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ABSTRACT
The ESA Solar Orbiter (SOLO) is an interdisciplinary
mission to the Sun. It consists of a single spacecraft,
which will orbit the Sun in a moderately elliptical orbit,
using a suite of advanced Remote-Sensing and In-Situ
instruments to perform a detailed observation of the Sun
and surrounding space. SENER is contractor for the
delivery of the METIS Sealing Cap (MCAP) subsystem
aimed to seal the METIS instrument.
The paper describes the solution reached for the MCAP
to comply with the requirements and the qualification
testing performed to the equipment, outlining the major
novelties of the solution.
Door mechanism

Additionally, the design has been conditioned by the fact
that the MCAP is installed at the top of a cantilever
instrument at the hottest spot of the spacecraft and has to
be mechanically attached to a separate piece of
equipment, the METIS DM, leading to extremely high
mechanical and thermal requirements.
2. GENERAL REQUIREMENTS
Operational requirements

MCAP

METIS FT

The need of sealing the instrument arose once the SOLO
FDMs subsystem was already defined, conditioning the
MCAP to be designed as a purely mechanical device
without electrical interface that needs to be
accommodated to existing interfaces and has to be
triggered with the residual torque of the already qualified
METIS DM actuator.

METIS instrument

Figure 1. MCAP assembled in the METIS instrument
and attached to the DM
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1. INTRODUCTION
This subsystem consists of a sealing cap installed at the
sun entrance side of the METIS Coronagraph instrument
located in the heat shield of the spacecraft (S/C), with
direct view of the sun. The main purpose of the cap is to
protect the instrument from external particulate
contamination as well as UV illumination, during
storage, S/C testing, launch and early orbit phases in
order to reduce the likelihood that deposited volatiles
become permanent molecular contamination depositions
through polymerization. The MCAP is designed to eject
the cap in-orbit in a predictable manner once external
cleanliness requirements are met.

The MCAP shall prevent the passage of particles bigger
than 10 microns to the instrument during storage, launch
and early orbit phases.
Once in orbit, the cap shall be ejected to space with a
velocity between 0.1 m/s and 1.6 m/s with a trajectory
contained within a cone of 5 degrees (2.5 degrees half
angle) in a known direction.
The ejection shall be triggered by the actuation of the
METIS DM by means of a release mechanism that
connects the door of the DM with MCAP. This release
mechanism shall be designed to provide the maximum
mechanical advantage in order to compensate the low
torque available from the motor and, at the same time,
absorb big thermal and mechanical misalignments
without affecting its performance. The low available
torque is one of the main constraints in the design of the
MCAP.
Release mechanism

Cap
Figure 2. MCAP in closed position
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After the ejection of the cap, the release mechanism that
connects the DM with the MCAP has to be compatible
with the required DM lifetime.
In order to reduce the heat transferred to METIS, the
components that remain attached to the S/C after the cap
ejection have to be covered with PVD Astro Black®
coating.
Latch
Sealing bracket

The latch is connected to the METIS DM by means of a
four bar linkage (release mechanism) that transmits the
torque from the actuator with mechanical advantage:
When the door rotates, the release mechanism rotates the
latch to trigger the cap ejection. After the ejection, the
four bar linkage remains attached to both pieces of
equipment and hence, it shall be designed to perform as
many cycles as the DM.
The design and the material selection of the sealing
system, the latching system and the different contact /
fretting points has been one of the most challenging tasks
of the design of the MCAP as well as the design,
machining and assembly of such small, high precision
pieces.

Figure 3. MCAP in open position after cap ejection

The different components of the MCAP are described
below.

Cleanliness requirements

Sealing bracket

One of the main requirements of the MCAP is to prevent
contamination to the instrument with very high
cleanliness requirements (same levels that those applied
to the instrument).

