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ABSTRACT 

JUICE - JUpiter ICy moons Explorer payload consists of 
10 state-of-the-art instruments plus one experiment that 
uses the spacecraft telecommunication system with 
ground-based instruments. This payload is capable of in 
situ measurements of Jupiter's atmosphere and plasma 
environment and remote observations of the surface and 
interior of its three icy moons; Ganymede, Europa and 
Callisto. 
JANUS is an optical camera to study global, regional and 
local morphology and processes on the moons, and to 
perform mapping of the clouds on Jupiter. 
This paper presents the design, development and 
verification results of the Filter Wheel Module (FWM) 
subsystem, located in the JANUS Optical head Unit 
(OHU) which allows positioning of 13 different filters 
between the telescope and the detector. 
 
1. INTRODUCTION 

The FWM shall maintain the filter positions during on 
ground, launch and in orbit environments. 

 
Figure-1. JANUS Filter Wheel Module 

The FWM mechanism is a Geneva wheel so there is a 
dwell angle for each of the discrete positions of the 
wheel. The main advantages of this concept are: 
- No need of high precision at motor level.  
- Holding achieved by the mechanism itself.  
- Mechanism works as a blocking system maintaining 

the position from the on ground adjustment so 

withstands launch environment without need of 
additional hold down and release mechanism. 

 
Figure-2. Geneva wheel mechanism 

Geneva kinematic behavior is similar to an inverted slider 
mechanism when the pin is in the slot. The reduction ratio 
depends on the cam position. 

 
A: Drive Wheel axis (cam axis). 
D: Driven Wheel axis (cross axis). 
B: Contact between Pin and Slot (Only when inside the green circle, as outside 
the Pin and the Slot are not in contact). 
C: Point when Pin and Slot start their contact.  

Figure-3. Inverted slider mechanism & FWM geometry 

On point C there is 90º angle between AB and BD. 
Therefore, the first contact is made tangentially. 

 
Figure-4. Reduction ratio Geometry 

Considering the force vectors (in orange) in Fig.3. 
Reduction Ratio value is: 
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2. DESIGN REQUIREMENTS 

The major requirements for the FWM can be summarised 
as follows: 

Table-1. FWM Requirements 
Filters Tilt 
accuracy 

50 arcsec for F1PAN filter  
103 arcsec for the other filters 

Filters Tilt Stability 140arcsec 
Filters Optical 
quality 

Degradation of the optical quality due 
to filter subassembly integration and 
performance in the operational 
temperature range:  
3/-(0.1/0.05) ISO 10110;  
transmitted WFE 50 nm RMS. 
 

Structural stiffness First natural mode frequency > 140 
Hz 

Mass Mass < 0.8 kg including harness. 
Volume FW diameter shall be less than 142 

mm ± 0.05 mm 
Maximum height 94mm;  
wheel height 16mm 

Interfaces with 
OHU Optical Wall 

The three FWM interface surfaces 
within 20microns planarity 

Quasi-static 
acceleration 

40 g in any direction 

Random vibration 20.8 gRMS in plane 
36.8 gRMS out of plane 

Sinusoidal 
accelerations 

20g 

Temperature 
Range 

Operational (-30C/10C) 

Exported Loads Exported forces <0.1N  
Exported torque < 0.1 N.m 

 
3. DESIGN DESCRIPTION 

The main parts of the Geneva mechanism are the cam 
which is the driver part and the cross that is the driven 
part located in the wheel.  
The Geneva cam is made of steel and is directly 
assembled onto the 2-phase hybrid stepper motor shaft. 
Wheel subassembly is composed mainly of the wheel 
which allocates the filter subassemblies, the Cross made 
of the Vespel SP-3, and the retainers that pack together 
the subassembly and preload the bearing. 

Solid preload angular contact ball bearing links the wheel 
subassembly to the structure. Back to back configuration 
is chosen as it provides higher bending stiffness.  

