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1. ABSTRACT
The SPICE Door Mechanism (SDM) is foreseen to be
flown on Solar Orbiter, to close the SPICE instrument
aperture and shield it from the solar flux and from
contamination. The environment it is exposed to is
particularly extreme, as the Solar Orbiter mission will
reach a distance of 0.28 AU (41’887’403.8 km) to the
Sun, and the SPICE instrument will be looking directly
at it. Because of its position at the far end of a
cantilevered structure, the SDM is also exposed to
amplified launch loads and must remain very light and
compact. The cleanliness constraints are also very tight,
as the mechanism is positioned directly at the aperture
of the SPICE spectrometer.
To tackle these issues, two novelties were introduced on
the SPICE Door Mechanism:
- A specifically engineered reflective coating to
protect the Aluminium door from the heat generated
by the solar flux
- The use of miniature profile rail type linear
bearings to support the door during launch and
allow its motion during the mission
This paper details the design and verification approach
applied for these two innovations and for the
mechanism as a whole, as well as the results and
findings from the testing carried out on the Bread
Board, Qualification and Flight models.
2. MISSION
The Solar Orbiter (SO) SPICE Optics Unit (SOU)
consists of telescope and spectrograph sections that are
optically coupled via an entrance slit with a selectable
rectangular field-of-view.
The SDM resides at the entrance of the instrument. It
contains a movable shutter paddle to provide
contamination control during ground and launch
activities. When the shutter is closed, it forms a
labyrinth seal to form a purge-able instrument cavity for
contamination protection during AIT and launch.
The mounting plate of the SDM contains the precision
rectangular entrance aperture for the instrument. As the
front surface for the instrument, the edges around the
aperture will view high intensity solar flux (13 times the
solar flux at Earth).
The SDM provides multiple OPEN/CLOSE cycles
during ground testing and in-orbit operation.

SPICE Door Mechanism (SDM)

Figure 1. Layout of the SPICE Optical Unit.
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Figure 2. Location of the SPICE Door Mechanism on
the SPICE instrument structure.
3. SELECTION OF SDM DESIGN LAYOUT
3.1 Key Requirements and Design Constraints
A number of characteristics for the SDM design were
selected from the start of the project due to the
surrounding constraints on the design:
- The base plate of the mechanism must double as an
aperture for the Instrument, providing a precise
rectangular knife-edge contour, and this contour
must be able to withstand the incoming solar flux
when the door is in the OPEN position.
- The door must be able to withstand the incoming
solar flux when it is in the CLOSED position.
- The rectangular nature of the instrument aperture
leads to a door that is also rectangular in shape.
- Due to the very tight volume allocation, the “sliding
door” architecture was deemed the only viable
option. This in turn implied the presence of some
form of linear guidance system.
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To protect the SPICE instrument from
contamination on-ground and in-orbit, a labyrinth
seal is implemented between the door and the SDM
base plate. This limits the allowable elastic
displacement of the door during launch to less than
0.4mm.
The very high thermal gradients present in the
mechanism, especially when the door is exposed to
the solar flux and therefore heats up and expands,
can cause very high loads in the mechanism and
cause it to jam. Furthermore, there is no space
above the door to accommodate a support structure.
Therefore, the door can only be supported on one
side.
The sliding door must be made of a light material in
order for the mechanism to withstand the very high
launch loads. This is especially critical as the door
can only be supported on one side.
Due to the very aggressive environment and the
molecular cleanliness requirements, only dry
lubrication can be used on all components in motion
(including inner components of the actuator such as
the bearings and gears).
The mass allocation for the SDM is less than 510g.

3.2 Resulting Final SDM Design Layout
The overall architecture of the SDM is shown in the
figure below.
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Figure 3. SPICE Door Mechanism layout.

Figure 4. SPICE Door Mechanism in CLOSED position
(left) and OPEN position (right).
The door opens along the Y direction. It is supported by
two linear bearings, each consisting of a prismatic rail
and two carriages. These linear bearings are in turn
supported by the Base Plate.

