e LIEGE université m/ e
b Library '

https://lib.uliege.be https://matheo.uliege.be

Master thesis and internship[BR]- Master's thesis : Conceptual Design of the
ATHENA X-IFU Dewar Entrance Assembly Hold-down and Release
Mechanism[BR]- Integration internship

Auteur : Libert, Célestin

Promoteur(s) : Jacques, Lionel

Faculté : Faculté des Sciences appliquées

Dipldme : Master en ingénieur civil en aérospatiale, a finalité spécialisée en "aerospace engineering"
Année académique : 2024-2025

URI/URL : http://hdl.handle.net/2268.2/23383

Avertissement a l'attention des usagers :

Tous les documents placés en acces ouvert sur le site le site MatheO sont protégés par le droit d'auteur. Conformément
aux principes énoncés par la "Budapest Open Access Initiative"(BOAI, 2002), I'utilisateur du site peut lire, télécharger,
copier, transmettre, imprimer, chercher ou faire un lien vers le texte intégral de ces documents, les disséquer pour les
indexer, s'en servir de données pour un logiciel, ou s'en servir & toute autre fin Iégale (ou prévue par la réglementation
relative au droit d'auteur). Toute utilisation du document a des fins commerciales est strictement interdite.

Par ailleurs, l'utilisateur s'engage a respecter les droits moraux de l'auteur, principalement le droit a l'intégrité de I'oeuvre
et le droit de paternité et ce dans toute utilisation que I'utilisateur entreprend. Ainsi, & titre d'exemple, lorsqu'il reproduira
un document par extrait ou dans son intégralité, |'utilisateur citera de maniére compléte les sources telles que
mentionnées ci-dessus. Toute utilisation non explicitement autorisée ci-avant (telle que par exemple, la modification du
document ou son résumé) nécessite |'autorisation préalable et expresse des auteurs ou de leurs ayants droit.




4., ) uLnIIVEerGSItEe “CSL E LIEGE université

Conceptual Design of the ATHENA X-IFU
Dewar Entrance Assembly Hold-down and
Release Mechanism

Libert Celestin

Thesis presented to obtain the degree of :
Master of Science in Aerospace Engineering

‘Thesis supervisor :
Jacques Lionel

Academic year: 2024 - 2025



Acknowledgments

First of all, | would like to sincerely thank Prof. Lionel Jacques for his patience, availability, and valuable
guidance throughout these past four months. | am truly grateful for the opportunity to work on this
exciting project and to be welcomed into Guilhem's office during this period.

| would also like to thank Guilhem for his advices, patience, and kindness, as well as for all the knowledge
he shared with me during my internship at CSL. | feel so grateful to all the people of the Centre Spatial de
Liege for the welcoming atmosphere. Working in the thermo-mechanical team for the past four months
have been an incredible experience.

Finally, | am deeply thankful to my family for their constant support, and to my friends for their en-
couragement and presence throughout this journey.



Abstract

This master thesis presents the conceptual design of the Hold-Down and Release Mechanism (HDRM)
of the Dewar Entrance Assembly (DEA) door cryo-mechanism of the X-ray Integral Field Unit (X-IFU)
aboard the ATHENA space observatory. The HDRM plays a critical role in ensuring the integrity of the
cryostat during launch by maintaining vacuum tightness and thus protecting the ultra-thin filter that in-
terfaces with the DEA.

A comprehensive design methodology was implemented, combining analytical modeling in MATLAB and
numerical simulation using SolidWorks to assess the static equilibrium, actuation forces, and kinematic
behavior of the HDRM. The Chebyshev four-bar linkage mechanism was selected based on heritage de-
signs from the Herschel observatory, with adaptations to meet the specific kinematic and dimensional
constraints. A parametric optimization process has been discussed and implemented to refine the HDRM
configuration towards an optimal solution. Thermo-mechanical aspects were considered, and the main
actuation requirements were established.

Preliminary finite element analysis and motion simulations were performed to confirm that the kinematic
and dimensional requirements were met. Furthermore, experimental campaigns on candidate gasket ma-
terials were conducted to evaluate compression forces, leak tightness, and thermal behavior at cryogenic
conditions using different samples from two suppliers.

The results demonstrate the feasibility of the proposed HDRM concept in meeting the mission’'s opera-
tional requirements. However, a discussion of the weaknesses and limitations of the conceptual design
is also provided. This includes the need for further work on detailed actuator integration, the cryostat
cover assembly design, structural integration, and alternative concepts that could be better suited for this
application.

Keywords: ATHENA Mission, X-IFU, Space Mechanism Design, Cryogenic.
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Introduction

The Advanced Telescope for High-ENergy Astrophysics (ATHENA) mission, part of ESA’s Cosmic Vision
2015-2025 program, focuses on exploring the Hot and Energetic Universe theme. This space observa-
tory aims to address key astrophysical questions, such as how ordinary matter assembles into large-scale
cosmic structures and how black holes influence their surrounding environments. One of the two primary
payloads at the heart of this mission is the X-ray Integral Field Unit (X-IFU), a high-resolution cryogenic
imaging spectrometer that operates at extremely low temperatures (down to 50 mK). Encapsulated in a
cryostat, the Dewar Entrance Assembly (DEA) incorporates a door cryo-mechanism designed to ensure
the sealing of the cryostat and to protect an ultra-thin thermal filter from contaminants or particles that
could damage or degrade its performance.

The door cryo-mechanism consists of two main parts: the cover assembly, which includes the door com-
ponent that seals the cryostat, and the Hold-Down and Release Mechanism (HDRM), which provides
sufficient force to lock the door during enclosure, vibration tests, and launch phases. The only comparable
design to date is the Herschel cryostat cover mechanism, which utilized a Chebyshev four-bar linkage
configuration compatible with the required kinematics imposed by the selected non-explosive separation
actuators. However, no other known cover mechanism operates at such low temperatures, and detailed
design information regarding the Herschel mechanism is limited. Consequently, the conceptual design of
the DEA door cryo-mechanism—particularly the HDRM—is a challenging task. Numerous constraints
must be satisfied to fulfill mission requirements, and the limited accessibility of the DEA within the instru-
ment complicates the design by restricting the choice of actuators.

This challenging conceptual design process is presented throughout this thesis. Chapter [1] describes the
mission context and design requirements. Chapter [2] provides an overview of main cover mechanism de-
signs implemented in previous space missions and introduces other relevant mechanisms, highlighting the
specific challenges associated with thermo-mechanical designs. Chapter [3] presents the initial design of the
cover assembly, defines the HDRM-related design parameters used in the conceptual design, and reassesses
key calculations, such as the required actuation torque. The core of this thesis begins with Chapter [4}
which develops the parametric analytical model of the HDRM and discusses its validation. Chapter
covers the optimization process of the HDRM, including the selection of the optimization method and the
final optimized configuration. Chapter [6] details the material selection for bearings and washers, presents
preliminary thermo-mechanical tolerance calculations, and discusses the HDRM's actuation components.

Following this, Chapter [/] presents and discusses the current conceptual design, providing a preliminary
motion analysis and a finite element method (FEM) study of the mechanism. Finally, Chaptershifts focus
from the HDRM design to present preliminary experimental tests performed on 40 mm nominal diameter
(DN40) gaskets from different materials and suppliers. This experimental chapter lays the groundwork
for future improvements of the cover design and verifies the order of magnitude of the compression force,
which represents the dominant term in HDRM force characterization. A global conclusion and perspectives
for future work are provided at the end of the thesis.



Objective

The objectives of this master's thesis are:
- Develop a hold-on and release mechanism (HDRM) conceptual design, more specifically:

- Develop an analytical parametric model and validate it.
- Perform a parametric optimization of the model.
- Discuss the optimized configuration.

- Select materials for the bearings and assess the contact stress, design the tolerance with respect
to the thermo-mechanical constraints.

- Present the final iteration and discuss the weaknesses and lacks of the provided design.
- Propose a preliminary motion analysis and FEM study to ensure the mechanism fulfills the
requirements.

- Assess preliminary computation for the cover assembly in prevision of the future design work to be
made.

- Perform experimental tests on DN40 gaskets of different materials and discuss the experimental
results.



Chapter 1

Mission Context

1.1 The ATHENA Mission

What are the cosmic processes that drive the assembly of ordinary matter into the large-scale structures
we observe across the Universe? How do black holes grow, evolve, and influence their cosmic environ-
ment? These fundamental questions are part of the Hot and Energetic Universe theme of the primary
scientific pillars guiding the European Space Agency's second large-class mission within its Cosmic Vision
2015-2025 program [14]. Space-based observations in the X-ray band is necessary to investigate these
energetic phenomena since most baryonic component of the Universe is locked up in hot gas at temper-
atures of the million degrees order of magnitude, and because the extreme energetics of the processes
close to the event horizon of black holes [15].

The ATHENAE] mission proposal calls for spatially-resolved X-ray spectroscopy and deep wide-field X-
ray spectral imaging with performance greatly exceeding the current observatories such as ESA’s XMM-
Newton spacecraft (launched in December 1999) [16], NASA's Chandra observatory (launched in July
1999) [17], or the Astro-H mission (launched in February 2016) [18].

The payload of the current design compromises three main elements [15]:

1. A single X-ray telescope with a focal length of 12m and an effective area (2m? at 1 keV).

2. The X-ray Integral Field Unit (X-IFU), an advanced actively shielded X-ray micro-calorimeter spec-
trometer, using Transition Edge Sensors (TES) cooled at cryogenic temperatures (50 mK).

3. The Wide Field Imager (WFI), a Silicon Active Pixel Sensor camera with a large field of view, high
count rate and moderate resolution spectrometric capabilities.
1.1.1 The X-IFU Instrument

The X-IFU is a cryogenic imaging spectrometer, providing spatially-resolved high-spectral resolution X-ray
spectroscopy over a 5 arcminute equivalent diameter field of view [1].

The instrument is structured in a succession of bath temperature level to reach progressively the 50 mK.
Figure gives an overview of the actual configuration of the instrument, still currently being designed.
Different V-groove radiators cool down the different levels of the instrument. Five filters restraints the
incident photons energy to the targeted ones. The detectors are located within a cryostat cooled at 50 K.

The detection principle is based on the supra-conducting properties of the TES arrays cryo-cooled to

'Formerly since 2023, the mission have been rescoped to evolve into the NewAthena mission. However, through this
report, the older mission name will be conserved for clarity.
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50 mK. X-ray photons incident to the detector locally hit the surface of the array, which leads to an in-
crease of the temperature. The raise of temperature is such that the supra-conduction property is locally
lost, and it dissipates electricity. This loss is measured which permits to characterize the incident photon's

energy [19].
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Figure 1.1: Dewar Entrance Assembly (DEA) localization within the X-IFU instrument environment |\

1.1.2 The Dewar Entrance Assembly

The Dewar Entrance Assembly (DEA) is a contribution of Centre Spatial de Liege (CSL) and comprises
a 50K baffle, a cover assembly and its release mechanism, the 30 nm aluminum filter (THF50) and its
carrier. The DEA outer shell is passively cooled at 50 K thanks to the V-grooves . Figure shows
the computer-aided design (CAD) of the actual design configuration. For the external overview, the baffle
component is hidden for clarity.

The ultra-thin layer of aluminum is supported by 45 nm of polyimide and the filter is reinforced mechani-
cally by a hexagonal stainless steel mesh. Even if reinforced, the THF50 remains highly fragile and even
steady air motion can damage it. The dewar will be launched under vacuum to solve this problem.

The dominant material in the DEA is aluminum, particularly on the filter carriers to match the mate-
rial of the filters frames and of the rest of the dewar . Since the temperature will vary significantly
from room temperature at the beginning of the mission to cryogenic conditions for the science operations,
all the component’s dimensions will slightly decrease. The choice of almost uniform material composi-
tion of this subsystem aims to avoid thermal loads addition during this transition of temperature conditions.
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(a) External overview. (b) Cut internal view.

Figure 1.2: Computer-aided design (CAD) of the actual DEA design configuration.

The dewar is launched under vacuum to protect the filter, meaning that the door has to be leak-tight at
ambient temperature. The sealing is ensured thanks to a nominal diameter of 160 mm (DN160) gasket.
Once in orbit, the dewar will first passively cool down before opening the door. The tightness is no more
mandatory once the launch phase fulfilled. The cover assembly has to open in cold conditions, which
means that the gasket may sticks to the door. This problem is counter-balanced by sheet springs located
along the gasket circumference, but it adds another force to balance during the seal [20].

The cover accommodates a series of Berylium windows to enable X-ray transmission at high energy.
One window is foreseen at the center plus six on the circumference for the three nominal and three re-
dundant modulated X-ray sources (MXS) [20].

A hold-on and release mechanism (HDRM) is integrated to provide the required launch lock force to
conserve the seal, and has a compliant kinematic to move out of the door opening motion trajectory.
The actuation should be motorized due to the difficulty to access to the dewar once integrated to the
entire instrument. The Chebyshev four-bar linkage family has been selected based on to the Herschel
heritage [2]. The primary reason is that most actuators require linear motion, and this linkage family is
designed to approximate such motion. Another reason is that the launch lock force required to main-
tain the compression rate of the seal, and guarantee the tightness of the cryostat, is important (around
1.5 — 2.5kN). Motorized actuators for space application only deliver torques of the order of magnitude
of 500 mN m, and providing an important torque for a continuous period of time would consume a lot of
electrical power, and consequently dissipate a lot of heat in the vicinity of the DEA.