The sealing bracket consists on a titanium machined
piece that is directly bolted to the upper flange METIS
instrument (IEO). This piece serves as interface for other
elements as well as counter face against which the seal of
the cap is compressed in order to guarantee the sealing of
the instrument. The top border of this wall presents a
dedicated shape machined with close tolerances and a
tight surface finish in order to guarantee a good contact
with the seal.

Environmental requirements
Due to the location of the MCAP in the S/C, it shall
withstand very high mechanical and thermal
environments:
- Random level: 70 grms.
- Quasistatic level: 80 g.
- Sine level: 24 g up to 100 Hz.
- Qualification temperature limits before cap
ejection: -118 °C to +132 °C.
- Qualification temperature limits after cap ejection:
-50 °C to +497 °C.
3. DESIGN DESCRIPTION
The MCAP is divided in two separate parts; the ejectable
parts, formed by the cap subassembly in charge of sealing
the instrument; and the remaining parts, formed by the
release mechanism, the sealing bracket, the latching
system and the ejection system, that remain attached to
the spacecraft after the cap ejection. Fig.2 and Fig.3 show
the MCAP in the two configurations, with and without
cap.
The cap subassembly has a flexible seal underneath that
is compressed against the sealing bracket to seal the
instrument. The position of the cap is constrained by the
ejection springs and the latch. The springs are designed
to eject the cap within the admissible velocity range,
prevent gapping in the contact points and reduce the
reaction at the latch.

The use of this piece as interface for the other elements
was necessary because the mechanical interfaces of the
instrument had to be closed before the MCAP was
designed and hence, the sealing bracket serves as an
intermediate interface to accommodate the rest of the
components.
In order to reduce the heat flux to the instrument, the
sealing bracket is covered with PVD Astro Black®
coating and the contact surface between the bracket and
the instrument is minimized.
Cap subassembly and sealing system
The cap is the element that provides the sealing to the
instrument. The main body of the cap is made of titanium
and is designed to minimize its mass. The sealing system
is formed by a combination of metallic and polymeric
sheets bolted to the cap in a sandwich configuration. The
seal is designed to be flexible in order to control the
sealing preload and the materials have been selected after
a thorough breadboard test campaign with the purpose of
increasing the sealing performance with the minimum
preload being compatible with the cleanliness
requirements. Fig.4 shows the cap subassembly.

ejection and end positions and the transmission angle and
mechanical advantage throughout the stroke.

Figure 4. Cap subassembly, ejectable components
In order to withstand vibration environment, the cap is
supported by the ejection springs in one side and by the
latch on the other side.

The bars of the linkage are made of titanium and are
connected by means of Cardan joints in order to absorb
big thermal and mounting misalignments without
inducing hyper-static forces or affecting its performance.
The design, machining and assembly of such small pieces
was one of the challenges of this project.

Ejection system
The ejection system used in this design is based on the
method designed by SENER and used in the Meteosat
Second Generation Mechanisms and Pyros Subsystem
project. It is formed by two “C” shaped titanium springs
designed specifically for this application and a rotation
support with respect to which the cap rotates when the
springs release their preload.
The ejection system is designed to eject the cap with a
controlled velocity of 1.4 m/s (although it can be
adjusted) and an angle lower than 20 degrees with respect
to the out of plane axis.
The ejection springs are designed with the shape of a “C”
and with the stiffness required to accumulate enough
elastic energy to eject the cap with the required velocity.
They are sized to ensure that the level of the stresses
produced by the deformation will be low enough to avoid
creep during the period that is preloaded.
The spring, as all the remaining parts, is coated.
Release mechanism
The design of the release mechanism was submitted to a
deep trade off. Friction based solutions that would
decouple the DM from the METIS instrument after the
ejection of the cap, such as a lever, had to be discarded to
comply with the motorization margin requirements due
to the high safety factor applied to friction uncertainties.
A four bar linkage was selected as preferred solution due
to reliability, simplicity and heritage reasons despite the
drawback of being permanently attached to the METIS
DM.
The linkage is launched in locked position and is
designed to maximize mechanical advantage throughout
the entire stroke maintaining the transmission angle
within the adequate range in order to ensure good
transmission between the coupler and the follower links.
Fig.5 shows three frames of the dynamic simulation of
the linkage performed with MSC Adams at launch,