4. LINEAR GUIDES
4.1 Choice of technology and layout
At first, the linear bearings considered for the SDM
were of the cylindrical type, as are most commonly used
in space mechanisms and as can be seen in the figure
below.

Figure 5. Cylindrical linear bearing with recirculating
balls (from MPS linear bearings catalog).
However, cylindrical linear bearings have limited load
capacity. This proved to be problematic as the very high
random loads, coupled with the cantilevered
configuration of the door and the very small space
available, led to very high loads on the bearings. It
proved impossible to find a cylindrical linear bearing
sufficiently compact to be accommodated within the
allocated volume for the SDM.
For high load applications, prismatic profile rail type
linear bearings are used in industry, but such technology
had rarely been used on space mechanisms until today.
This is due to the fact that rail type linear bearings can
only accept a very low preload to allow for ball
recirculation, which implies that at least partial gapping
in the bearings will occur. If this gapping is excessive,
there is a risk of lubricant or surface damage due to
hammering, which could shorten the lifetime and/or
cause the mechanism to jam. The evaluation of this risk
was therefore critical for this project.
Another undesirable effect of the partial gapping in the
linear bearings is that although their translational
stiffness remains fairly stable when an effort is applied,
their torsional stiffness about the axis of the rail is
greatly reduced. This effect can have a sizeable impact
on the dynamic behaviour of the door if not properly
taken into account in the design.
Several configurations were considered for the rail type
linear bearings:
- A single rail with a wide section, with two rows of
balls (one per side). This configuration proved to be
problematic as the loss of torsional stiffness in the
bearing caused a large out-of-plane displacement of
the door, leading to a risk of impact in the labyrinth
seal between the door and the base plate.
- A single rail with a wide section, with four rows of
balls (two per side). This configuration provided
better torsional stiffness, leading to a more stable
dynamic behaviour of the door. However, these
linear bearings take a lot of space in height, and it
proved impossible to fit both the linear bearings and
the ball screw in the allocated volume.

-

Two smaller rails placed side by side on one side of
the door, with two rows of balls each. This
configuration proved to be the best one for the
SDM, as it is more compact in height allowing for
sufficient space for the ball screw. Although there
remains an uncertainty on the torsional stiffness of
each bearing when submitted to the launch loads,
the dynamic behaviour of the door itself remains
stable. The distance between the two rails acts as a
lever
and
each
rail
is
solicited
in
traction/compression rather than in torsion.
Therefore, as the translational stiffness of the
bearings remains consistent and predictable, so does
the dynamic behaviour of the door.
The configuration that was retained for the SDM is
therefore the two smaller rails placed side by side on
one side of the door, with two rows of balls each. Each
rail is 5mm wide, and the balls are 1.2mm in diameter.

-

-

verify the structural behaviour of the SDM in
general and the predicted dynamic behaviour of the
linear bearings in particular (qualification level)
Strip down and inspection of the BBM to detect any
damage to the balls and races in the linear bearings
Implementation of the dry lubrication (MoS2) by
ESTL
Assembly and run-in of the dry lubricated units
with monitoring of the resistance to motion by
APCO Technologies
Full qualification test campaign, including
functional, vibration and thermal vacuum + lifetime
testing on the dry lubricated Qualification Model
(QM), identical to the Flight Model (FM).