1.2 Scope of the Master Thesis

This master thesis project focuses on the design of the hold-on and release mechanism. Based on previous
studies, the idea is to develop and optimize a design compliant with the current constraints and interfaces
specified by the Centre National d'Etudes Spatiales (CNES). Analytical modeling of the mechanism using
MATLAB as well as numerical modeling tools as SolidWorks will be employed. An experimental validation
of the static forces of the mechanism using a breadboard design will also be provided to correlate the
obtained results.

Additionally, since there are lots of uncertainties, experiment protocols will be discussed and developed.
Particularly, the compression force of different joint material candidates (DN40 for these preliminary ex-
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perimental tests) and leak rate will be evaluated.

Therefore, the following written report is presenting first the context of the mission and the problem

characteristics. A state-of-the-art is provided to enforce the past challenges that similar design had to

overcome. Then, preliminary calculation are detailed in Chapter [3] about the actual cover configura-

tion presented before. The next chapters concerning the HDRM configuration are the core of the work
achieved with the analytical code development in Chapter [4] with its validation, the optimization tool
implementation in Chapter [l After that, the conceptual design of the HDRM is detailed in Chapter [g]
and preliminary analysis are presented in Chapter [7] Chapter [gis slightly independent of the core of this
report and presents the experimental tests sequence performed in parallel with the HDRM design activity.

Finally, a conclusion and perspectives of future work are presented in Chapter [0
After the

1.3 Mission Phases
The mission phases of the DEA are following the conventional conduct of space mission.
assembly of the instrument, the closing of the Dewar during the assembly, integration and testing (AIT)

phase takes place, which includes vibratory tests, cryogenics thermal cycling tests and opening tests.

Once the spacecraft has fulfilled the validation tests, the launch is considered (hot case), distinguishing
the ascent phase close to sea level and the end, already in orbit. At this point of the mission, the dewar
starts passively cooling down, until it reaches 50 K. Then starts the cruise phase until the Lagrange point
Lo orbit insertion. Once the final orbit established, the science operations starts. At this point of the
mission, the release of the cover have already been completed (the release is the cold case) and the DEA

is at 50 K. Figure summarizes the mission phases with their temperature and pressure conditionﬂ.
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Figure 1.3: Mission phases and environmental conditions for the Dewar Entrance Assembly (DEA)

2The scale of the Solar System is not respected for clarity. The orbit trajectories are also qualitatively represented
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1.4 Requirements

The requirements are defined based on current preliminary definition of the X-IFU and Dewar, still under
design. At this preliminary stage of the design, the interfaces between the DEA, the mechanism, the
cryostat and the V-groove are not yet well-defined since the instrument is still currently being designed.

1.4.1 Functions

Since the 50 K filter is fragile enough to be damaged by any dust or particles, the main function of the door
cryo-mechanism is the protection of the filter during the mission phase, including AIT. During the ground
and launch phases, it shall maintain vacuum within the cryostat. Preventing air-leakage from outside is
critical for the launch phase because of the fragility of the filter. A filter health check should be integrated
to the cover assembly to detect any damage to the filter during AIT.

The door mechanism should also successfully open the cryostat cover. Since it is a single point fail-
ure for the instrument, high reliability is required. The validation by proof-of-concept and breadboard
demonstrations should be provided to assess the design assembly is compliant to all requirements in every
situation (including failure case).

1.4.2 Mechanical

The door mechanism interfaces with a base-plate interfacing with the 50 K Dewar, assumed to be in
aluminum. It also possibly interfaces with the baffle for the open phase and/or during the release.

The mechanism should avoid any collision with any local part of the spacecraft and should not pro-
duce any particles that could damage the filter or degrade its performances. The mechanism should fit
into a box of height that is maximum 55 mm below (bounded by the cryostat) the vertical location of the
cover, and maximum 80 mm above (bounded by the V-groove). Figureshows the different interfaces
location with respect to the HDRM and the cover assembly within the DEA. The actuators selected
should entirely fit within these dimension requirements. The restrictions are due to the cryostat and the
V-groove components located around the DEA baffle. The aperture of the entrance is 150 mm in diameter.

The mechanism should be able to close again after release during ground testing. Actuated closing
method should be preferred since the Dewar is not easy to reach within the whole instrument.

I |

Dewar Interface | g ()
frrieso

_—~Door
50K Baffle

50K V-groove Interface

Figure 1.4: Overview of the dimensional constraints and interfaces with the DEA, based on Figure .

1.4.3 Thermal

The door mechanism should operate at 50 K at the release phases (during AIT and before science opera-
tions), and should minimize the heat losses through the cover.
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The cooling is achieved passively from the end of the launch (Earth’s orbit) to the end of the interplanetary
transfer phase. The cryogenic tests performed during the AIT should reproduce the same cooling rate.
The mechanism should maintain high reliability after thermal cycling. Backlash should be dimensioned
appropriately to be compliant with both hot and cold case.

If the motorized actuation is selected, the mechanism should ensure that the overall thermal dissipation
during actuation does not perturb the equilibrium of the Dewar. Conduction through electrical harness
of the actuators, occurring over the whole mission lifetime and not only during actuation, should also be
minimized.

1.4.4 Optical

The door mechanism should include a potential connection to filter health check Groung Support Equip-
ment (GSE). There are not any sensors that are considered for this mechanism. The door also hosts
Berylium filter for in-flight and on-ground calibration, even if the door is closed. When the door is open,
the door and the mechanisms should not generate straylight.

1.5 Conclusion

The mechanism has two main state: closed (locked cover) and opened. The main design driver in terms
of filter protection are the launch phase on ground (if there is a leak, all the filters would be broken) and
the ground vibration tests performed during the AIT for which vibration levels are always higher due to
margin. The main mission driver for the opening phase is the cryogenic testing phase because of gravity.
This last driver is particularly challenging since the DEA is difficult to reach within the instrument. The
cover requires to be closed after each release test, preferably without manual intervention.

Also, the thermal cycling is expected to be critical for the joint. In addition to the uncertainty due
to the cryogenic temperatures, the cycling from room to cryogenic temperatures during the AIT phase
may be problematic for the preservation of the sealing properties of the joint. Such uncertainties will
require a lot of tests to assess the behavior of these component at such cold conditions considering that
during the mission, there is only one cool down.



Chapter 2

State of the art

Along humanity’s space journey, many spacecraft required door mechanisms that fulfills requirements such
as contamination protection, vacuum sealing, etc. Even if these family of mechanisms is fairly common,
the recent instrument requirements impose more complex constraints, such as operating at cryogenic
temperatures or remaining within short dimensional bounds while resisting to high load magnitudes. And
the designs of dewar door mechanisms operating at cryogenic temperatures are not common, and design
details are rarely presented.

In this context, the state-of-the-art section will describe some relevant designs, or part of complete
designs, that would be close to the characteristics, constraints and main challenges that will constitute
the current conceptual design. More specifically, the section should detail several design features and
highlight key aspects with respect to the DEA.

2.1 Dewar Door Mechanism Designs

2.1.1 Herschel Cryostat Cover Mechanism

The Herschel Space Observatory is an European Space Agency (ESA) mission launched the 14th May
2009 with the Planck observatory from Kourou. The spacecraft's science payload is constituted of 3
instruments:

- the Photodetector Array Camera and Spectrometer (PACS) instrument, a short wavelength camera
and spectrometer (covering 55 — 210 pm).

- the Spectral and Photometric Imaging REceiver (SPIRE) instrument, a long wavelength camera and
spectrometer (two detector arrays covering 194 — 325pum and 315 — 672 pum).

- the Heterodyne Instrument for the Far Infrared (HIFI) instrument, a very high resolution heterodyne
spectrometer.

Both PACS and SPIRE instruments are using bolometer detector arrays, which require a 300 mK cryogenic
environment. This 'cold’ part of the spacecraft is located inside a Cryostat Vacuum Vessel (CVV), enclosed
by the Cryostat Cover Mechanism Assembly [22].

Cryostat Cover

The Cryostat Cover is maintaining high-vacuum inside the Cryostat at cryogenic temperature (70K). It
is a single point of failure for the mission. A conical 3mm thick aluminum cover uniformly tightens the
300 mm o-ring Viton joint. Since the Viton sealing is deformed to 20% of compression set, support poles
made of Vespel SP1 material to avoid metal-to-metal contact. Its upper area interfaces with a preload
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lever (10kN) by a ball bearing. Heat shield multi-layer insulation (MLI) with cooling loop are integrated
to maintain the cover between 25 — 90 K and mitigate the parasitic heat load through the closed cover.

Then, 2 aluminum hinges support the cover via the lever in the closed configuration. The shaft ma-
terial is stainless steel. 4 redundant torsional springs are used to provide the actuation torque required to
release the cover. Moreover, to overcome a potential sticking of the joint on the cover surface, 4 titanium
kick springs (around 462N at 70K each) equally distributed along the cover circumference are included.

Finally, a simple end stop device is included to slow down the release motion of the cover at the end
of the opening. It has to be replaced after each release (successfully tested at 60 K) .

(a) Cover mechanism overview. (b) HDRM overview.

Figure 2.1: Herschel cryostat cover mechanism overview, from Janu et al. .

Hold-On and Release Mechanism

The hold-on and release mechanism (HDRM) is a specific four-bar linkage compliant for the required
kinematic, composed of 3 main pieces. The knee is a triangular piece in contact with the preload lever.
It is equipped of a Teflon (PTFE) woven fiberglass liner at the contact interface to avoid cold welding. A
lever piece interfaces with the knee, a straight leg piece and the separation nut. Due to the non-explosive
actuators, the motion of the connection to the beam system requires a linear translational motion, parallel
to the release bolt axis. The device was cryogenic compatible after application of some changes for this
case:

- Most non-metallic materials were removed, because they broke under cryogenic conditions and
produce debris;

- The shape of the threaded segments was adapted to avoid singular load peaks at the release cam-
paign.

At the knee fixation, an additional hinge is included with 2 torque spring actuators to rotate the knee and
permit the release of the cover. Vespel links are used to avoid metal to metal contact in bearings [2].
Non-pyrotechnic Separation Nut Actuators

The non-explosive separation nut actuator (SNA) has an internal thread divided into three movable seg-
ments. A bolt can be screwed into the thread, ensuring to provide an axial load of 42kN. Once the

10



CHAPTER 2 2.1. DEWAR DOOR MECHANISM DESIGNS

activation current has been applied, the separation nut disengages the segmented thread, which releases
the preloaded bolt . Since the actuator has operational temperatures between 123 and 403 K, which
is not covering the cryogenic temperatures of Herschel mission, it had to be modified for cryogenic use,
and was cryogenic compliant after some changes, as detailed earlier .

Redundant electrical
cables

Redundant split-
spoolinitiators
Plungers
Rocker

Compression spring

Threaded segment
(a) External overview. (b) Cut internal view.

Figure 2.2: SNA device description, adapted from Galbiati et al. .

Already used for the ESA mission GAIA for example, Galbiati et al. discusses the life testing activities
of the Eaton 9421-1600-001 SNA, used on the Launch Locking Devices (LLD) of the Micro-Wave Imager
(MWI) and the Ice Cloud Imager (ICl) instruments of the MetOp SG Satellite. According to Galbiati
et al., the release event was always damaging the bolts during their release tests. The weakest part of
the bolts threads material were plastically deformed due to the high load provided at the release. This
expected behavior consequences to change the bolt after each release at 33kN. In addition, due to the
accumulation of deformation of other components of the actuator after several release tests, the pull out
force capability was lowered to 40.5kN instead of 42.2 kN (design value).

Vespel S-Line Materials

The DuPont Vespel SP materials are condensation type polyimide, with no observable glass transition
temperature of melting point below a decomposition temperature (> 673K). In common with most
polymers, the materials exhibit anisotropy differences in properties, but machined parts from ISO shapes
usually do not show this effect [12].

Direct-formed parts are produced with pressure applied unidirectionally, resulting in some anisotropy. The
highest strength and elongation, and lowest thermal expansion are then found in the direction perpendic-
ular to the pressing direction in most parts.

Different types of Vespel are provided by the manufacturer, corresponding to different applications :

- The SP-1 is designed for mechanical and electrical parts at elevated temperatures (typically for valve
seats, seal, insulators, etc). It was used for the seal contact of the cover of the Herschel mission [2].

- The SP-21 is well-adapted for lubricated or non-lubricated, low friction and wear applications (typi-
cally for valve seats, seals, bearings, washers, seal rings, etc). The graphite it contains ensure long
term thermal stability.

- The SP-22 is used where low thermal expansion is more important than strength (typically for
bearings, washers, etc).

11
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- The SP-211 is also well-adapted for low friction and wear applications (typically for bearings, washers,
etc). It has the lowest static friction.

- The SP-3 is designed for friction and wear applications in vacuum or inert gases (typically for
bearings, piston rings and seals).

- The SP-2515 is used for wear against aluminum. It has a lowe coefficient of friction in dry environ-
ments. Its low coefficient of thermal expansion is low and matches the aluminum one.

2.1.2 CLAES Instrument Aperture Door Mechanism

The Cryogenic Limb Array Etalon Spectrometer (CLAES) is one of a complement of instruments on
the NASA Upper Atmosphere Research Satellite (UARS) which will study atomospheric photochemistry,
energy input, and dynamics following a 1991 launch. This mission has to collect stratospheric sciences

data, while the CLAES instrument specifically measures infrared signatures of gas traces from 10 to 60 km
above the Earth [24].

Door

Spring
Decoupler

Pivot
Drive
Unit

Vacuum
Shell

Relatch
Drive Unit

Entrance
Aperture

Pyro Launch
Latch

(a) Instrument overview. (b) Door mechanism overview.

Figure 2.3: Overview of the CLAES instrument, reproduced from Stubbs .