The support structure and fixed shaft attach mechanically 
the FWM to the OHU and form the fixed structure 
supporting the motor sensors and harness. The structure 
flexible legs minimize thermal effect on FWM 
positioning.  

Most structural parts are made of AA7075 in order to 
avoid thermo-elastic stresses and distortions. Cam and 
Cross materials are selected to minimize the friction at 
contact in vacuum environment. 

Figure-5. FWM main parts. 

The way to confirm the wheel reaches the commanded 
position in each movement is by using 8 inductive 
proximity sensors, 3+1 main, 3+1 redundant made by 
OPTEK which are located in the structure in combination 
with neodymium N35 magnets positioned in the filter 
wheel and oriented N-S or S-N so they make a ternary 
numeral system (a code system base three; 1, 0, -1).  

In the wheel, each filter subassembly is composed of 
filter and frame made of custom 455 glued together in 
three locations. Glue DP490 is injected through some 
holes in the frame. This process is performed with the aid 
of a dedicated tool that: 
- Provides fixation for the frame in displacements and 

rotations 
- Provides 3 supporting points at vertical direction for 

tip and tilt alignment of the filter with respect to the 
frame 

- Provides lateral fixation of the filter 

 

 
Figure-6. Filter Glued Fixation. 

This filter subassembly is fixed by means of three M2 
screws. The correct tilt of the filter is achieved by 

Gasket 

I/F M2 screws 

Glue locations 

Frame 
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Glue Injection Ducts 
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shimming between filter frame and wheel at these three 
interfaces. 
The frame design maintains the uncoupling of the 
deformation of the frame towards the filter. 
Three backstops are considered in the frame and there is 
also an additional gasket part with three retaining areas 
coincident with the glued locations. None are in contact 
with filter, and they are implemented as a safety measure. 

A 3D optical measurement machine is used in 
combination with this dedicated tool for the verification 
of the alignment of the filter in the frame. 

 
Figure-7. Filter Glued Fixation. 

 
4. QM MODEL VERIFICATION 
 
4.1 QM Model 

The QM model was used for environmental verification 
of the design and filter fixation solutions performance 
comparison.  
QM was flight hardware representative, with the only 
exceptions of: 
- structural parts were not painted 
- three different filter subassemblies were installed: 

filter dummies, 3 filter mechanical fixation 
assemblies, 3 filter glued fixation assemblies.  

- lower quality filters, uncoated. 

 
Figure-8. QM Model 

 
4.2 QM Test campaign results 

During test campaign to keep tilt reference FWM was 
installed at all times in the Reference plate which also 
works as interface for the different test set-ups. 

 

4.2.1 Vibration test 

Vibration test was successfully performed at Sener Tres 
Cantos facilities and consisted on: 

- Quasi-static acceleration of 40 g for the three 
independent axes of excitation  

- Sine vibration 

- Random vibration 

- Low level sine frequency survey at the beginning, 
end and between previous profiles. 

 
Figure-9. Vibration Test X axis set-up and 

accelerometer location 
Notching of random z profile at high frequencies (above 
1000Hz) was needed after prediction with the response 
of low and intermediate levels, as the predicted 
acceleration in the AC01 location was higher than the 
design limit.  

Table-2. Acceleration [gRMS] random z axis 

Random level 
Predicted 

High 
Max. design 

values 
[g] [g] 

Structure 
AC01 

X 40.3 20 
Y 19.9 29 
1Z 72.0 54 

Filter 
AC02 

X 14.1 16 
Y 41.9 24 
Z 121.5 142.1 

Vib. Fixture P1X 40  
Vib. Fixture P2X 40  

FWM main frequency did not move change during 
vibration, no visual damage was observed in the unit and 
functional checks results before and after the test were 
ok.  