4.3 Functional testing and results
The BBM functional test set-up is shown in the figure
below.

Figure 6. Selected linear bearing configuration.
4.2 Verification Approach
As the linear bearing configuration of the SDM is
uncommon, no existing calculation or empirical
verification was available, and no existing model with
qualification or flight heritage was found. Therefore,
standard industrial units were used as a starting point.
Those were made “space compatible” through specific
justification and testing, as well as the implementation
of the dry lubrication (MoS2). The following approach
was followed:
- Determination of the precise dimensions and
materials of each linear bearing component through
manufacturer information, dimensional control and
metallurgical analysis on some sacrificial samples.
- Development of a structural simulation of the linear
bearing and integration of said model in the
mechanism level FEM model
- Full theoretical justification by calculation of the
linear bearings components inner loads and stresses
when submitted to the launch loads (extracted from
the mechanism level FEM analysis)
- Theoretical evaluation of the contact stresses to
guarantee the structural integrity of the surfaces in
contact and of the dry lubrication film.
- Functional testing of the fluid lubricated
mechanism Bread Board Model (BBM) to verify
the torque margin of the SDM in general, and the
friction losses in the linear bearings in particular
- Vibration testing of the fluid lubricated BBM to

Figure 7. BBM Functional Test set-up.

Figure 8. BBM close-up during Functional Test
(CLOSED position).

The test was performed with the full set-up as described
above, and was performed again with the ball screw nut
support disconnected from the door. The difference
between the results of those two measurements gives the
isolated contribution of the linear bearings. The results
are shown below:
Direction

Open

Close

Figure 9. BBM close-up during Functional Test
(OPEN position).
The test was conducted using the stepper motor as a
torque measurement device, gradually lowering the
current fed to the motor by the drive until the motor
started losing steps. From the acceptance test data of the
motor, it was then possible to determine the minimum
torque applied by the motor to obtain a repeatable
motion, corresponding to the total resistive torque
applied to the motor by the mechanism. As the ball
screw and bearings had been tested and characterized
individually at component level during their acceptance,
the contribution of the linear bearings alone was
determined by subtracting all other contributors from
the total measured resistive torque.
This test was sufficient to determine that the resistive
torque induced by the linear bearings remained below
the predicted worse case value of 2.344 Nmm at
actuator output shaft, but was not precise enough to
obtain more information due to the high detent torque of
the motor, which is dominating the torque budget of the
mechanism.
Therefore, a second test set-up was developed, using
another motor and placing a torque meter between that
motor and the rest of the mechanism, as can be seen
below. This set-up allows for a resistive torque
measurement that is isolated from the internal losses of
the motor, and depends only on the losses in the
mechanism.

Min
Mean
Max
Min
Mean
Max

Complete set-up
Cycles
Average
1
2
-3.00
-2.68
-2.84
-1.42
-1.22
-1.32
-0.16
-0.08
0.32
0.52
0.56
0.54
1.94
1.94
1.94
3.56
3.40
3.48

Nut support disconnected
Cycles
Average
1
2
-0.80
-0.80
-0.80
0.34
0.33
0.335
1.40
1.48
1.44
0.44
0.28
0.36
1.72
1.58
1.65
3.04
2.88
2.96

Table 1. Resistive torque results for BBM with complete
set-up (left) and with nut support disconnected from
door (right). Units in [Nmm].
The measured resistive torque at the actuator shaft
induced by the linear bearings alone is therefore:
- 1.655 Nmm for Open (between average values)
- 1.76 Nmm For Open (greatest difference between
the four runs)
- 0.29 Nmm for Close (between average values)
- 0.36 Nmm For Close (greatest difference between
the four runs)
The difference between the Open and Close values was
determined to be due to the zero offset of the torquemeter, which is of the same order of magnitude as the
measured values. This is not considered critical as the
peak measured values are over-estimated by the zero
offset and remain well below the predicted worse case
value of 2.344 Nmm. Correcting the obtained values
taking the zero offset into account, the resistive torque
contribution of the linear bearings alone is 0.97 Nmm.
These tests were performed again on the dry lubricated
QM and FM linear bearing units under N2 flushing, as
part of the run-in procedure. The results with the
complete set-up are shown below for the FM, with the
success criteria indicated as a blue line corresponding to
the threshold below which the resistance to motion of
the linear bearings is below the predicted values.