The instrument is an assembly of two major components: the instrument package and the cryostat, which
maintains the instrument package under cryogenic conditions. Operating at 185K, the door assembly is
constituted of a blackbody calibration source assembly, pivot mechanism, hinge bearing assembly, launch
latch mechanism, door stop assembly and re-latch mechanism. The door is machined out of a solid block
of 6061-T651 aluminum, coated with Magnaplate HCR at the sealing surface, which is a surface en-
hancement coating that improves the corrosion resistance and the hardness of aluminum and aluminum

alloys . This coating is used to prevent sticking of the Viton O-ring seal (hardening and lubricating
aluminum surfaces).

The heart of the door mechanism is the redundant pivot mechanism, which consists of duplicate drive

trains connected to opposing ends of the door hinge shaft. Both trains are composed of a drive unit
(integral two degree stepper motor with 100:1 harmonic drive and a helical spring decoupler). The sleeve
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bearing are made of DuPont Vespel SP-3, ensuring low outgassing and low friction coefficient. As a re-
dundant feature of the mechanism, in case of total failure of the drive components, firing the pyro launch
latch will allow the spring decouplers to automatically open the door. This requires a door stop assembly
in that case to ensure the cover will stop without damaging its surroundings [4].

2.2 Review of Similar Space Mechanisms

2.2.1 Space Infrared Telescope Facility (SIRTF)

The Space Infrared Telescope Facility (SIRTF) is a deep-space Sun orbiting observatory that features a
0.85m aperture telescope at 5.5 K, and 3 science instruments with focal plane detectors cooled to 1.5 K.
To achieve such cryogenic temperature, a cryostat encloses the instruments. The aperture door provides
a vacuum seal and is constituted of a gold-coated window to enable short wavelength end-to-end optical
testing prior to launch [26]. This single shot mechanism operates between 105-210K. The design had
to operate over a wide range of temperature, even at room temperature for the initial acceptance tests.
The material had to carefully be selected to match the coefficients of thermal expansions. In addition, the
door have to maintain seal over 18 months of system testing prior to launch and must reseal after thermal
cycling without external adjustments. Series of deployments at 95 K have been performed successfully. A
light-tight photon shutter is located between the aperture and the instrument to minimize the parasitic
heat load through the aperture [27].

2.2.2 Infrared Space Observatory (ISO) Spacecraft

The Infrared Space Observatory (ISO) essentially consists of a large liquid-helium cryostat, a telescope
with a 60cm diameter primary mirror and four scientific instruments. A cover closes the cryostat on
the ground and is constituted of two windows which transmit visible radiation. To support instrument
testing, the cover carries an infrared source which can irradiate the instruments. Additionally, the cover’s
innermost radiation shield can be cooled below 5K with a liquid-helium flush, providing a low thermal
radiation background. Secured by a clampband, it would be ejected about 14 days after the launch, when
the spacecraft outgassed sufficiently [28].

Telescope
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(a) ISO Spacecraft [28]. (b) SIRTF Spacecraft [27].

Figure 2.4: Overview of the ISO and SIRTF spacecraft.
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2.2.3 REgolith X-ray Imaging Spectrometer (REXIS) Deployable Radiation Cover

The REgolith X-ray Imaging Spectrometer (REXIS) is a student collaboration in the context of NASA New
Frontier mission which aboard the Origins, Spectral Interpretation, Resource ldentification, and Security
Regolith Explorer (OSIRIS-REX) spacecraft. The instrument contains a one-time deployable radiation
cover that opens using the TiNi EBAD’s Frangibolt, a shape memory alloy actuator, with two torsion
springs. The actuator is constituted of CuAINi shape memory alloy cylinder that provides around 2.45 kN
of force to fracture the fastener in tension during actuation. The mechanism rotates about Vespel SP-3
bushings. Poron 4701-40 bumper tabs are included to reduce the impact of the door opening [29].

Shape Memory Alloy (SMA) Actuator

Many release mechanisms are being designed using the shape-memory alloy Nitinol, which is an alloy com-
prised primarily of nickel and titanium [30]. The principal behavior of such materials is that they return
to the same shape each time they are heated above a certain temperature, referred to as their transition
temperature. The increase of temperature produces an elongation which provide the actuation force [31].

The most commonly used Nitinol-based release mechanism, like TiNi Aerospace's Frangibolt used in
the REXIS mechanism, is the Frangibolt, which uses a precompressed Nitinol cylinder elongating upon
heating. This stretches a bolt until it fails in tension [32]. This actuator family device can support and
release loads from 3.78 kN to 116.5kN [33]. Its operational temperature is 208 K to 353 K [34]. Typically,
it consumes around 10 to 30 W [35]. Finally, the actuation time depends on the supply voltage and its
initial temperature [31].

2.2.4 ALICE Enclosure Entrance Assembly

ALICE is a lightweight, low-power, and low-cost imaging spectrograph optimized for cometary far-ultraviolet
(FUV) spectroscopy. The double-delay line detector is enclosed in a vacuum chamber with a front door
that was successfully and permanently opened during the early commissioning phases of the mission flight.
The entrance assembly is constituted of a door release mechanism, torsion spring released by a dual-
redundant pyrotechnic actuator. The front door has to maintain vacuum within the detector chamber
(< 10° Torr) and to protect the detector from contamination. During instrument integration and test,
the door was successfully released numerous times and manually reset. In addition, a built-in MgF, window
port that transmits UV light (> 1200 A). The window is used to test the detector while the door is closed,
and constitutes also a redundancy solution in case of failure of the opening [36].

2.2.5 MIRI Contamination Control Cover

The James Webb Space Telescope (JWST), launched in December 2021, is constituted of four scientific
instruments, including the Mid-InfraRed Instrument (MIRI). This instrument has been equipped with a
contamination control cover, operating at cryogenic temperatures (7 [K]). The cover has to protect the
instrument against external particular or molecular contamination and during coronographic observation.
Even if the function of the cover is different from the cover mechanism to be designed, the actuator and its
associated gearbox are particularly relevant to present since they were supposed to work under cryogenic
conditions [37].

The cover opening is performed by one of the two independent 2-phase stepper motors from CDA Inter-
corp. The duration of the opening is around one minute. As the cover represents a single point of failure,
it has been designed to be one failure tolerant, explaining the redundancy of the stepper motor actuators.
The gearbox that equips the 2-phase stepper motors from CDA Intercorp has a gear ratio of 100 : 1. Since
the instrument operates at cryogenic temperatures, the thermal losses due to the motorized actuation
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needed to be minimized. The gearbox design permits to decrease significantly the current and the voltage
required to actuate the cover and mitigate thermal dissipation .
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(a) REXIS cover mechanism [29]. (b) ALICE cover mechanism [36].
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(c) MIRI cover mechanism . (d) CDAM .

Figure 2.5: Various cover mechanism overviews.

2.2.6 Space Telescope Actuated Door Mechanism

The main objective of the novel Cover Door Assembly Mechanism (CDAM) designed, manufactured and
qualified by OHB Italia is the protection of the instrument against sunlight, and mitigate the contami-
nation from dust particles during the AIT and storage phases. The 1 m diameter cover door is rotated
by a stepper gear motor from Phytron GmbH for 270deg. The stepper motor is equipped with a 200:1
harmonic drive.

The HDRM is constituted of 3 separation nuts from Cooper Interconnect with conic shape contact
area. Sensors are included to assert the open and closed phase configurations of the cover, and 2 redun-
dant potentiometers are provided to measure the intermediate angular positions. An emergency opening
system is also included in case of motorized actuator failure. When activated, a High Output Paraffin
(HOP) actuator piston compresses its spring and moves an unhook pin. It gradually releases the torsion
spring in a controlled, step-by-step motion through a toothed mechanism. This rotation applies torque to
the door panel, forcing it open permanently. The system first decouples the gearmotor using an unhook
lever released at the same time as the HOP actuator expansion. This prevent the jammed reduced from
resistive spring motion [38].
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PhySpace Stepper Motor

The Phytron PhySpace motor represents a standard stepper motor series for space applications. Already
used in numerous space applications such as Juno for the mirror rotation in Ultraviolet Imaging Spec-
trograph, BepiColombo with the MERTIS instrument or the EnNMAP mission. The motor series provide
stepper motor from 3.8 mN m to 500 MmN m of holding torque for the biggest actuator model. Customiza-
tions such as tailored gearbox, cryogenics compliance (up to 4 K) or lightweight upgrade are possible by
contacting directly Phytron GmbH [39].

High Output Paraffin (HOP) Actuators

High Output Paraffin (HOP) Actuators use constrained volumetric expansion of a highly refined polymer
at a specific transition temperature to produce large hydrostatic pressure and deliver actuation force. The
polymer can be varied to change actuation temperature [40].

HOP actuators have been used in a wide variety of applications, typically launch restraints, cover opening
systems, etc. Current paraffin formulations have operational temperature from 278 to 373 K, but it de-
pends on the polymer used [34,/41]. Tibbitts' paper test results [42] indicate that HOP thermal actuators
are appropriate for utilization in adaptive systems requiring high displacement, accurate positioning within
a control bandwidth of 5Hz or less. Typical power consumption ranges from 5 to 20 W, mass between
35 and 100g and an actuation force from 0.022 to 1.55kN [41]. Paraffin actuators usually take 30s
or more to achieve full actuation. This actuation time is dependent on the supply voltage and its initial
temperature, just like SMA actuators [31].

2.3 Summary and Conclusion

Regarding the literature, even if numerous cryostats have been already designed for many different space
applications from Earth’s atmosphere characterization to space observatories, the designs of door cryo-
mechanism at cryogenic temperatures around 50 K are rare.

Since every space mechanism induces risks of critical failure for the mission, or for the operability of
some instruments, solution that required no mechanism were often preferred especially earlier as it was
the case for the ISO mission. Some mission like the REXIS cover or the SIRTF mission contained a
relevant design but were operating under hotter cryogenic conditions. Other designs had a completely
different objective like it was the case for the cover of the MIRI instrument, which aimed to protect the
detector from contamination, requiring cold surface temperature to facilitate the adhesion of moisture.
The necessity to design instruments that measures under colder cryogenic conditions is recently possible,
like it have been the case for the Herschel cryostat cover mechanism design. However, available design
information about this cover mechanism was very limited.

Regarding the material selection of similar past missions, anodized aluminum is widely used for its lightweight
and its mechanical properties. The fact that the materials retract significantly at such temperatures im-
pose some constraints on the other selection of materials. The Vespel S-line materials are widely used for
the bearings, even for earlier mission such as CLAES. The Viton material used for the O-ring seal in the
Herschel requires some investigation due to lack of data.

Considering now the actuators, Figures [2.6] shows examples of some actuators presented through this
entire chapter. Table compares 5 family of relevant actuators in terms of mass, shock level, reusabil-
ity, cryogenics compliance and power required. This non-exhaustive table provides a rough idea of the
order of magnitude of major features of the devices considered. HOP actuator principle is complex to
adapt to cryogenic conditions since it would require to have a polymer that could provide the volumetric
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Figure 2.6: Various actuator families overview.

expansion in very cold conditions, where usually almost every polymeric materials become brittle [43].
Pyrotechnic actuators require almost no power and are lightweight component, but the release is violent
and may produce debris [31]. The SMA actuators are interesting but require more power to generate the
heat and permit to reach the actuation force required. A manual intervention using the associated reset
tool is necessary between each use. The non-explosive actuator were used on Herschel’s design. After
some changes, the device was compliant with cryogenic temperatures. However, it requires manual inter-
vention to reset the device since it's a one-shot actuators. Finally, the motorized actuators (stepper motor
considered only here) are heavy components and consume significant amount of power, but it depends
on the acceleration profile shape and the current applied. Gearbox can be used to decouple the torque
delivered, typically around 100 or 200:1 ratio actually. However, the power consumed will drive the size
of the electrical cables, and would be critical for the thermal equilibrium since the cables constitutes a
thermal bridge from a hotter part of the spacecraft. The time of actuation during which the heat produced
continuously is also critical to quantify because the energy dissipated will perturb the thermal equilibrium
of the surroundings.

SMA [31,35] HOP [31,41] Pyrotechnic [31, NEA [3] Motorized [39)]
40|
Mass [kg] < 0.20 < 0.15 < 0.10 < 0.25 > 0.50

Shock Level Very low Low High Medium Very low
Reusability Yes No No No Yes
Cryo-compatible Possible No Possible Yes Yes

Power [W] ~ 10 —+ 30 ~5—=20 ~0 ~0 ~2—10
Actuation Time [s] ~8—15 > 30 < 0.01 < 0.025 > 1

Table 2.1: Comparative table for different families of actuators.
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To conclude, the main relevant design of cover cryo-mechanism is the Herschel door mechanism design.
Other relevant designs such as the CLAES mission, the SIRTF telescope or the ISO spacecraft are pre-
sented for the similarity of their application, even if the operating temperatures are not the same. Some
other mechanisms are also presented such as the ALICE enclosure entrance mechanism, the MIRI cover
mechanism, the REXIS instrument or the Space Telescope Actuated Door because of the relevance of
small part of their constituting components, or to better understand the challenges and design choice of
cover assembly more generally.

It outcomes that redundancy of such design is critical to maximize the robustness of the space mechanism
design. Many validation and compliance tests for every single component included to minimize the risk
of complete failure of the design. In addition, since there are a lot of uncertainties on the sealing joints,
experimental test sequences will be required to clarify the behavior of different joint materials at cryogenic
conditions.
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Chapter 3

Cryostat Cover Preliminary Design

The cryostat cover assembly detailed design is not in the scope of this master thesis. However, since the
HDRM design is driven by the dimensions of each component of the cover, the kinematic of the assembly
and the static equilibrium, this first section aims to detail the actual status of the cover assembly design
and derive the driving features that will be used to design the HDRM. In addition, some preliminary
computation concerning the actuation force, the actuator choice and acceleration profile, and the heat
generation during the actuation phase will be also assessed to identify the major challenges that will be
encountered for the future design optimization of this part of the DEA.