Test results and FEM prediction show adequate 
correlation: 

Table-3. Test results and FEM prediction 
Freq [Hz] FEM Test %∆Freq 

X 650 777 -16 
Y 654 783 -16 

Z 
680 (wheel) / 

1220 (structure) 
788 (wheel) / 

1117 (structure) 
-13/ 

9 

FEM includes +20% mass uncertainty and mass effect in 

 

P 

Co-P 

AC01 

AC02 
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dynamic behaviour is a factor of 1.1 in the frequencies so 
difference between FEM and test results is negligible 
considering that the first frequencies are above 700Hz. 

Before and after vibration test Tilt and WFE 
measurements were performed on filters. 

Table-4. Vibration effect on filters requirements 

Posit
. 

Filte
r ID 

Difference After vibration test 
ΔΘx  

[arcsec
] 

ΔΘy  
[arcsec

] 

ΔΘ  
[arcsec

] 

WFE 
PV[nm

] 

WFE 
RMS[nm

] 
P03 03G -30 -2 30 5 2 
P04 05G -34 15 37 7 2 
P07 04G -24 12 27 -6 0 
P08 02M -29 12 31 0 -3 
P10 01M -38 28 47 -18 -7 
P13 04M -39 21 44 -20 -6 

The results show tilt variation average of 36arcsec of the 
filters, within the stability budget, and negligible 
degradation of the filter quality. 

4.2.2 Shock test 

Shock test was performed successfully. The three axes 
where excited at the same time on each shock.  

 
Figure-10. Shock test set-up 
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Figure-11. Shock test output Y axis. 

Before and after shock test functional check was carried 
out successfully and Tilt and WFE measurements were 
performed. 
- The variation of Δθ in different filters is between 47 

and 62 arcsecs and the average value is 54 arcsec. 
- Difference in filters quality was negligible: 10nm PV 

/ 3nm RMS maximum 

 
 Figure-12. FWM WFE Measurements Set- Up 

4.2.3 Life test 

Life test was performed at SENER facilities. 
The nominal cycle corresponds to 78 motor steps CW 
and 78 steps CCW (156 steps) which for life test 
consisted on 13 movements of 6 filters clockwise plus 13 
movements of 6 filters counter-clockwise 
The duration and duty cycle of the test was adjusted to 
keep the motor under safe operating conditions, while 
keeping the required number of cycles to accomplish the 
specified life time: 4242 cycles at -40ºC and 1060 at 
10ºC. 
All filter position sensors, and cam position sensors 
worked during the complete lifetime test and all the 
functional tests were successfully passed. 
Inspection of the FWM after the test showed markings in 
the contact/friction zones, which are normal providing 
the mechanism concept. 

 
Figure-13. Cross after life test 

Few vespel particles are observed under the microscope 
contained by the cam cover in the area of the cross and 
cam of the Geneve wheel.  
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Figure-14. Cam after life test 

Additionally, it was observed that motor joint has 
suffered slight sliding due to the thermal cycling. This 
joint which is performed by means of a positioning 
diameter and 4 screws was modified to increase the 
length of the diameter and the size of screws to avoid this 
effect in the FM model. 

4.2.4 Thermal cycling and Optical measurements 
in Thermal Vacuum 

Set-up developed for optical measurements in TVAC 
consisted on a subassembly inside the chamber to support 
the FWM at optical window level and to isolate the FWW 
via dampers, with interferometry reference mirror 
mounted onto the FWM test base plate. 
Outside, the interferometer in its alignment set-up was 
installed on an optical table with active noise isolation 
system. 
Attempt performed with this set-up show a noise level 
over 2λ making unfeasible the measurements. 

 
 Figure-15. TVAC Optical Measurements Set- Up 

Measurements were finally performed with modified set-
up in which isolation was removed from both FWM and 
interferometer set-ups. This way noise path was shorter 
and was as similar and stiff as possible for both. This, 
together with performing the measurements at night and 
with good weather conditions, made readings possible.  
Despite being feasible, the test was considered to depend 
in too many variables and for the FM model testing a 
totally different set-up was developed as will be shown  
in the following chapter. 