Test motor
Torque meter
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Flexible coupling
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motor)
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Figure 10. Test set-up for BBM resistive torque
measurement.
Figure Erreur ! Il n'y a pas de texte répondant à ce style dans ce document.-1 : SDM test set-up detail

Figure 11. Measured resistive torque during FM linear
bearing run-in for Opening (top) and closing (bottom).

The average values remain well below the success
criteria, with an improved performance of the dry
lubricated bearings compared to the predictions.
4.4 Vibration testing and results
The fluid lubricated BBM went through random
vibration testing at full qualification level. The test setup can be seen in the figure below:

The curves are shown for the accelerometer placed on
the door, which is the most relevant for evaluating the
linear bearing behaviour.
One can see that the behaviour of the SDM is consistent
with the expectations along the X and Z axes, which
validates the linear bearing simulation integrated in the
FEM. The results are slightly different in the Y
direction. This matter was investigated and an anomaly
was found in the bearing maintaining the door axially.
The structural behaviour of the linear bearings is
therefore not put into question.
The structural testing was performed again on the dry
lubricated QM and FM. The results are shown below,
with the QM curves in light blue, the FM curves in dark
blue and the predictions in green.

Figure 12. BBM vibration test set-up.
The tests were started at -12dB for each axis, and the
levels were gradually increased to -6dB, then -3dB, then
0dB (qualification level). Functional testing took place
between each level increase and each change of axis. No
anomaly was observed.
The results of the BBM vibration tests are shown in the
figures below.

Figure 14. Random vibration results for the SDM QM
(light blue) and FM (dark blue) VS predictions (green),
for the X (top), Y (middle) and Z (bottom) axes.
Although the curves are not directly comparable to the
BBM due to small changes in the input spectrum, one
can see that the behaviour of the different models
remains consistent and in line with predictions. The
anomaly noticed on the Y axis during the BBM tests has
disappeared for the QM and FM, confirming that the
problem with the bearing has been solved.
4.5 Conclusion
Figure 13. Random vibration results for the SDM BBM
door accelerometer (light blue) VS predictions (dark
blue), for the X (top), Y (middle) and Z (bottom) axes.

The linear bearings behaviour was in line with the
expectations, and it was established that partial gapping
of the linear bearings can be accepted without risk of

degradation to the item performance. The dry lubricated
sets of linear bearings were submitted to a run-in and a
functional test under N2, which were successful.
The functional and structural testing was performed for
the dry lubricated QM and FM and the results were
similar to those of the BBM and fully in line with
expectations regarding the linear bearings behaviour.
5. REFLECTIVE COATING
5.1 Objectives
The aim of the reflective coating is to combine high
emissivity and low reflectivity in order to minimize
door temperature and heat transferred to the rest of the
instrument. Due to the very tight cleanliness
requirements, molecular contamination must be
minimized, so the use of outgassing materials (glues,
paints, etc…) must be avoided.
The problem was made even more difficult by the need
to avoid reflecting any incoming solar flux towards the
inside of the spacecraft heat shield. Therefore, the door
surface must be able to “aim” the reflected light at the
small opening by which the solar flux comes in.
In order to fulfil that requirement, the door and base
plate surfaces exposed to light must be of a concave
spherical shape, focussing the reflected light on the heat
shield aperture.

~65mm

Figure 15. Reflective coating areas on the door.

Figure 16. Reflective coating areas on the base plate.