3.1 Cover Assembly Actual Design

The actual configuration of the cover assembly is considered from the CAD model presented in Figure[1.2]
The dimensions and the mass properties (including the mass moment of inertia) are computed using
SolidWorks.

- ‘
\E;\?ryéllum Bearings Rotation Axis
ALEOG1.T6 indows ~ 7 (Fixed)
Cover

Interfaces
with Lever

Surface in Contact with Contact Surface
Baseplate Flanges External View with HDRM

(a) Door actual design. (b) Lever actual design.

Figure 3.1: Actual configuration of the cover assembly, based on the CAD model presented in Figure .
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3.1.1 Door

The actual door design, represented in Figure 3.1} is a flat disk composed of 7 Beryllium windows used
to check the filter health during the AIT. The outer surface of the disk will be in contact with the flange
(will act as an end stop for the compression) of the baseplate in closed configuration. The DN160 gasket
will therefore be compressed inside its groove, pushing against the door. The door is 177 mm in diameter
and it overall mass is actually evaluated to 0.202kg.

3.1.2 Compression Springs

The compression springs have the function to ensure the sealing force provided is uniformly distributed on
the cover circumference. They should be located at the interface between the cover and the lever. The
current configuration is not yet including that part of the design and remains as a part of the future work
to be achieved.

3.1.3 Lever

The actual lever design, represented in Figure[3.1] is a complex shape beam that links the actuation shaft
located along the rotation axis with the door that seals the cryostat. It interfaces also with the HDRM
during the launch lock, in contact at its tip. The lever is 190 mm long, 30 mm wide and its overall mass
is actually evaluated to 0.037 kg.

3.1.4 DN160 Gasket

The gasket's behavior is not well characterized due to lack of documentation, especially at cryogenic
conditions. Its constitutive material should be carefully selected in order to be compliant with the AIT
cycling test sequence. For this reason, preliminary experimental tests will be performed and presented
to evaluate the compression force of the gasket and its leak performances before and after exposure to
cryogenic conditions. Tests set-up description and results are discussed in Chapter [g|

At this stage of the design, the gasket is assumed to be made in Viton (fluorocarbon material) as it
was the material selected for the Herschel door cryo-mechanism design [2]. Assuming a target com-
pression rate of 20%, the compression force range for a 70 Shore hardness extends between 1.75 and
7Nmm~1! [10]. Due to high uncertainties, the resistance of the joint is firstly considered at 7N mm™1!
and will be better characterized by experimental measures.

3.1.5 Safety Opening Devices

Some adhesion of the gasket could be observed at cryogenic conditions. The actual design includes 4
spring sheets distributed along the door circumference to compensate this. Due to high uncertainty, the
design of such springs has to be investigated after better characterization of this adhesion phenomena.
Alternative to kick springs design should be investigated, like passive components that could have a smaller
coefficient of thermal expansion (CTE) than the aluminum, in order to provide a kick-out force only under
cryogenic conditions. This remains also as a part of the future work to be achieved.

3.2 Static Equilibrium

The static equilibrium aims to compute the HDRM force required to maintain the tightness of the door
against the gasket. It is also used to evaluate the reaction force at the shaft location in order to assess
the bearing material will not deform plastically. It is derived in 2 steps: first, the static equilibrium is
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CHAPTER 3 3.2. STATIC EQUILIBRIUM

computed on the door only to compute the seal force that should be transmitted by the lever; then, the
static equilibrium is computed on the lever to compute the HDRM force.

3.2.1 Door

The mission phase that will drive the design is the enclosure during the AIT phase. Indeed, the cover
mechanism has to provide the compression force required without the pressure gradient helping to tighten
the gasket. The forces involved for the door are the followings:

The gravity of the entire cover assembly, Fy;

The pressure force due to vacuum inside the cryostat, l-:p;

The vibration force, /-:V/;

—

The gasket reaction force due to compression, Fj cp;

—

- The gasket adhesion force (only under cryogenic conditions), Fj a4;

A potential kick-springs force (depending on the design choice), l-:ks.

Figureshows graphically the static equilibrium assessed on the door component. The sealing force l-:s
is the force applied from the lever that should compensate the other forces.

Fvib

.
[

F g

j.ad

el

Figure 3.2: Static equilibrium schematic of the door, part of the cover assembly.

Since the driving phase is the enclosure during the AIT phase, the cover mechanism operates at room
temperature, meaning that no adhesion force should be considered nor vibration forces. The kick-spring
components still require to be designed consistently, and some alternatives should be investigated. It is
assumed that the device only compensate the cryogenic adhesion of the gasket at cryogenic conditions
and not at room temperature. Therefore, the kick-springs force can be assumed to be 0. Finally, the worst
case that could happen during the AIT is the enclosure of the cryostat since the mechanism should tighten
the gasket without the help of the pressure gradient due to vacuum. The gravity for these computation is
assumed to be positive (oriented upward and not downward). That being said, the static equilibrium over
the door is expressed as follows:

FS,X:O

(3.1)
Fsy = FJ',CP_'_FQ

!Due to margins, the vibration force should be more important than what the cover assembly will be subjected to during
the launch. The vibration force level is provided by preliminary analysis made by the CNES and equals Fyipy = Fuinx = 30-9 =
0.294 kN where g = 9.81 ms~? is the Earth's gravity acceleration.
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CHAPTER 3 3.2. STATIC EQUILIBRIUM

The gravity force of the entire cover assembly is computed according to the CAD model values provided
earlier and equals F; = m- g = 2.34 N where m = 0.239 kg is the mass of the door and the lever.

Considering now the gasket reaction force to the compression, the gasket behavior is not well characterized.
As a first approximation, Viton joint (fluorocarbon material) is considered as it was the gasket selected for
the Herschel mission [2]. Assuming a target compression rate of 20%, the compression force range for a
70 Shore hardness extends between 1.75 and 7N mm~1! [10]. Due to high uncertainties, the resistance of
the gasket is firstly considered at Rrxn ~ 7N mm~1 and should be better characterized by experimental
measures. The gasket reaction force is therefore estimated by F; ., = TDrxm - Rekm = 3.52kN where
Drkp = 160 mm is the nominal diameter of the gasket.

The static equilibrium becomes:

Fex = 0kN

(3.2)
Fey = Ficp+ Fg = 3.53kN

3.2.2 Lever

The static equilibrium of the lever will be derived similarly, considering the torque equilibrium to compute
the HDRM force, and the net forces to compute the shaft reaction force. Figure[3.3|shows graphically the
static equilibrium assessed on the lever component. The forces involved for the lever are the followings:

- The gravity of the entire cover assembly, ﬁg;

The vibration force, IEvib;

The shaft reaction force, /-:shaft;

The seal force applied on the door, I—js;

The HDRM force applied at the tip of the lever, /—:hd,m.

Evaluated with SolidWorks, the distance x4 = 177 mm is the door diameter, xyqrm = 10 mm is the dis-
tance of contact between the HDRM and the lever, xspar¢ = 6.68 mm (the center of the door is located
95.18 mm away from the shaft center axis) and the overall length of the lever is equal to L = 190 mm.

Assuming that the HDRM force is applied vertically and considering the gravity as positive force (head
downward orientation), the static torque equilibrium is computed as foIIowsE], considering the shaft as
rotation point (fixed):

L

X L
5 Fuib,y + (Xshaft + i) Fsy+ = Fg— (L= Xndrm) - Fndrm,y =0 (3.3)

2 2
The HDRM force is finally computed by rearranging Equation |3.3| as follows:

%'Fvib,y‘i‘(xshaft"i_%d)'Fsvy—i_é.Fg = 2.02kN (3 4)
(L —thrm)

thrm,y =

The static equilibrium (net forces) over the lever is expressed as follows:

Fshaft,x = Fs,x = 0kN
Fshaft.y = Fsy + Fg — Fharmy = 1.51kN

2The sign convention used for the torque equilibrium defines positive torques anticlockwise.

(3.5)
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Figure 3.3: Static equilibrium schematic of the lever, part of the cover assembly.

3.3 Actuation

The design static forces being estimated for the vibration test sequence (driving mission phase), the
actuation torque can be computed according the the ECSS Standards [11]. The mission phases considered

for the release are the space-orbit release sequence and the release tests that will be performed during the
AlT.

3.3.1 Actuation Torque

The actuation torque required to open the cryostat cover assembly is computed by considering the ECSS
Standards, with the theoretical factors described in Table[3.1I] The measured factor will be considered for
the release operation during the cryogenic tests (AIT phase). The reason is that the tests are made in a
controlled environment and lower uncertainties are therefore considered.

Resistive torque (or force) contributors Symbol Theoretical Measured
Factor Factor
Inertia / 1.1 1.1
Spring S 1.2 1.1
Magnetic effects Hp 1.5 1.1
Friction Fr 3.0 1.5
Hysteresis Hy 3.0 1.5
Others (e.g., Harness) Ha 3.0 1.5
Adhesion Hp 3.0 3.0

Table 3.1: Minimum uncertainty factors for actuation function [11].

According to ECSS Standards [11], the minimum actuation torque T, shall be derived by the following:

Toin=2-(11-1+12-S4+15-Hy+30-Fr+3.0-Hy+3.0- Hy+3.0- Hp)+1.25-Tp+ T, (3.6)
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where [ is the resistive inertial torque applied to a mechanism subjected to acceleration in an inertial frame
of reference (e.g. spinning spacecraft, payload or other), Tp is the inertial resistance torque caused by the
worst-case acceleration function specified by the customer at the mechanism level, and 7; is the deliverable
output torque, when specified by the customer. Table [3.T] specifies the minimum uncertainty factors that
can be adapted within the Equation[3.6] Note that the safety factor are not needed for the on ground tests.

The resistive inertial torque / can be neglected since the spacecraft nor the payload are not spinning.
In addition, since the current design does not include any springs (the sheet spring should be replaced by
a passive safety release device) and is not subjected to any magnetic effect nor hysteresis, Equation [3.6
is rearranged as follows:

Tmin=2-(11-/412-8+15- B +3.0- Fr+3.0- H5 +3.0- B4 +3.0-Hp) +1.25-Tp + J1
=2-(3.0-Fr+3.0-Hp)+1.25-Tp
(3.7)

where T, is neglected since no deliverable output torque is specified by CNES and Hj4 is also neglected
since no additional effect are considered.

Inertia Torque

The inertial resistive torque in worst case acceleration Tp requires to evaluate the inertia of the whole cover
assembly and the rotational acceleration profile. First, the mass moment of inertia of the cover assembly
is computed using the CAD model in SolidWorks. Figure[3.4]shows the considered part of the CAD model,
and the axis considered in the software, since they are not defined the same way. Therefore, the mass
moment of inertia taken at the center of mass of the entire cover assembly equals /conm,yy = 0.37 g - mZ2.

--[188.68;107.78]

Position in mm of the
center of mass with
respect to the CAD
model origin.

,[93.68;107.78]

/
,/ Position in mm of the
o\ shaft axis with
,/ Tespect to the CAD
model origin.

Figure 3.4: CAD model of the cover assembly, with the moment of inertia axis defined in SolidWorks.

Since the rotation is performed along the shaft axis, the Parallel-axis Theorem is used to computed
the mass moment of inertia of the current rotational motion:

lyy = lcomyy + md? =2.48g - m? (3.8)

where Icon is the mass moment of inertia taken at the center-of-mass of the body, m is its mass and d
is the distance between the center-of-mass and the rotational axis considered.
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Second, a sinusoidal acceleration profile is selected assuming that the cover assembly should open within
At = 60s at an angular range of A8 = 120deg. The angular position over the time is therefore expressed

" o(t) = % <1 _ cos (Zi)) (3.9)

The acceleration is derived by twice differentiate the angular displacement and its maximal value is eval-
uated, which results as the followings:

. NG /T \2 Tt - AG /N2 5
0t) = 5 (A—t) cos (At> = Omar = - (A—t) — 0.0029s (3.10)
Finally, the inertial resistive torque is evaluated as follows:
To=1yy Omax =7.2-107° Nm (3.11)

Friction Torque

The static loads derived earlier will be used to compute the friction torque. Computing the resultant force
of the shaft reaction forces, and assuming Vespel/Aluminum contact at the bearings (us ~ 0.15) [12],
the friction torque is estimated as follows:

dshaft

TFR = (/stFshaft) : = 0.906 Nm (3.12)

where Fsparr = 2.03 kN is the resultant reaction force on the shaft, dsp,rr = 8 mm is the diameter of the
shaft, provided by the CAD model.

Adhesion Torque

The adhesion of the cover to the o-ring joint due to cryogenic conditions has a lot of uncertainties. As
a first approximation, the adhesion is assumed to be compensated exactly by a safety release device (e.g.
kick springs, passive thermo-component, etc.) that should be designed.

Actuation Torque

According to the ECSS standards, the minimal torque required to actuate the release of the cover assembly
is computed by Equation and equals:

On ground test: In-orbit:

3.3.2 Actuator Choice

The PhySpace stepper motor of Phytron [39] is the actual choice of actuator to open the cover assembly.
The electrical consumption for the opening operation is critical to be assessed because the power consumed
is dissipated into heat that could significantly perturb the thermal balance of the cryostat and on the
DEA surroundings. The actuation time is set to 60s, and since the current / = 600 mA and resistance
R = 4.6 for the 50 mN actuator, are provided by the manufacturer's datasheet, the electrical power
consumed during the actuation is estimated to:

P=(/?-R)=1656W (3.14)

Finally, since the actuator torque equals 50 mN, a gearbox device is required to reach the ECSS torque
computed in Equation [3.13] The gearbox ratio is required to be larger than 109 : 1, which is totally
acceptable since previous design already included gearbox with ratio typically varying between 100 — 200 :
1. However, the friction within the gearbox should be carefully evaluated since this will be a non-negligible
additional heat source. This remains as a part of the future work to be achieved with the cover design.
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Figure 3.5: Position, velocity and acceleration profiles of the door opening.