Figure 5. Release mechanism kinematic analysis
Since the linkage remains attached to the DM during the
whole mission, it is designed to work at temperatures up
to 497 °C and hence, the selection of high temperature,
low wear materials for the joints was critical. A deep
assessment was performed and a combination of Inconel
718 and Waspaloy was adopted with good results.
Latching system
The latch is a “T” shaped Inco 718 piece solidary to the
follower link of the release mechanism. Its function is to
retain the cap in closed position and to allow its release
when the “T” is aligned with the groove of the retention
plate. It rotates with respect to the latch support; a
titanium piece fixed to the sealing bracket. This is shown
in Fig.6.

Figure 6. View of the latch and latch support

4. PERFORMANCES
The final performances of the MCAP are summarized in
Tab.1.
Cap dimensions:
Outer diameter
Sealing diameter
Mass
Stiffness
Deployment temperature range
Post-deployment temperature range
Ejection speed
Ejection time
Deployment shock load (SRS)

submitted to a wide temperature range throughout the
different phases of the mission. MCAP thermal
mathematical models have been generated and combined
with METIS FT and DM thermal models to carry out the
analysis to obtain temperatures and heat fluxes.

76 mm
50 mm
<150 g
>200 Hz
Up to +132 °C
Up to +497 °C
1.4 m/s
<0.02 sec
<35 g

Table 1. MCAP performances
5. ANALYSES
A finite element model (FEM) has been used to predict
the dynamic behaviour of the MCAP under vibration
loads, design the flexible components and calculate the
thermoelastic mismatch of the equipment.

Figure 7. MCAP FEM model
A multi-body model has also been used to simulate the
cap ejection and the four bar linkage dynamics and
kinematics in MSC Adams. Fig.8 shows several frames
of the simulation of the cap ejection superimposed.

Figure 9. MCAP thermal model
6. BREADBOARD TEST CAMPAIGN
A breadboard model of the MCAP was developed and
submitted to functional, thermal and several vibration
tests before PDR. These tests were key to find the optimal
design solution for some of the most critical points of the
design of the MCAP:
- The use of durable high-performance polyimidebased plastics in contact points to reduce frictions,
prevent fretting damage and prevent generation of
particles during vibrations.
- The selection of adequate materials and thicknesses
of the sealing system components.
- The selection of the optimal working conditions of
the springs.
- The selection of INCO 718 and Waspaloy for the
joints of the mechanism.
The breadboard was also useful to optimize the design
and the assembly procedures in order to ease the
machining and the assembly of the final model,
especially with the smallest pieces like the Cardan joints
where dedicated tooling had to be manufactured to ease
their assembly. The breadboard also helped to improve
the test tooling and to obtain a first approximation of the
mechanical, functional and sealing performances of the
design.
7. QUALIFICATION TEST PLAN

Figure 8. MCAP multi-body model – ejection analysis
Thermal analysis is presented as a challenge due to the
proximity of the Spacecraft to the Sun, the closest ever
(0.28AU). This leads to high working temperature
requirements for the critical elements that will be

The MCAP was submitted to an exhaustive qualification
test campaign as depicted in Tab.2.

MCAP QUALIFICATION TEST SEQUENCE
Physical properties measurement
Functional test:
- DM integration test
- Cap ejection tests
- Release mechanism cycling
- Release shock measurement
Sealing test
Ejection characterization test
Cleanliness test
Shock + Vibration test
Cleanliness test
Sealing test
Ejection characterization test
Functional check (after vibrations and shock tests):
- Cap ejection tests
- Release mechanism cycling
Thermal balance test
Thermal vacuum test
Life test
Functional check (after TV, TBT and life tests):
- Cap ejection tests
- Release mechanism cycling
Sealing test

current of the motor is used as “health check” parameter
during the test campaign in order to detect increases of
friction that could indicate damage on the MCAP or the
DM.
7.3.