the reflectivity of Gold was not sufficient for the
application, as the predicted door temperature was still
rising above 260°C.
A second iteration of the calculation was performed
using the properties of a PVD deposited silver layer,
protected by a thin film of SiO2 to avoid oxidizing onground. The performance was improved but was still
insufficient, with a door temperature close to 170°C.
It became clear that due to the very intense solar flux
impacting the two exposed parts, reflective properties
only would not have sufficed to allow for adequate
thermal management. Therefore, a solution was needed
that would both reflect the incoming solar flux and reemit part of the absorbed heat. In the manner of an
Optical Solar Reflector (OSR) similar to those used for
spacecraft thermal management. Due to the concave
surfaces of the parts and the molecular cleanliness
requirements, it was not possible to simply glue or
fasten an OSR in front of the exposed surfaces.
The solution developed by APCO T. consists of
overlapping layers of silver, SiO2 and Al2O3 deposited
by PVD, aiming at recreating a secondary surface
mirror on top of the exposed surfaces of the door and
base plate. The semi-transparent layers of SiO2 and
Al2O3 let most of the incoming light through, which is
then reflected by the silver layer and focussed towards
the heat shield aperture. As the surface heats up, the
semi-transparent layers start to evacuate heat towards
the outside of the instrument thanks to the high
emissivity of these materials. The coating therefore
reflects and radiates heat.

Figure 17. Secondary Surface Mirror principle.
(extract from [1])
The SiO2 and Al2O3 layers act as a protection of the
silver reflective layer from the on-ground environment,
preventing the degradation of the optical properties due
to chemical reactions with the Earth’s atmosphere (e.g.
oxidation). They also allow for the reflective surface to
be mechanically more robust and therefore cleanable
during MAIT activities, which helps guarantee that the
BOL properties of the coating will be preserved until
launch.

5.2 Choice of principle
The first solution selected was a thin layer of
unprotected Gold deposited by PVD on the exposed
surfaces. However, the first thermal studies showed that

5.3 Predicted Optical Performance
The reflectivity of the reflective surface is relatively
independent of the thickness of the semi-transparent

layer, according to [2]. However, the emissivity of the
coating will vary quite sizeably, as can be seen from the
following curves extracted from [2]. Those values are
given for a different substrate and protective layer to the
coating used on the SDM. However, the qualitative
behaviour of the solar absorptivity relative to the semitransparent layer thickness remains valid. It can be seen
that the absorptivity for an Aluminium mirror protected
by SiO2 stabilises at a value of 0.11 compared to a
theoretical BOL value of 0.10 for unprotected silver.
This would indicate an absorptivity increase of 0.01 due
to the SiO2 layer.
Unprotected silver has a solar absorptivity ranging from
0.06 to 0.09 at BOL. Therefore, one can conservatively
predict the absorptivity of the silver protected by a SiO2
layer to be below 0.09 + 0.01 = 0.10.
As silver and aluminium have similar emissivity
properties (0.02), the emissivity values given in the
curves below can be used as is.

therefore evaluated as follows:
- Absorptivity: 0.1 BOL, 0.11 EOL
- Emissivity: 0.55 BOL, 0.55 EOL
A thermal model was developed in collaboration with
the Rutherford Appleton Laboratory (RAL). It shows
that the coating described above has adequate
performances for the SPICE SDM application, keeping
the door temperature below 140°C in the worst case.
5.4 Thermo-Mechanical Behaviour
As the door heats and cools, the difference of CTE
between the SiO2 and the Aluminium door may cause
the protective layer to crack, leading to a degradation of
the optical and mechanical properties of the door and
possible particulate contamination. The figure below
details the behaviour of the assembly.

Figure 20. Thermo-mechanical behaviour of a thin
layer deposited on a substrate. (extract from [3])
Figure 18. Measured solar absorptivity of Al coated
with SiO2 as a function of SiO2 thickness.
(extract from [2])

The parameters of the coating process were optimized in
order to minimize this effect and guarantee the thermomechanical integrity. This was validated by test, first
through thermal cycling of preliminary samples under
N2, and then through the coating qualification tests
under vacuum as described below.
5.5 Coating qualification tests

Figure 19. ϵ, ϵN, and ϵ/ϵN of Al coated with SiO2 as a
function of SiO2 thickness. (extract from [2])
One can see from the emissivity curves above that the
emissivity reaches a maximum of 0.55.
The overall optical performance of the coating was