To conclude this preliminary summary of the actual cover design, the CAD model is used to derive all
the characteristics of the cover (mass, dimensions, etc.) that are needed to design the HDRM. Since
the design of the cover is not central in the scope of this master thesis, a lot of parts should already be
considered and have been neglected for the HDRM design. The adhesion force of the gasket to the cover
surface is assumed to be perfectly balanced by a passive safety release (replacing the kick springs) which
also needs to be designed. The shape of the cover provided by the CAD model is also not definitive and
should be closer to a dome to withstand the pressure gradient. Moreover, the interface between the door
and the lever should include springs to redistribute uniformly the seal force along the gasket circumference.
Finally, even if the actuator choice is set, a more accurate evaluation of the heat generated during the
opening operation should be made, and strategies to evacuate these thermal loads should be presented.
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Chapter 4

Hold-on and Release Mechanism Modeling

The HDRM s a critical part of the cover assembly mechanism, since it locks the door during the launch
phase to maintain the tightness of the gasket. The selection of linkage family is related to the Chebyshev
four-bar linkage family. They are several reason that justifies this design choice:

1. The Herschel configuration used a specific Chebyshev four-bar linkage compliant with its own kine-
matic constraints.

2. The dimensional constraints along the vertical axis are limiting the choice of configuration. Indeed,
with only 80 mm above the baseplate and 55 mm below, the HDRM is almost forced to be horizontally
oriented.

3. The motorized actuation imposed by the requirements can only provide small actuation force or
torque. Since the required HDRM force computed in Section is around 1kN, the linkage
should provide an attenuating arm-lever to inhibit the force transmitted during the launch lock
phases and minimize the actuation force required to initiate the release motion of the HDRM. Also,
the greater the actuation force, the more current to power the actuator is, which could generate a
lot of thermal losses that could perturb the thermal balance of the dewar.

4. A wide range of actuators family require a linear motion. Since the motorized actuator should work
using a worm screw, a linear path is also required in this design case.

This chapter derives first the parametric HDRM model analytically. Then, the static equilibrium is assessed
to evaluate the loads at each link (point) of the mechanism. This will be used to computed a force ratio
between the HDRM force required and the actuation force. Finally, the validation of the analytical model
is discussed using the SolidWorks software.

4.1 HDRM Parametric Model

The main purpose of this section is to describe the parametric model of the HDRM implemented in
MATLAB from analytical kinematic and static equations. More particularly, the section introduces the
analytical equations implemented to build the parametric analytical code.

4.1.1 Chebyshev Four-bar Kinematic

The Chebyshev linkage mechanism is a four-bar linkage converting a rotational motion into an approximate
linear motion [45]. Figurerepresents the classical configuration of the linkage. The red points represent
the moving articulation of the mechanism while the black points remain fixed. The dashed lines represent
the related motion of the point F with respect to the point C. All the pieces considered are assumed to
be rigid bodies.
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Figure 4.1: Classical configuration of the Chebyshev four-bar linkage.

The first moving piece is the knee, represented by the points A, F and O. The second moving piece is a
lever bar represented by the points A, B and C. The third moving piece is an oscillating leg represented
by the points B and D. The last bar is represented by the points O and D, which are fixed. A total of 9
geometrical parameters are considered to describe the linkage's behavior, which are defined as follows:

- Thelength Lop = L1; - The length Lgp = Lg; - The angle ZAOF =n;
- The length Loa = Lo; - The length Lgc = Ls; - The angle ZABC = 7;
- The length Lag = L3; - The length Lor = Lg; - The angle ZXOD = 9;

One can note that the angle ZXOD is not shown in Figure [4.1] since the points O and D are aligned with
the horizontal axis for this theoretical configuration. The variable angle ZAOX = 8 is the angle describing
the rotational motion of the knee piece. This motion is entertaining the other piece of the mechanism,
and the output motion that is aimed to be designed to be compliant with the required kinematic is the
motion of the point C.

The points O : (xo,Yo) (origin of the inertial frame of reference) and D : (xp,yp) are fixed, and
their positions are expressed as follows:

xo =0 xp = Lop - cos (¢)

. (4.1)
yo=0 yp = Lop - sin(¥)
The kinematic of the points A : (xa, ya) and F : (xg, yr) are modeled using polar coordinates as follows:

xa = Loa - cos (0) xXF = Lof - cos (6 +m)

| | (4.2)
ya=Loa-sin(0) yF = Lof-sin(8+m)
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The kinematic of the point B : (xg, yg) is computed based on the position of the points D and A and

their distance Lap = \/(XA — XD)2 + (ya — yD)z, as follows:

2
_ (xa+xp)  Lig—L%p ' B (o —ya) Las — LBp _ (Las — L&p) _
=T 202 (x0 = xa) 2 2= L4 1
AD \ AD AD
(4.3)
2
_ (at+yp) | Lag—Lep ) _ ~ (xa—xp) 2Li5 — Lo B (Lag — LBp) B
Vg = 5 e (vp — ya) > B 7 1
AD AD AD

Finally, the kinematic of the point C : (xc, y¢) is computed from the point B. In order to derive it, let's
defined an intermediary angle €2 between the horizontal direction X and the segment L 4. Since alternate
(internal) angles have distinct vertex points and lie on opposite side of the parallel segments considered,
the angle between the horizontal direction and the segment Lg¢ is defined as:

/XBC = Q —« = arctan (yA_yB) -
XA — XB
Therefore, the position of the point C is described by the following equation:

Xc = xg + Lgc - cos <arctan <yA_yB) — 'y)
XA — XB

yc =yg+ Lpc-sin <arctan <yA_yB) - fy)
XA — XB

(4.4)

At this stage of the implementation, the rigid bodies constraints need to be checked in order to keep only
the physically acceptable motion of the entire mechanism.

4.1.2 Linear Path Detection Algorithm

The detection of linear path over the motion of the point C should detect not only horizontal or vertical
linear segments, but also oblique segments. The use of direct gradient comparison is not well suited
for such application, especially for vertical segments since their slope tends to infinity (will numerically
explode).

The approach used concern the scalar product between two vectors, considering a reference vector at
the starting point of the potential linear segment. Figure illustrates the detection principle imple-
mented. The red points are points outside the linear path detected (scale not respected in this scheme).
The two blue points are the starting points of the linear segments, while the green ones are the succession
point that stays within the specified tolerance compared to the reference segment.

Considering the unit vectors of both starting segment and current point segment (linking the first point
of the supposed linear path), the angle between both vector is expressed as:

—

ViV,
Vi1

- =

Vi - Vi = ||Vi||||Vi|| cos (o) & o = arccos (4.5)

Then, to express the difference of position of the current point C; compared to the segment C;Cjyq, the
distance between C; and C; is derived and multiplied by the sinus of the angle to get this difference, and
compare it to the tolerance emax specified by the algorithm:

€ = [[j[I sin (@) < €max (4.6)

One can note that the linear path should have a minimal step length (one step corresponds to 1 degree
of rotation of the point A). If this is not the case, the segment is rejected and the algorithm continues.

29



CHAPTER 4 4.1. HDRM PARAMETRIC MODEL

.
i
1 l.
1
ra
|
'l 1
Y
IRy
[
i
1
[FN ]
r
1
i
1
i
1
o
al T T
\ 1
\‘ \‘ \
1ol \ \ EmaX \
g \ \ \
HA \ I \
ih 1 \ \
[ \ \ \
e \ \
2 1 \ 1
1 I 1 \
] \‘ \‘
' \ a \
il \ - \
I
1 . 1
y 'C \ U; '
i+1 \ \
1

Figure 4.2: Geometry of the linear path detection principle implemented.

Once all the linear path segments of the point C motion are detected, the indices of the maximal and
minimal angles 8 are obtained, and will be used for the compliance check of the kinematic with respect to
the cover's opening motion and for the static computations.

4.1.3 Opening Kinematic Constraint Formulation

During the launch lock phase of the mission, the function of the HDRM is to provide the necessary force
to cancel the opening force exerted by the cover lever and remain sealed. But once the release campaign
starts, the knee should opens enough to avoid any contact with the motion of the cover lever. The contact
point F of the knee on the cover lever is indeed not exactly located at the tip. This requirements needs
to be implemented and will be a strong driver of the discrimination of all the configuration considered.
Figure presents the geometry of the problem. The lever length is represented by the segment Lo/r.
The gray dashed lines are showing the motion path of both tip points T and F. The knee piece is
represented by the triangle AAOF.

The contact point is defined with the angle 6., which is the largest angle 8 of the mechanism within
the angular range corresponding to the linear motion of the point C. The idea is to check that the
angular range A8 = 0. — 0, is larger that the minimum angle between the contact point F and the in-
tersection point F’ between the motion circle of the cover lever and the motion circle of the contact point.

The intersection point F’ is computed using the circcirc built-in function in MATLAB [46]. The only
accepted configuration are the ones that have the contact point below and on the left side of the fixed
point O. From this assumption, the minimum angular range required to safely open the door is expressed
as follows:

L2,
ABpin = arccos [ 1 — F2F < A8 (4.7)
2L5F

4.1.4 Static Equilibrium

The aim of this section is to express the static equilibrium system over the entire HDRM and to compute
the actuation force required to counter balance the launch lock force the knee should balance to remain
static. The equilibrium equation will be derived first by considering each piece of the HDRM, and then by
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Figure 4.4: Static equilibrium schematic of the HDRM.

considering the overall system. Figure[4.4]shows the overall static equilibrium forces involved. The color of
the links enable to distinguish the different pieces of the mechanism. The fixed bar O — D is a fictive link.

The system is assumed purely 2 dimensional. The forces along X and ¢ only are considered, and the
moments along the Z axis are considered. One can note that the moment are positive counter clock-wise.
Let’s consider the knee piece's static equilibrium first. The forces considered are acting on the knee. Fp
is the force acting from the fixed hinge to the knee; F, is the force acting from the lever bar to the knee;
Fri = Fhgrm is the force acting from the cover lever to the knee. The static equations (for the forces
along X, y and for the moments along the 2) can be derived as follows:

OZFLL,x+FO,x+FA,X
0= F/_/_vy—i-Fovy—i-FA,y (4.8)
0=Wo—Yr) Fiix+ (o —ya)  Fax+ (xr —x0) - FLiy + (xa —x0) - Fay
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Next, the lever bar is considered. The force are acting on the lever, and the signs need to be carefully
defined. F4 is the force acting from the lever to the knee. Consequently, —F4 is the force acting from
the knee to the lever. Fg is the force acting from the leg to the lever; F- = F, is the actuation force
acting from the actuation transmission to the lever. The static equations are then derived by the same
way as for the first piece (the link A is taken as reference point for the moment):
OZ_FA,x+FB,x+FC,x
0=—Fay+Fpy+Fcy (4.9)
0= (ya—yB) Fex+(a—yc) Fcx+(xa—xa) - Fgy+ (xc —xa) - Fcy
After, the leg piece is considered. The forces are acting on the leg. —Fg is the force acting from the
lever to the leg and Fp is the force acting from the fixed hinge to the leg. The static equations are then
derived similarly (the link D is taken as reference point for the moment):
O:_FB,X+FD,X
0= _FB,y + FD,y (410)
0=(yp—yB) Fex+(x8—xD)-FBYy
Finally, the overall equilibrium enables to derive the 3 last equations required to enclose the problem. The
force considered are acting on the overall HDRM. The static equations are then derived similarly (the
fixed hinge O is taken as reference point for the moment):
O0=Frix+ Fox+ Fpx+ Fcx
O0=Fiy+Foy+Fpy+Fcy
0=Wo—YrF) FLLx+ o —yc) Fcx+ (Yo —yp) - Fox+
(xr —x0) - FLLy + (xc —x0) - Fcy + (xo —x0) - FD,y

(4.11)

One can note that the system should not give a unique solution. An additional constraints of the system
needs to be applied to have a full rank matrix. Rearranging the equations into a matrices system gives
the following system of equation to solve:

10 1 0 0 0 0 0 0 0 —Flix

01 0 1 0 0 0 0 0 0 Eo —FrLy

0 0 —ya xa 0 0 0 0 0 0 FOvX VE-Fiix—xr-FiLy
00 -1 0 1 0 1 0 0 0 FO,y 0

00 0 -1 0 1 0 1 0 0 FA'X 0

00 O 0 va—yB XB—Xa Ya—yc xc—xa O 0 ,_—A'y 0

00 0 O —1 0 0 0 1 0 FB'X = 0

00 0 O 0 ~1 0 0 0 1 FB'Y 0

00 0 0 yp—ys X5—*p 0 0 0 0 FC'X 0

10 0 O 0 0 1 0 1 0 Fc'y —FLix

01 0 O 0 0 0 1 0 1 FD'X —Fiiy

00 O 0 0 0 —Yc Xc ~yp xp| L P YE - Frix—XxF-FrLy
00 0 0 0 0 0 1 0 0] I 0 |

(4.12)

For the configurations that have a linear path oblique, the horizontal at the point C is decomposed into
a component aligned with the direction of the linear path and a component that is perpendicular to this
direction. This is computed by considering the average slope between the opening and the closing point
from which the angle is deduced. Therefore, the unknown vector Fis adapted to this after solving this
system of equation as follows:

F, = Fcx-cos(a) = Fcx

K | (4.13)
Fg = Fcx-sin(a) = Fc,,
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YCop—YC.cl
XC,op—XC,cl
horizontal axis, the average being computed considering the position of the point C in the closed and in

the opened configuration.

where o = arctan ( ) is the angle between the average direction of the linear motion and the

4.2 HDRM Model Validation

The next logical step is the validation of the analytical modeling. This step is critical to ensure the code
is functional and ready to be wrapped into an objective function before using optimization algorithms to
investigate the best configuration possible for given constraints.