 

4.2.5 Motorization margin 
Motorization margin was obtained by means of two 
different tests: 

First set-up consists of an external brush DC motor and a 
torque-meter coupled to the FWM motor shaft in the 
output side (opposite to the cam). From this measurement 
the resistive torque at ambient conditions was 
determined. 

 

Figure-16. FWM Friction test Set-Up 

Friction at ambient temperature is 11mNm. During this 
test an asymmetrical behaviour was detected. After 
evaluation we concluded that the cause was effect of 
torque-meter harness, so friction set-up had to be 
improved for the FM measurements. 

 

Figure-17. FWM Resistive Torque. 

The second set of measurements was performed with the 
FWM unit tester, a current sensor and an oscilloscope. In 
this set-up FWM threshold current was measured at 
different temperatures and with and without vacuum. 
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Threshold current showed linear behaviour w.r.t. 
temperature and no change of behaviour due to vacuum 
condition. 

At cold temperature -40ºC the minimum current 
increased from 265mA (at ambient temperature) to 
380mA, that is factor of 1.43 and for the min. operational 
temperature -30 ºC, the resistive torque increase factor is 
1.32 (352mA).  

 

Figure-18. FWM Resistive Torque. 
 

4.2.6 Exported Forces/Torques during operation 

Microvibration test was performed at SENER facility. 
Test cases run considered different motion sizes from 
moving one filter up to 6 filters at a time and different 
driving techniques: uStep (1/16) in Current V440pps, 
Half-Step in Current V500pps, uStep (1/16) in Current V 
trapezoidal, uStep (1/16) in Voltage V440pps. 

 

 
Figure-19. FWM Microvibration Set- Up 

The results of the test showed best behaviour under uStep 
(1/16) in Voltage V440pps driving, but still over the 
requirement limits. 

Table-5. Min exported loads vs requirement 
 F [N] Limit T [N.m] Limit 

0…180Hz 0.07 
0.1[N] 

0.17 
0.1[N.m] 0…500Hz 0.35 0.22 

0…1kHz 3.42 0.23 

The major contributor components were Fx_IF which 
corresponds to the Pin Contact Force & Tz_IF which is 
the wheel rotation axis, as expected. 
The major contribution in force was in the high frequency 
range (>500Hz). This is caused by the excitation of the 
mechanism dynamics by the motor, bearings, and friction 
in the Geneva drive. 
Analysis at instrument level concluded that exported 
loads did not disturb telescopes performance as 
movement of the FWM does not occur during acquisition 
periods. 
 
5. FM MODEL TEST CAMPAIGN 

FM model was submitted to acceptance campaign 
described in Fig. 21. 

Filters 
integration

TV cycling 
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Figure-20. FWM FM test campaign 

Most outstanding differences compared to the results 
obtained in the QM campaign are described in the 
following subchapters: 

5.1.1 Friction test 
Friction test set-up was improved with a stiffer structure 
and a rotative torquemeter/encoder. Allowing higher 
accuracy and avoiding possible distortions due to moving 
harness of previous set-up. 
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Figure-21. FWM Friction test Set-Up 

Manufacturing tolerances of cross and cam were adjusted 
and the surface finish quality increased. This allowed to 
reduce the FWM friction down to 9mNm improving the 
motorization margin. 

 
Figure-22. FWM Friction. Seven filters movement. 

5.1.2 Effect of FWM disassembly from Reference 
Plate 

FWM reference plate lapping was improved to achieve 
much better optical quality, reaching less than 2microns 
in the interface area and less than a micron in the zone 
taken as reference for tilt measurements improving tilt 
measurement accuracy. 

 
Figure-23. Optical Reference Plate 

Effect of reassembly is an average difference of the 
reported values of around 5arcsec in the X axis and of 
around 10arcsec in the Y axis. The effect of the 
operations of re-installation is considered acceptable. 