The coating was qualified over 100 thermal cycles for a
temperature range of -60°C to +157°C, in order to
demonstrate its thermo-mechanical and thermo-optical
stability. The samples were distributed as follows:
- 5 samples (50x50mm) with an Aluminium 7075
T7351 substrate, representative of the door material
- 5 samples (60x60mm) with a Titanium TA6V DIN
3.7164 substrate, representative of the base plate
material.
The optical properties of the first sample (SN01) for
each substrate material were measured. The results are
shown in the table below.
Al 7075 SN01
Ti 3.7164 SN01

αS
0.08
0.11

εH
0.63
0.63

Table 2. Optical properties of the 1st batch of samples
for the Al and Ti substrates before thermal cycling.

After thermal cycling, the emissivity and absorptivity
values for all samples were measured. The results are
shown in the table below.
Al 7075 SN01
Al 7075 SN02
Al 7075 SN03
Al 7075 SN04
Al 7075 SN05

αS
0.08
0.13
0.13
0.12
0.11

εH
0.63
0.54
0.54
0.54
0.62

Ti 3.7164 SN01
Ti 3.7164 SN02
Ti 3.7164 SN03
Ti 3.7164 SN04
Ti 3.7164 SN05

0.11
0.14
0.14
0.15
0.14

0.63
0.62
0.62
0.62
0.62

Table 3. Optical properties of the 1st batch of samples
for the Al and Ti substrates after thermal cycling.

performance of the coating will be in line with
expectations or better. No degradation of the coating
performance was observed after 100 thermal cycles
between -60 and +157°C on either the Aluminium or
Titanium samples.
6. QM/FM TESTS
At the time of the 2015 ESMATS, the SDM will have
gone through a complete qualification campaign on the
fully dry lubricated Qualification Model, including
structural testing, thermal vacuum testing and lifetime
testing in flight-like conditions. The FM acceptance
tests will have been performed as well. Results and
lessons learned will be provided during the presentation.
7. CONCLUSION

It was determined that the samples SN02 to SN05 for
each material were coated separately from the SN01
units. During the second batch of coating, a temperature
overshoot in the chamber occurred, leading to the
degraded values in the table above. Furthermore, the
values for the SN01 samples remain unchanged before
and after thermal cycling. Therefore, it was determined
that the anomaly in the coating process was the culprit
of the degraded values, and that the aging of the coating
by thermal cycling did not have a noticeable effect on
performance.
A new batch of samples was coated to confirm the
stability of the process after temperature monitoring
improvements. In order to determine the influence of
the substrate on the final performance of the coating,
Silica samples were coated as well, in addition to the
Aluminium and Titanium samples. The results are
shown in the table below, and confirm the stability and
reproducibility of the process.

Both the linear bearings and the reflective coating have
shown stable, reproducible, adequate performance in
line with expectations. Therefore, these two novel
technologies applied to the Solar Orbiter SPICE SDM
are deemed fit for use in other space mechanisms and
structures faced with similar issues of high random
loads and thermal management.

αS
0.04
0.04
0.04
0.04
0.04

εH
0.62
0.63
0.63
0.64
0.63

Figure 21. Spice Door Mechanism Flight Model.

Silica SN01
Silica SN02
Silica SN03
Silica SN04
Silica SN05
Al 7075 SN45
Al 7075 SN46
Al 7075 SN41
Al 7075 SN44

0.05
0.04
0.06
0.07

0.49
0.50
0.49
0.50

Ti 3.7164 SN06
Ti 3.7164 SN07
Ti 3.7164 SN08
Ti 3.7164 SN09

0.06
0.06
0.06
0.06

0.50
0.50
0.50
0.51

Table 4. Optical properties of the 2st batch of samples
for the Silica, Al and Ti substrates.
The emissivity measurements are slightly below the
requirement of 0.55 but the ratio α/ε is below 0.18 for
all the measurements. Therefore, the measurements are
considered satisfactory and the thermo-optical
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