The software that will be used to validate the results is SolidWorks 2024 (using the Motion Analysis
and Simulation add-ins). In parallel, a breadboard of a configuration is built and an experimental set-up is
made in order to compare both the analytical and numerical results to experimental ones. However, due
to circumstances, the experimental test is not presented in this report.

The Chebyshev four-bar linkage modeled in the previous section considers a set of 9 parameters. For
the validation, 4 different sets have been considered:

The classical Chebyshev four-bar linkage configuration;

- The Herschel's four-bar linkage configuration, roughly estimated from Janu et al. [2];

A configuration that is not restrained in term of revolution of the knee;

A configuration that is restrained in term of revolution of the knee.

The parameters of each configuration are presented in Table [4.1] where the length parameters are ex-
pressed in mm and the angle parameters are expressed in deg.

Lop Loa Lag Lgp Lgc Lor n ¥ P
Classical 40.0 20.0 50.0 50.0 50.0 20.0 090 180 0.0
Herschel 115.1 72.3 595 4.7 55.6 45.2 090 140 0.0
A 30.0 15.0 37.5 37.5 37.5 15.0 090 270 0.0
B 85.4 447 51.3 65.5 55.6 45.2 108 310 0.0

Table 4.1: Recapitulatory table of the 4 validation configurations considered and their 9 parameters.

These four configurations are geometrically represented in Figure [4.5] The knee piece is represented as a
gray shaded triangle. The lever piece is represented in blue as well as the fixed virtual piece. The leg is
represented in black. The motion of the points C and F are represented both in dashed lines.

4.2.1 Chebyshev Four-bar Kinematic

The validation of the results considers only the motion of the point C of each configuration. Figure
compares the numerical results with the analytical one, for each considered configuration.

The analytical trajectories computed match to the numerical computed using SolidWorks Motion Analysis,
except for the configuration B where a significant difference is observed around a singular point of the
mechanism.

More quantitatively, Tableshows the average absolute error €, the root mean square (RMS) error egpmis
and the maximum absolute error €nax. One can observe that the errors for configuration that permits full
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Figure 4.5: Representation of the four configurations considered for the kinematic validation.

‘ € [mm] €rms [mm] €max [Mm]
Classical 0.006 0.007 0.016
Herschel 0.055 0.071 0.189
A 0.012 0.015 0.036
B 0.010 0.011 0.037

Table 4.2: Errors made with the analytical code compared to the SolidWorks Motion Analysis results.

revolution motion are really accurate (below 0.01 mm). On the other hand, the results are still accurate
for the Herschel configuration, which is not complete in terms of revolution. The accuracy is however 5 to
10 times decreased, but remains below the 0.30 mm. But for the configuration B, the accuracy is highly
degraded around the small loop in the path. The reason might be that the big difference between the
software and the analytical code is that the pieces have real dimensions, and are considered as rigid bodies.
Since the code only compute the points coordinates over angular step and verify that the length between
each points remains the same. For SolidWorks, since the piece motion is made by considering its entire
volume, this might results in some differences, especially around the singular points of the mechanism.
Another source of potential error in that case is the path measure by the SolidWorks Motion Analysis,
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Figure 4.6: Comparison of the point C kinematic computed analytically in MATLAB and computed
numerically by SolidWorks Motion Analysis.

which is processed by considering the motion of the center of the pin corresponding to the point C.

4.2.2 Static Equilibrium

The static equilibrium validation in closed configuration is slightly more delicate since the modeling using
any software requires to represent what the analytical code is computing with its assumptions. Indeed, the
software will always display a result, and the difficulty is to interpret them, and assess that the software is
actually providing a close representation to what is aimed to model. The aim of this section is to validate
the force ratio computed analytically since it will be critical for the choice of optimum configuration for
the optimization process.

Since the basis of static equilibrium is slightly the same for SolidWorks Simulation or for NX Siemens, the
numerical representation of the configuration being modeled already in SolidWorks, the same software will
be used to assess the static validation of the MATLAB code. In addition, since the numerical modeling
also states assumptions, an experimental validation is planned with the configuration A to assess the force
ratio of both analytical and numerical model are close to the reality.
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Numerical Modeling

The analytical model in the static equilibrium computations assumes a perfectly plane mechanism, where
each constituting piece is a rigid body (meaning that the length of each link should remain constant). The
forces are assumed punctual, and located at the coordinates of each point of the mechanism.

Figures presents the numerical model used to validate the static. The fixed piece is excluded from
the analysis. The hinges O and D are assumed fixed. The articulation A and B are modeled using pin
connections object to enable the rotation bu not any translation. The point F where the HDRM is sup-
posed to be applied is modeled as a slider surface (which is clamping any vertical motion). The force is
not directly applied on the point F since it appears after a few attempts that applying a punctual remote
load at specific location (determined with the analytical code) was the most accurate. The magnitude of
the punctual load is taken from the analytical code and the resultant force on the slider surface in F is
compared to the HDRM force inputted to the analytical code.

(b) Configuration A.

(c) Configuration B. (d) Herschel configuration.

Figure 4.7: Representation of the four configurations considered for the kinematic validation.

Validation Results

The force ratio Fratic = % is computed considering the ratio of the HDRM force Fpy,m Over the actu-
ation force F,+. Table presents the results of the SolidWorks model and compare the force ratios of
each configuration considered with the analytical equivalent one.

One can observe that the difference is non-negligible for the Classical configuration and for the Herschel
configuration.
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Force Ratio o
Analytical SolidWorks as [~ 6rel 7]
Classical 0.3858 0.4134 0.028 6.688
Herschel 0.7247 0.6111 0.114 18.589
A 1.0190 1.0659 0.047 4.406
B 0.6722 0.6590 0.013 1.995

Table 4.3: Errors made with the analytical code compared to the SolidWorks Simulation results.

Even if the errors are significant for some configurations, the order of magnitude of the force ratio is
nearly the same. The experimental measure of the force ratio on the configuration A could enforce the
validation of the analytical code. However, due to some delay, the breadboard piecesE] will not arrive on
time and the experimental measures will not be performed in this version of the report.

4.3 Conclusion

To conclude this section about the HDRM modeling, the kinematics was analytically first derived consid-
ering the classical Chebyshev four-bar linkage configuration. After the implementation of the linear path
detection code and the kinematic constraints for the release of the knee, the statics was derived. Starting
from the HDRM force computed in Sections [3.2.1] and [3.2.2] the force ratio was computed. Once the
parametric code was built, the validation of the code have been presented. This section enforced the relia-
bility of the code providing accurate results, which is critical to assess the optimization process would work
properly. The kinematics is validated with accurate result (less than 0.1 mm for the less accurate case).
The statics is less accurate due to the conversion between perfectly planar motion into three dimensional
numerical model. However, the force ratio remains is the same order of magnitude, but experimental
measures should be done to enforce this validation.

'The drawings of the prototype are provided in the Appendices. In addition, the calibration tests description and results
are also presented in the same section. Indeed, since the CSL has only one dynamometer device, an alternative method to
evaluate the force is considered using the deflection of a cantilever beam.
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Chapter 5

Optimization

The parametric model of the HDRM counts 9 distinct parameters that could affect the geometry of the
HDRM, its linear path delivered and the actuation force required to conserve the static behavior during
the launch phase and vibration phases. Since the force ratio between the HDRM force and the actuation
force should be minimized without violating the kinematic and dimensional constraints, optimization of
the HDRM configuration appears to be the logical next design step.

Therefore, this section first briefly describes different optimization algorithms considered as candidate
for the optimization implementation. Then, the choice of optimization process is presented and discussed.
Finally, the HDRM optimized configuration result is presented and discussed.

5.1 Optimization Method Descriptions

The general optimization workflow is given in the MATLAB documentation [47], with recommendations
on the usage of each type of solver. First, the choice of the solver is made according to the type of
problem considered. Next, the objective function and constraints functions should be implemented with
respect to the syntax of the Global Optimization Toolbox algorithm implemented in MATLAB. After
setting appropriate optimization options, the solver is run and the result is examined. Any unsatisfactory
result leads to variation of the options before reiterating the process.

The aim of the optimization is to find the best solution to a defined problem according to its constraints
and to the objective of the optimization. The proof of convergence to a global optimum is not easy to
provide. Some algorithms provided by the Global Optimization Toolbox have no convergence proof yet,
such as Particleswarm or Genetic Algorithm (ga) solvers. In fact, for discontinuous objective function
problems, the convergence is never assessed and this is a real problem. Are the possible results outputted
from any optimization processes the best obtainable solution or is there even better one?

5.1.1 Using Local Solver with Numerous Different Inputs

The fmincon is a nonlinear programming solver. It is a gradient-based method designed to work on
objective and constraints functions that are continuously differentiable. When the problem is infeasible,
fmincon attempts to minimize the maximum constraint value. The solver finds the local minimum of a
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problem specified by the followings:

(c(x) <0
Ceq(x) =0
min  f(x) s.t. A-x<bhb (5.1)
X
Aeq X = beq
/b < x < ub

where A is a real matrix and b a real vector representing linear inequality constraints, Aeq is a real matrix
and beq a real vector representing linear equality constraints, /b and ub are vectors representing lower
and upper bounds, and ¢ and ceq are arrays that represents nonlinear inequality and equality respectively.
The solver also takes an objective function, a vector of initial values for the variation parameters xp and
a nonlinear constraints function that wraps the nonlinear constraints ¢ and ceq [48].

Since the solver is designed to work with continuous objective and constraints functions, it is by defi-
nition not well-suited for the optimization of the HDRM configuration. Indeed, most of the time, it does
not converge to a feasible solution that satisfies every nonlinear constraints, which are:

- The configuration should be compliant with all the kinematic and dimensional constraints (quasi-
linear path sufficiently long to ensure the opening without collision with the door, and stay within
the height available, without violating the height of the interfaces of the V-groove or the cryostat).
If the boolean flag valid equals O (meaning False), ceq = 1 while the satisfaction of the constraint
( valid equals 1) leads to ceq = 0.

- The configuration should provide enough place for the motorized actuator and its potential gearbox.
fmincon attempts to satisfies c¢(x) < 0. The projection of the linear path until reaching the bottom
or the upper interface defines a distance that should be positive.

However, some inputs vector xg can allow the tool to converge to a local feasible solution. Therefore,
the idea of this first optimization process is to consider a large set of initial vector xg, to loop over them
by calling each time the fmincon solver and save the feasible local solution identified. It is based on the
fact that the objective functions has feasible and non-feasible local optimum that have an influence region
(basins of attraction) on their local surroundings. The solver may be stuck in some region due to a local
optimum that is not feasible for a given initial vector. Hence, considering different initial vectors within
the considered bounds may be efficient to identify different acceptable solution.

The remaining problem is that the solutions identified are only local optimum and not global ones. Even if
discrimination criteria (such as the force ratio and the available place to put the actuator in the continuity
of the linear path) are applied to rank them, the algorithm does not ensure the global optimum is reached
within the provided bounds.

5.1.2 Global Search and Multistart Algorithms

The solvers GlobalSearch and Multistart attempt to locate a solution that minimize the objective func-
tion value. Both algorithm start a local solver, likefmincon for example, from multiple start points [49].
The idea is to use multiple starting point to sample different basins of attraction. Theses gradient-based
methods have been fast convergence proven for smooth (continuously differentiable) objective functions.
While the GlobalSearch solver removes many start points heuristically because they offer low potential
of feasible convergence solution, Multistart runs all the starts points or combination of them to identify
the global optimum [47].

The GlobalSearch solver has the same approach as proposition of process discussed with the solver
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fmincon. Since it rejects also a lot of starting point that could be potential feasible solution seeds, the
Multistart solver is preferred. However, due to the discontinuous objective function implemented, the
convergence to a global optimum is not assessed. Indeed, the solution highly depends on the inputs vector
given as parameter to the solver.

5.1.3 Pattern Search Algorithm

The Pattern Search algorithm starts from an initial guess xg with an initial step size positive. The pro-
cess evaluates at each iteration the objective function at a set of surrounding points around the current
one. These points are determined by applying basic operations on vectors from a pattern. When a better
point is found, the reference point for the search stage is changed, and possibly increases the step size.
If no improvement is found, the step size is reduced. The algorithm reduces its step size until reaching a
critical size indicating the convergence of the method [50].

This non gradient-based algorithm has been proven to converge to local optimum, but its rate of con-
vergence is slower than gradient-based methods [51]. For this algorithm, the MATLAB documentation
recommends to use several initial points xp in the case of non-smooth problem [52]. Again, the problem
remains the same: the algorithm does not ensure the global optimum is reached within the provided
bounds.

5.1.4 Surrogate Optimization

A surrogate is a function that approximate another time-consuming objective function. The idea is
to evaluate a function that takes significantly less time to output a result. It minimizes the result of
this simplified function before evaluating the improvement made with the approximation output [53].
The algorithm balances the optimization process between solution exploration and time consumption. It
also has been proven to converge to a global solution for continuous objective functions on bounded
domains [54]. It converges slower than gradient-based solvers and the solver generally stops by reaching
a function evaluation limit (or any other limit specified in the options) [55]. Since the current design
problem is non-smooth, the documentation also recommends to use several initial points [52].