5.1.3 Vibration Test 

The FWM withstood the test and was visually inspected 
after vibration of each axis showing no visual damage on 
any of these cases.  

 
Figure-24. Vibration configuration X axis. 

The FWM main frequency did not move between 
vibration profiles.  
The following table shows the comparison between the 
test results obtained for the QM model and the FM. 

Table-6. Test results and FEM prediction 

Freq [Hz] Pre-QM model PFM %∆Freq 
x 777 725 -7,2 
y 783 745 -5,1 
z 1117 1100 -1,5 

The differences obtained in the main frequencies were 
considered normal providing that the FM differed from 
the QM model mainly in the following structural aspects: 
-Increase of the metric and flange of the motor interface 
-Additional support added harness fixation improvement 
-Monolithic backshells 
-Change of filter fixation I/F screws. 
 
Concerning vibration effect on filters tilt it was observed 
that filters closer to the fixed structure have suffered a 
higher effect in the alignment, especially in the filter’s y 
axis. The average difference was 14arsec which is lower 
than in the QM so the increase in the I/F screws preload 
has improved the behavior.  
 
5.1.4 Thermal cycling and Optical measurements 

in Thermal Vacuum 

New set-up allowed successful measurements of tilt and 
WFE in thermal vacuum during thermal cycling. 
New set-up consisted in a mini thermal vacuum chamber 
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installed in the same optical table as the interferometer 
jig. 

 
Figure-25. FWM Optical measurements test Set-Up 

Tilt variation observed between hot and cold 
temperatures is quite similar in all filters and consists 
mainly in rotation around filters X axis (average 
200arcsec). Filters angle variation comes from the TEC 
difference between wheel and filter assembly, which 
result in the wheel deformation out of plane and it is 
repetitive filters position being recovered when ambient 
temperature is reached. 
Filters quality remained within the stability limit 
required. 

Table-7. Thermal effect on filters quality 

Posit. 

@ Tamb @ Tmax @ Tmin Δ 
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F1 35 3 39 3 57 7 22 
F2 42 8 35 7 70 11 35 
F3 44 6 41 6 61 9 16 
F4 34 4 34 4 10 6 24 
F5 89 24 85 21 114 29 29 
F6 23 3 28 5 58 11 35 
F7 388 103 395 102 372 97 23 
F8 444 118 443 117 422 112 22 
F9 177 46 179 44 161 41 18 

F10 192 50 202 50 233 50 41 
F11 68 15 60 15 100 33 40 
F12 135 33 126 32 120 31 15 
F13 80 18 71 17 81 20 10 

5.1.5 Thermal cycling and motorization margin 

Threshold current values measured during thermal 
cycling showed linear behaviour with the temperature 
with a lower slope than in the QM model. This is 
attributed to the improvement of the manufacturing 
tolerances and surface finish of the cam and cross. 

 
Figure-26. FWM Thermal vacuum cycling and Optical 

measurements test Set-Up 

6. CONCLUSIONS 

Design modifications implemented from QM to FM have 
improved the mechanism behaviour in the following 
aspects: 

- motorization margin 
- structural behaviour 
- tilt stability 

Microsliding effect on filter fixation interface caused by 
vibration and shock loads was minimized increasing 
screw preload, surface finish, preload characterization. 

Geneva wheel mechanism shows important advantages 
compared to other ones such us the lack of necessity for 
a hold down mechanism, but it is not the most suitable 
one microvariation wise as noise is inherent to its 
kinematics. As instrument optics measurements are not 
performed during FWM movement, the selection of the 
Geneva mechanism for this application is correct. 

Friction and Optical measurements in thermal vacuum 
set ups were also modified and allowed more accurate 
and comfortable testing. To perform high accuracy 
optical measurements in thermal vacuum, measuring 
devices and TVAC including internal set-up must be 
mounted to the same noise attenuation table. 