Cleanliness Test

Cleanliness tests are performed in the MCAP before and
after mechanical testing in order to demonstrate that no
particles have been generated or have entered during
testing.
7.4.

Sealing test

In this test the MCAP is submitted to an internal
overpressure and the pressure decay time is measured and
compared against the leak time of several pattern holes in
order to estimate the leak area.
7.5.

Ejection characterization test

The purpose of this test is to demonstrate that the cap is
ejected in a predictable manner and complies with the
ejection velocity and angle requirements.

Table 2. MCAP Qualification test campaign
The following paragraphs describe the most outstanding
tests carried out.
7.1.

Functional / performance tests

The purpose of the functional tests is to demonstrate the
capability of the MCAP to meet specific functional
requirements. To do so, the MCAP is attached to a
qualification DM model. The test includes the following
operations:
-

-

CoM direction

α

Target B

Physical properties measurement

In addition to the standard measurements such as mass,
dimensional control etc. the stiffness of the elastic
components of the MCAP is characterized by test in
order to correlate the FEM and dynamic models.
7.2.

Target A

Figure 10. Frame of the ejection characterization test
To perform this test the cap is instrumented with targets
and the ejection is recorded with a high-speed camera
capable of measuring the position of the targets. The test
is performed with the cap ejected parallel to the ground
in order to minimize the effect of gravity in the ejection
trajectory and velocity. Fig.10 shows a frame of the
ejection recorded with the camera.

MCAP / DM integration check in order to
demonstrate that the four bar linkage is able to
absorb mounting mismatches without affecting its
performance.
Ejection and funcional check in order to demonstrate
that the release mechanism works properly and the
ejection is triggered.
Calculation of the motorization margin of the DM
motor in the two configurations: with and without
ejection.

In order to detect if any degradation of the MCAP
performance occurs during the test campaign, functional
checks are performed before and after mechanical and
thermal testing as depicted in Tab.2. The threshold

Figure 11. Test results vs. multi-body simulation
comparison
Fig.11 compares the velocity of the targets measured in

the test with the velocities calculated in the multi-body
simulation in the same points. The cap is ejected with
angle of α= 11º with respect to the perpendicular axis and
a velocity of its centre of mass of 1.4 m/s.

in a thermal vacuum chamber with the DM and submitted
to thermal cycles. Since the MCAP will encounter two
different thermal environments (before and after
ejection), the test was divided in two sets of cycles.

7.6.

The first cycles were performed under “pre-ejection”
conditions (-118 °C to +132 °C) with the MCAP fully
assembled. The heating and cooling of the MCAP was
performed using the TV chamber shroud. Functional
tests were performed at hot and cold temperatures in
order to demonstrate the ejection of the cap. Since the cap
had to be reset after an ejection, the chamber was opened
after the first functional test in order to reset it and then
the test restarted to perform the second functional test at
cold temperature.

Shock test

The MCAP was tested with pyroshock loads to reproduce
specific SRS. It was required to perform the shock test in
two different configurations in order to achieve the shock
level in the three axes with the “powder actuated nail
gun”.

Figure 12. Shock test
7.7.

Vibration test

Vibration test is presented as a challenge due to the high
vibration levels. The test included sine, quasistatic and
random excitation apart from the resonance survey for
eigenfrequencies determination.

The last cycles were performed under “post-ejection”
thermal conditions (-50 °C to +497 °C) with the cap
removed from the MCAP. In order to reach the hot
temperature, the MCAP was surrounded by infrared (IR)
lamps controlled by means of a dedicated electrical
ground support equipment while the chamber was
maintained at ambient temperature. This set up allowed
reaching these temperatures in the MCAP without
endangering the TV chamber or the DM.
Fig.14 shows the test set up for the first part of the test,
with the cap partially ejected after the performance of the
functional test. Fig.15 shows the test set up for the hot
cycles of the second part of the test, with the MCAP
surrounded by the IR lamps.