5.1.5 Quasi-Monte Carlo Algorithm

The Quasi-Monte Carlo method is a pseudo-probabilistic problems solver using low-discrepancy sequences
(uniformly distributed) [56]. For a given random variable f (a given function), the Monte Carlo algorithm
estimate for the expected value E(f) is obtained by taking N independent distributed random samples
ai, ..., ay such as:

1 N
E(f) ~ NZf(al,...an) (5.2)
n=1

For large sample numbers, thanks to the law of large numbers, this procedure converges almost surely [56].
The main difference with the classical Monte Carlo method is the use of pseudo-random distribution se-
quences [57]. Figure [5.T]illustrates the difference between the distribution of points using pseudo-random
sequences like Monte Carlo algorithms uses, and using a low-discrepancy sequence generation such as
Halton or Sobol sequences. The first 10 points are represented in red, the next points until the 100t
point are colored in blue, and the following points until the 256" point (arbitrary choice of number of
points) are represented in green.

The Halton sequence use different prime bases to form successively finer uniform partitions of the given

unit interval in each dimension specified [58]. The Sobol sequence uses a base of 2 (source of the likely
symmetrical pattern shown in Figure([5.1]) to form successively finer uniform partitions of the unit interval,
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Figure 5.1: Comparison of the Halton, the Sobol and Pseudo-random sequence generations in (0, 1) x
(0,1) € R°.

before reordering the coordinates in each dimension [59]. Both sequences provide a fine uniform partition
of the given interval in each dimension with sufficiently high number of point generated.

5.1.6 Optimization Algorithm Choice

Reaching a global optimum is not an easy task, even for smooth problem. For the current design problem,
the constraints (kinematic and physical) are limiting the field of acceptable solution, which consequences
in a highly non-smooth problem definition. For such non-linear problem, ensuring a global solution is found
is difficult, and could be the subject of a complete dedicated work to rigorously proof it.

This objective of the optimization process is getting an acceptable HDRM configuration that satisfies
all the constraints and provide low force ratio rather than getting the best possible one. A configuration
that transmits 10 — 50 N at the actuation point is typically what should be obtained.

A first (direct) approach would implement a code that will generate a set of local optimum solution
feasible, using the fmincon local solver for a large set of inputs. Next, the Pattern Search local solver
and the Surrogate algorithm will be used both with the set of local optimal solution to identify the best
configurations within the ones considered during the first step. The initial large set of input should cover
almost the entire field of the boundary conditions provided in order to assess that the final optimized so-
lution is likely the best solution that could be identified within the bounds and according the the nonlinear
constraints considered. However, the first issue for this approach is the execution time due to the large
set of parameters required to characterize the model. This could be time consuming, only considering
angles variation and fixed length parameters (around 8 — 16 hours depending on the increase step). If the
6 other parameters were also varying, considering an increment of 0.5 x x“E the lower bound parameters
for example, this should require to execute 14° = 2-10° time the loop over the 3 angle parameters, which
took for the fastest execution even obtained 5 h (the execution time depends a lot on the initial parameters
given which could facilitate or not the fast convergence of fmincon). And this is not a problem of code
efficiency since the only part of the code that takes time to be executed is the plot generation, disabled
for the optimization loop.

1 As mentioned in previous Section the lower bound parameters (c.f. Table , the classical Chebyshev four-bar
linkage has specific proportional length parameters (Lop = 2a, Loa = Lor = a, Lag = Lgp = Lgc = 2.5a, a being a length
parameter). In order to be able to detect other potential similar proportionality between the length parameters, the increment
of 0.5 X xj, seems reasonable.
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Figure 5.2: Proposed optimization approach workflow.

Since the direct approach does not permit to find the best configuration in a reasonable time, the selected
optimization approach is based on the Quasi-Monte Carlo algorithm, and is illustrated in Figure[5.2] The
idea is to generate a sample of N x 9 random numbers between 0 and 1 using the Halton sequence gen-
eration. The random parameters are then generated at each iteration from the lower and upper bounds
values, and the code indicates the force ratio computed and if the configuration is acceptable regarding
the constraints. If this is the case, the parameters are saved in an array structure. The next iteration
comes next and reiterate the same process until the N vector of points have been considered.

The post-processing starts then with the reading of the overall array structure that keeps in mind ev-
ery sequence of parameters acceptable from the early stage of the code development. Each recently saved
configuration is evaluated with a rounding of each length parameters (rounding to the millimeter) and for
each angle (rounding to the degree). The idea of this step is to verify the configuration is still compliant
with the constraints after a slight perturbation of its parameters. The compliant configuration are added
to the overall array structure. Finally, a loop over the overall array is identifying the most promising families
of configuration and build a set of parameters that will be injected to the surrogateQOpt algorithm that
should return the optimum configuration. Again, at the end of this last step, a rounding should be made
to ensure the optimum configuration remains compliant with the constraints.

5.2 HDRM Optimization

The optimized HDRM configuration parameters provided by the optimization process are presented in
Table[5.3] This configuration is obtained by selection from the entire data set of acceptable solutions and
surrogatelpt converges also to this solution. One can note that the angle ¢ equals 1, but for simplicity
of the future assembly it will be set to 0 because it does not vary significantly the final force ratio either
the linear path geometry.
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| Loo Loa Las Lgp Lgc Lor U v Y
Opti ‘ 51 26 21 20 23 46 120 293 1—=0

Table 5.1: Optimized configuration parameters: lengths in mm, angles in deg.

On Figure [5.3] the configuration has a large margin of angular amplitude after the minimum angular am-
plitude required to reach (point green). Since the closed configuration is a singular point of the mechanism
(points A, B and D aligned), the closed angle should be slightly smaller to ensure the motion will start in
the expected direction. This should not be a problem since the angular range provided is large enough to
be able to release safely the HDRM. This will be reassessed during the CAD modeling of the optimized
configuration.
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Figure 5.3: Optimized configuration geometry overview based on the analytical code.

Finally, the static equilibrium at closed configuration is presented in Table [5.2] The load on the point A
is the load applied by the lever on the knee (negative for the knee equilibrium, positive for the lever); the
load on the point B is applied by the lever on the leg (positive on the lever equilibrium, negative for the
leg); the load on point C is the load applied by the actuation transmission to the lever; the loads on the
points O and D are the loads applied by the fixed hinge to the knee and the leg respectively; the load on
the point F is the load applied by the cover lever to the knee. One can see that the static equilibrium is
assessed on every single piece of the HDRM.

Points X [kN] ¥ [kN] Resultant [kN]
(0] +3.809 —4.739 6.080
A —3.809 +2.239 4.418
B —3.787 +2.239 4.399
Cc —0.022 +0.000 0.022
D —3.787 +2.239 4.399
F +0.000 +2.500 2.500

Table 5.2: Analytical static equilibrium in closed configuration.

The force ratio achieved by this optimized configuration is Fratic = % = 0.009. This is possible because
most of the force is transmitted to the fixed hinge in D.
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5.3 Conclusion

To conclude this section, the current parametric model of the HDRM, and the associated design con-
straints makes the optimization process difficult since the problem is highly non-linear. The usual global
optimization solver such as GlobalSearch or Multistart are not well-suited to solve such problem. The
local solver fmincon could be used by considering variation within the domain defined by the dimensional
boundary conditions, but since the parametric model is described by 9 different parameters, it would take
too much time to compute. A pseudo-probabilistic approach has been considered with the Quasi-Monte
Carlo algorithm. The Halton sequence is used to generate a large set of low-discrepancy parameters be-
tween the boundary conditions. This permits to reach an acceptable optimum in a reasonable computation
time.

The optimized configuration has been validated even after some rounding of the parameters to ensure
the configuration is still acceptable even if it slightly moved, and for cost reasons (the more accurate, the
more expensive it is). The angle 1 has been set to 0 instead of 1 for future assembly simplicity.

Finally, for the static equilibrium, the force ratio achieved is 0.009 and the maximum load computed
in closed configuration is at the fixed hing of the knee piece, which has a resultant of 6.1 kN. This will
be important for the bearing dimension and the material selection since it would produce a large contact
pressure stress at this hinge.

44



Chapter 6

Conceptual Design

6.1 Material Selection

The material selection of the main pieces of the mechanism is straightforward. Since the cryostat, and
filter interface of the DEA and the baffle will be constituted of aluminum (6061-T6 alloy), the material of
the door mechanism (cover and HDRM) should also be the same aluminum. The reason is the thermal ex-
pansion due to the variation of temperature both during the tests sequences and the operational phase will
cause the piece to shrink. In order to avoid the addition of thermal constraints due to difference of shrink-
ing or to thermal cycling, the same aluminum will be used for the main pieces of the HDRM and the cover.

However, metal-to-metal contact should also be avoided, in order to prevent cold welding. The materials
of the component such as screws, pins, hinges, and any other small piece that fulfills similar function
should be selected. At the same time, the materials selected should be able to withstand significant loads
(typically 4 — 6 kN). The backlash dimensioning is also critical, to ensure the mechanism will be able to
move at cryogenic conditions.

Therefore, this section aims to provide a materials selection for bearings and washers that should con-
stitute the articulations of the HDRM. Hence, it will first present the thermal behavior of the aluminum
6061. Then, a comparison of different compatible (matching nearly the coefficient of thermal expansion
of the aluminum) materials for these components and discuss their general properties. Moreover, friction
coefficient should also be low enough to mitigate the frictional loads to avoid reaching important actuation
force including ECSS margins. Finally, the contact at the bearings will be theoretically modeled using the
Hertzian Stresses theory to assess the load applied to some materials is not deforming plastically the
component.

6.1.1 Aluminum 6061 Thermal Behavior

Since the main pieces of the mechanism will be made of aluminum 6061-T6 alloy, the thermal expansion
at 50 K will be critical in the choice of materials and in the backlash dimensioning. Figure [6.1a]shows the
evolution of the coefficient of thermal expansion of the aluminum 6061 using the experimental datd] from
Arp et al. [60] in the full blue line, and the linear approximation based on the CTLE (acceptable between
218 and 373 K) provided by Dunn et al. [61] in dashed line. Figureshows also the comparison between
the aluminum linear CTE and Vespel materials equivalent one.

The CTE decreases with the temperature meaning that it is not constant with temperature. Consid-

The curve fitting performed is based on the empirical equation provided by the National Institute of Standards and
Technology (NIST), which references Arp. et al. as the source of experimental data (URL Link: |https://trc.nist.gov/
cryogenics/materials/materialproperties.htm).
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CHAPTER 6 6.1. MATERIAL SELECTION

ering a variation of temperature from room temperature (293 K) to 50K, temperature dependent CTE
should therefore be considered to assess the thermal contraction of the aluminum pieces of the mechanism.
Since no reliable data have been found, the linear CTE at room temperature will be used for different
materials compared to the (rough) approximation of the aluminum 6061 to have an order of magnitude
of the behavior of a material to elongate more or less than the aluminum. This remains a limitation of
the current conceptual design.
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Figure 6.1: Length variation per reference length unit due to temperature gradients for (a) Al 6061 and
(b) Vespel materials.

6.1.2 Hertz contact stresses

The HDRM is constituted of 3 moving pieces: the knee, the lever and the leg. Each piece is linked each
other by pins. It is critical to ensure the material constituting these articulations will not be damaged due
to high contact pressures during the static phases. ECSS standards recommend to consider the worst
case for such considerations |[11]. The stress at the mating surfaces of curved bodies in compression are
called Hertz contact stresses. The theoretical contact between curved surfaces is generally a point or a
line. Even these contact areas are small due to deflections, the corresponding compressive stresses could
be high such that fatigue failures tend to be produced [5}62]. Figure [6.2] shows the usual geometry for
cylinder-cylinder contacts adopted in the literature.

The maximal contact pressure between a cylinder and a cylindrical groove is expressed by Shigley et al. [6]
as follows:

172 172

2F 2F Fr+ g2

= —— Wi =4 — 4
Pmax = Top 1 L Fil
1 2

(6.1)

where b the contact modulus (or half contact width) expressed in m, v is the Poisson’s ratio (dimensionless)
of both contacting bodies 1 and 2, d is their diameterﬂ expressed in m, and E is their Young's modulus
expressed in Pa, F is the load applied to the bodies expressed in N and L = 20 mm is the contact length.

2The + sign is considered in the case of cylinder-cylinder contact, while the — sign is considered for cylinder-cylindrical
groove contact. Hence, the — sign is considered in this case.
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Figure 6.2: Hertz contact stress geometry for cylinder-cylinder contact, adapted from [5},6].

Vespel S-line Materials

The Vespel S-Line materials have promising candidate materials, such as the SP-211 for its low friction
coefficient, the SP-3 which is designed for vacuum friction application in bearings typically and the SP-
2515 because of its matching coefficient of thermal expansion with the aluminum one [12].

Table 6.1: Vespel materials properties for different composition, provided by DuPont [12].

. : SP-3 SP-2515 SP-211
Properties [Units] SO DF DE ISO
Young's Modulus [MPa] 3275 6340 - -
Poisson’s Ratio [MPa] 0.35 — - -
Compressive Stress [MPa]

at 1% strain 345 - 14.5 20.7

at 0.1% offset - - 27.6 37.2
Friction coefficient [—]

static - - 0.20 0.20

PV = 0.875[MPa - m/s| 0.25 0.21 0.12 0.12

PV =3.5[MPa-m/s] 0.17 0.33 0.08 0.08
Coefficient of linear expansion [107°K~1] 52 23, (54)2 41 54

@ The measure in parentheses corresponds to the measured value parallel to the forming direction. All the
other direct-formed (DF) properties are measured perpendicular to the forming direction.

