. 7) and
a parallelism error (see in Fig. 8) of the mobile stage.

Thus, while the trade-off selected an off-the-shelf LVDT
sensor and voice coil motor, a lot of effort was made to
assess and improve their compatibility with respect to the
mission. Assessment and qualification of off-the-shelf
equipment is described in [3].
The reliability of the launch locking mechanism was also
a very important aspect of the development as its failure
would lead to a severely reduced capability of the
instrument. Thus, the actuator selected for the launch
lock is a space proven non-explosive actuator form
EATON. Additionally, many tests were performed on the
launch lock mechanism to fully analyse its behaviour and
select proper material and coatings. These developments
were made to ensure that the locking mechanism is
reliable as described in [3].
However, despite all these tests, the locking mechanism
remained quite sensitive to the ring initial position and
loading. Its behaviour when locked and during release
greatly depends on the procedure followed to lock it. Two
potentially dangerous behaviours were observed:
•

Figure 7. Lateral shift measurement on the EQM model
before environmental test
•

Loading of the mobile stage by the locking stage
is not balanced: it pushes the mobile stage offaxis and generates some stress in the blades
which would add up to the one generated by the
launch environment
The mechanism failed to unlock: this is also due
to a lack of symmetry in the loading of launch
lock

Both issues are associated to lack of symmetry during the
locking which originates from the important friction
between the ring and the locking stages. In order to
ensure the proper behaviour of the mechanism, a detailed
procedure for locking was set up and tested many times.
Figure 8. Parallelism error measurement on the EQM
model before environmental test
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4

LESSONS LEARNED FOR FUTURE
DEVELOPMENTS

While solutions were found to solve most of the issues
encountered during the development, these solutions had
to fit within the development time frame.
Retrospectively, a lot of improvements could be
implemented in the design of the mechanism if it were to
be repeated. This section presents some of these possible
improvements as concepts to be investigated in a future
development.
4.1

Integrate the crossed-blade pivot in the
guiding plate structure

The final design upgrade of the guiding structure to make
it resilient was to implement crossed blades instead of
single blades to perform the pivot function. This was
done by adding a transverse blade part, welded on top of
the initial guiding plate.

Using a single motor, aligned with the optics but with
hollow core not to obstruct the optical path.
• Use 2 or more identical motors placed in
rotational symmetry around the optical axis
While a more in-depth trade-off is needed to select the
best solution, the use of multiple motors presents
significant advantages:
• motors of the same range as the one qualified for
CLUPI could be used
• multiple voice-coil motors would provide
redundancy
• with 3 or more motors and associated sensors,
the mechanism could be controlled to correct
measured errors
A solution with 3 motors and associated sensors was
drafted and is illustrated in Fig. 10.

In the event of a new design, such transverse blades could
be better integrated into the guiding plate. For example
having a symmetrical design of a guiding plate as
illustrated in Fig. 9 would make the guiding more
resilient and better balanced, thus improving the
mechanism performance.

Figure 10. Implementation of 3 voice-coil motors
(VCM) with associated LVDT sensors
4.3

Figure 9. Integrated cross blade concept
4.2

Co-align the actuation force, the mobile stage
centre of gravity and the guiding axis

The guiding performance of the achieved design of the
CLUPI focus mechanism is strongly impacted by the offcentring of the actuation force. Upgrade the design to
have a centred actuation force can be achieved in two
ways:

Reduce friction during unlocking by using an
open locking ring

In order to reduce the instability of the locking system
due to the locking ring friction and especially to avoid
any possible jamming of the launch lock, the ring could
be replaced by an open spring ring as illustrated by
Fig. 11.
In such a concept, the locking stage release is permitted
by the ring relaxing and not by the recesses in the groove.
The friction force is reduced during unlocking by the ring
relaxing.

Figure 11. New launch lock concept with open spring ring
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Figure 12. Improvements of mechanism bracket design
4.4

Improve the mechanism mechanical interface
with the instrument

From the beginning of the development of the CFM, the
fastening points of the mechanism were defined
considering only optical considerations. From a
structural point of view, such location of the fastening
points is not optimal since the mechanism centre of
gravity is far from the fastening interface. This tends to
amplify the accelerations input at the interface
throughout the mechanism structure.
During the development, it was proposed to add two
fixation points on the front side of the mechanism to
improve the loads on the mechanism. To do so, a design
of a new bracket was proposed. Such a bracket could
even be designed through topological optimisation
methods in order to save mass without impacting its
rigidity. The initial bracket design, the proposed upgrade
and the one computed by topological optimisation are
compared in Fig. 12.
Such a solution was finally not implemented ant the
instrument kept concept of the initial bracket design due
to development constraints on the instrument.
4.5

mechanism with acceptable performances. But most
importantly, it was successfully integrated to the CLUPI
instrument which was delivered to ESA in June 2019.
The instrument is be integrated in the ExoMars rover
which is scheduled for a launch in summer 2020.
Hopefully, the first images of the Martian ground taken
by CLUPI and its focus mechanism will be acquired in
spring 2021.
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Implement model-based control law

In order to improve the resolution and repeatability of the
CFM mechanism design, the stick-slip phenomenon due
to the low clearance between the LVDT body and core
needs to be solved. The first solution would be to use a
contactless sensor with more clearance. However, this
would require to find or develop a new sensor.
An alternative solution, which is sometime implemented
in the control of flexure mechanism, is to implement a
robust control law based on a model of the mechanism.
As a matter of fact, because the mechanism is frictionless,
it is possible to model its behaviour simply and integrate
this model into a control loop.
CONCLUSION
The CFM design was highly constrained due to schedule
and mission constraints. This led to a very low mass
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