Although the requirement was set at 80 g (quasistatic)
and 70 grms (random), the vibration facility limited the
capability to 60 g and 60 grms respectively.
Low mass uniaxial accelerometers were used in order not
to interfere with the cap dynamic behaviour.

Figure 14. TV test set up for pre-ejection temperatures
7.9.

Figure 13. Vibration test
7.8.

Thermal vacuum test

The thermal vacuum test was one of the most complex
tests of the test campaign due to the extreme temperature
requirements.
For the performance of the test, the MCAP was installed

Life test

To demonstrate the lifetime requirement the following
tests have been performed:
- Cap ejections performed at ambient conditions using
the qualification model of the door mechanism.
- Lifetime cycles performed in TV chamber.
The test set up for the hot life cycles is identical to the
one used in the thermal vacuum test.

-

Figure 15. TV and Life test set up for post-ejection
temperatures: MCAP surrounded by IR lamps
7.10.

Thermal balance test

The small dimensions of the mechanism led to a reduced
thermal balance test (TBT), whose main objective was
the correlation of the conductive couplings between
different elements in the model, with special attention at
the contact with the interface of the instrument.
For this purpose, two heaters were placed on the MCAP
IF plate, representing the instrument, in order to induce a
heat flux to create an adequate thermal gradient along the
model.

-

electronics.
The design of sealing system provides the adequate
sealing minimizing the required preload.
Design of a four bar linkage as release mechanism
with the following characteristics:
o High mechanical advantage and good
transmission angle.
o Capable of absorbing big thermal and mounting
misalignments in any direction between the
MCAP and the DM without inducing hyper-static
loads or affecting its performance.
o Reliable: compatible with the DM lifetime at a
very wide temperature range.
o Robust: low mass based design capable of
withstanding very high mechanical requirements.
Selection of high temperature, low friction materials
for the mechanism joints that guarantee the optimal
performance of the release mechanism under high
temperatures.
Selection of adequate materials and coatings for the
contact points in order to minimize the generation of
particles and prevent fretting damage.
Design of a low shock ejection system with ad-hoc
springs that guarantees a predictable ejection of the
cap.
Small size of MCAP: challenge in terms of
machining and mounting.
Some of the design solutions applied are based on
SENER successful previous design heritage.

The EQM and FM campaigns finished in 2017. All the
design, assembly, integration and testing has been
performed by SENER. Manufacturing has been done by
GOIMEK and coating by METALESTALKI.
ABBREVIATIONS AND ACRONYMS

Figure 16. Thermal balance test set up (upper
protective shield missing)
8.

CONCLUSIONS

The design of the MCAP has been challenging due to the
extreme mechanical and thermal environments, the
severe cleanliness requirements, the constrained
mechanical interfaces and the very limited available
actuation torque. The following lines summarize the most
relevant aspects of the MCAP design:
- The MCAP design has been performed once the
FDM subsystem was defined, this means that the
MCAP design was constrained by the existing DM,
not being possible to change the DM or the existing

AU
BB
DM
METIS
MCAP
EQM
FDM
FM
FT
HS
I/F
PDR
S/C
SRS
STM
PVD
TBT
TV
TIS

Astronomical Units
Breadboard
Door Mechanism
Mid-infrared ELT Imager and Spectrograph
METIS Sealing Cap
Engineering Qualification Model
Feedthroughs, Door and Mechanism
Flight Model
Feedthrough
Heat Shield
Interface
Preliminary Design Review
Spacecraft
Shock Response Spectra
Structural Thermal Model
Physical Vapour Deposition
Thermal Balance Test
Thermal Vacuum
Total Integrated Scattering