Table[6.1] summarizes relevant properties of different type of Vespel materials. The suitability of a material
for a bearing application is evaluated using the PV measure, which stands for pressure (P) and sliding
velocity (V) [12]. It determines the limit of a material to deal with friction loads. The failure point is
usually manifested by an abrupt increase of wear rate of the bearing material.

One can note that the datasheet provided by DuPont is not complete, particularly for cryogenic con-

ditions. The coefficient of friction, as well as all the other properties of each material are subjected to
more or less variation in cryogenic conditions that could be critical for the design. Therefore, this remains
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uncertain at this stage of the design, and experimental tests sequence should be performed to validate
their behavior at cryogenic temperature and to estimate their properties in such environment.

Figure shows the length variation in millimeter per unit of meter due to thermal expansion of the
Vespel material candidates considered for the bearings, compared to the CTE of the aluminum. Even if
the variation values are not representative of the reality, the variation length are estimated by considering
the aluminum one for which an empirical curve is available, multiplied by the CTE ratio of the aluminum
with the compared Vespel material. This assumes that each material behavior at cryogenic conditions is
likely similar to the aluminum.

Considering the (rough) approximation on the CTE (assumed constant), the SP-2515 has the closest
thermal behavior to the aluminum in only one direction. Indeed, this material has not isotropic properties.
Since the CTE is nearly the same for the other direction than the other materials, the manufacturing
process should be carefully considered to only have this larger expansion of the material in the direction
of the height axis of the cylinder in order to avoid too much backlash at cryogenic conditions.

Table 6.2: Contact stress evaluation between Vespel SP-2515 and aluminum for different configurations.

Hertz pressure, Contact width, Von Mises stress, 0. [MPa]
Pmax [MPa] 2b [mm] SP-2515 Al 6061
Mo083, L = 20° 51.10 7.47 27.64 27.98
M16, L =20 33.28 11.5 18 18.22
M24, [ =20 21.21 18 11.47 11.61
M08, L =40 44.63 4.28 24.14 24.44
M16, L =40 22.45 8.5 12.14 12.29
M24, L =40 15 12.7 8.11 8.21

@ The bearing diameter is noted MXX with M is the thread metric designation and XX indicates the
nominal diameter in mm.
b The length L = 0.020 m is the height of the contact cylinder.

However, since polyimide materials such as Vespels have low Young's modulus, they are subjected to
deform plastically more easier than metals. According to Table [5.2] the maximal load within the bearing
reaches 6 kN, with is certainly too much for such materials. The maximal contact pressure is computed
considering the SP-2515 materials for different diameter and bearing lengths. Table presents the
results with the Von Mises stresses of the Vespel bearing and the aluminum bore, the Hertz maximal
pressure and the contact width 2b estimated. One can see that for the smaller diameter of bearing the
contact stress is greater the compressive maximum stress. Even for wider diameters and longer bearings,
the bearing load is such that the contact width is usually estimated on half the diameter, meaning that
the material is already deforming plastically. Therefore, it appears that the Vespel materials for bearings
are too soft to handle the bearing loads provided by the HDRM.

Bronze Alloy Materials

Bronze alloys are copper alloys in which the major addition is neither zinc nor nickel (most commonly
aluminum, silicon, lead, tin) [13]. Different bronzes are usually produced for different applications:

- Tin (Cu-Sn-P) bronzes (C5010(ﬂ, C52480, etc.) are used as strip for electrical products, corrosion-
resistant bellows, diaphragms and springs washers.

3Under the Unified Numbering System (UNS) for Metals and Alloys, coppers and copper alloys are designated by five-digit
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- Leaded (Cu-Sn-P-Pb) tin bronzes (C53400, C54400, etc.) are frequently used for sleeve bearings,
thrust washers, cam followers and similar parts.

- Aluminum (Cu-Al) bronzes (C60800, C64210, etc.) have a very wide range of applications, from
marine hardware, shaft and pump to valve components for handling seawater, heavy-duty sleeve
bearings and machine-tool ways.

- Silicon (Cu-Si) bronzes (C64700, C66100, etc.) are used for hydraulic fluid lines, high-strength
fasteners, wear plates, and marine and pole-line hardware.

The common properties of these copper alloys is that they have a high strength, good fatigue resistance,
easily machinable and have excellent corrosion resistance. They might have a relatively high strength-to-
weight ratio and usually requires a reliable lubrication.

The following part aims to discuss about potential bronze alloy candidates for the HDRM bearings. In
order to do that, bronze alloy taken from the main classification family presented above will be considered,
and other copper alloy (beryllium-copper and nickel-aluminum bronze for their use in aircraft’s landing-gear
bearings) will be compared and a selection will be made if they are compliant with the requirements.

The requirements for this preliminary selection states that the bearing material should not plastically
deform under the Hertz contact stress computed for the worst-case bearing load (6 kN). Consequently,
its contact width should not be too large (< 25% of the bearing diameter). The thermal behavior should
be close to the aluminum'’s thermal behavior to avoid mismatch after cooling to 50 K. The density is also
considered and should be minimized as much as possible.

Copper Alloy Young'’s Yield Poisson Ratio Density CTE, linear
Modulus Strength
[GPa] [MPa] [-] [kg/m?] 107° [/K]
C51100 110 552 0.341 8860 17.8
C52480 110 710 0.330 8770 18.4
C54400 103 434 0.321 8890 17.3
C60800 121 185 0.325 8170 18.0
C64200 110 241 0.330 7700 18.0
C17200 130 205 0.300 8250 17.0

Table 6.3: Thermo-mechanical properties of different copper alloys, from Davis et al. [13].

Table presents some thermo-mechanical properties of copper alloys that could be used in bearings.
The C51100 and C52480 are Tin bronze alloys; the C54400 is a leaded tin bronze alloy; the C60800
and C64200 are aluminum bronze alloys; and the C17200 is a beryllium-copper alloy (used in landing-gear
bearings).

Considering first a bearing length of 10 mm, all the candidates have a contact width that is above 25%
of the bearing diameter (even for a 24 mm diameter bearing). On the other hand, if a bearing length of
30 mm, all the candidates are acceptable. Since the yield strength is provided and not the compressive
strength, this last bearing length will be considered for the bearings. Therefore, since the linear CTE of

numbers preceded by the letter C. The five-digit codes are based on, and supersede, an older three-digit system developed
by the U.S. copper and brass industry. The older system was administered by the Copper Development Association (CDA),
and alloys are still sometimes identified by their CDA numbers. The UNS designations are simply two-digit extensions of the
CDA numbers to accommodate new compositions 13|
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the aluminum equals 23.6-107% K1, the copper alloy considered that have the linear CTE the closest to
the aluminum is the C52480 Tin bronze alloy.

6.1.3 Bearing Materials

Considering the C52480 Tin bronze alloy as bearing material (M08, bearing length of 30 mm), the Hertz
maximal contact pressure computed by Equation equals 135.8 MPa for a contact width of 1.87 mm,
for the worst case of bearing load (6 kN). The volume of one bearing is 1.5-107° m3, and the estimated
mass of this component equals 0.013 kg.

To avoid metal-to-metal contact between the bearings and the aluminum pieces, coatings should be
considered. Particularly, the friction coefficient between the coating and the hole should be as small as
possible since it effects directly the actuation force required by the HDRM.

Lubrication

Lubrication is probably not interesting in this application. The first reason is that the HDRM is moving
relatively slowly and for a short time. Since the HDRM should move at room temperature for the enclosure
and at cryogenic temperatures for the release phase, and for contamination reasons, liquid lubricant should
be prohibited [31]. Solid lubricants could be used if necessary. One can imagine using a small layer of
Vespel between the bronze bearings and the aluminum holes. This could also solve the metal-to-metal
contact problem. However, this has to be considered in more details in further analysis and remain a
limitation of the current conceptual design.

6.1.4 Washer Materials

The washers should be placed between on the articulation of the HDRM, between each piece to avoid
metal-to-metal contact. Since the loads in this direction (perpendicular to the HDRM plane considered for
the parametric model), and because of friction should be minimized with the aluminum, Vespel materials
are considered for this application. In particular, the SP-2515 is selected because of its linear CTE which
match the aluminum one.

6.2 Tolerance Dimensioning

Dimensioning backlashes within the HDRM s critical since it should operate both at room temperature
(for the enclosure) and at cryogenic conditions (for the opening). The tolerance dimensioning process is
based on the 1ISO286-1 norm [7].

Figure describes the geometry of tolerance principles. The upper tolerance limit (SE, se) is defined
as the difference between the maximum diameter allowable and the nominal diameter (represented by
the dashed red vertical line. The lower difference limit (/E, ie) is defined as the difference between the
minimum diameter and the nominal diameter. Capital letters are used to define holes related quantities
while the small letters are used for the shaft related quantities.

Different classes of tolerance modes are possible, with different degree available depending on the accu-
racy targeted. Figure shows the tolerance interval placement with respect to the nominal dimension
for the shafts and the holes. For example, 16 B 11 corresponds to a nominal diameter of 16 mm, with a
tolerance interval positive for the hole and negative for the shaft, and a quality level of 11 (around 110 um
of accuracy). The quality level of the tolerance is provided by tables from |[7].

The actual tolerance problem involves a huge thermal contraction and requires therefore a large backlash
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Figure 6.3: Tolerance geometry definition, based on the ISO 286-1 norm [7].

to ensure the mechanism will operate. Since the bearings nominal diameter is 8 mm (M08), the tolerance
interval placement for the shafts are ¢ or d and for the holes is H. The available degree of accuracy are
9 (around 36 pm for 8 mm diameter) and 11 (around 90 um for 8 mm diameter).

Shaft Tolerance Hole Tolerance
Upper Limit, [um] Lower Limit, [um] Upper Limit, [um]  Lower Limit, [pm]
cll —-80 —170 H9 +90 0
do —40 —75 H11 +36 0
dill —40 —130
Table 6.4: Shaft Tolerances Intervals. Table 6.5: Hole Tolerances Intervals.

The bronze thermal behavior is not known at 50 K. The linear CTE (18.4-107° K1 is accurate for room
temperature (at which the measure has been taken). However, the linear CTE at room temperature of
the aluminum provided by Dunn et al. [61] enables to roughly approximate the thermal contraction of the
bronze at 50 K with respect to the contraction of the aluminum:

CTEcs2480

Al 6061: —4.073mmm~* — C52480: ~ — =2
CTEAl 6061

(—4.073) mmm~ ! = -3.175mmm~! (6.2)

The bronze material should approximately contract less than the aluminum. Hence, the backlash of the
bearings should be small at room temperature in order to avoid too large backlash at cryogenic temper-
atures. The tolerance chosen will therefore be H11 for the hole and d9 for the shaft. Figure [6.5 shows
the geometry of this thermo-tolerance problem.

Therefore, the shafts' nominal diameter being 8 mm, the associated tolerance interval is [7.925,7.96] mm.
For the holes, the associated tolerance interval is [8,8.036] mm. The maximum backlash possible equals

111 pm at room temperature.

At cryogenic temperatures, the shafts and holes are contracting and their dimensions are varying:

- For the shafts (in bronze):
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Figure 6.4: Schematic representation of the placement of tolerance interval with respect to the nominal

diameter, adapted from [7].

- Its length at 50 K should contract by 30 - 1073 - —3.175 = —95.25 ym.

- The associated tolerance interval equals [7.899, 7.935] mm.

- For the holes (in aluminum):
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- Its length at 50 K should contract by 30 - 1073 . —4.073 = —122 pm.

- The associated tolerance interval equals [8.122,8.158] mm.

The maximum backlash possible equals 259 um at cryogenic temperature.
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Figure 6.5: Thermal contraction problem in the tolerance geometry.

The backlash difference between room and cryogenic temperatures is significant. This could introduce
some relaxation of the HDRM that could lead to a loss of tightness of the gasket. However, since the
sealing is only important during the ground operations and the launch lock, this relaxation is not really a
problem.

The overall end-to-end backlash of the mechanism may be estimated. The idea is to evaluate how
much the point C moves without F starts moving. The link considered are the points C, B and A, with
the contact point F. The knee and the lever are assumed isotropic, meaning that the components are
considered to retract uniformly on their whole surface. The maximum backlash being 259 uym at 50 K, the
point C moves without F starts moving by 2 x 0.259 = 0.5 mm.

Finally, the tolerance computation provided here are provided assuming that the bronze has an ana-
logue behavior as the aluminum at 50 K described in Figure[6.1a] In addition, the materials are assumed
uniformly constituted in such way that the CTE of each material is the same in every direction considered.
In reality, the materials may more or less contract in a given direction due to crystalline defects or other
impurity that could modify the thermo-mechanical behavior of the components. These assumptions are
limiting the quality of the computation of this section and the backlash remains uncertain at this stage of
the design.

6.3 Actuation

The design static forces being estimated for the vibration test sequence (driving mission phase), the
actuation torque can be computed according the the ECSS Standards [11]. The mission phases considered
for the release are the space-orbit release sequence and the release tests that will be performed during the
AlT.
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6.3.1 Actuation Force

The actuation torque required to release the knee from the cover lever is computed by considering the
ECSS Standards, with the theoretical factors described in Table [3.1] in Section 3.3

The spacecraft nor the payload are not spinning and the resistive inertial force / can be neglected. In
addition, the current design does not include any springs and adhesion phenomena are considered avoided
since no metal-to-metal contacts are considered and is not subjected to any magnetic effect nor hysteresis.
Equation 3.6 is rearranged as follows, but for the actuation force formulation:

Frin=2-(11-/+12-8+15 - Hif +3.0- Fr+3.0- B +3.0- Ha+3.0- B5) +1.25- Fp+ b
=2-(30-Fg)+1.25-Fp
(6.3)

where F; is neglected since no deliverable output force is specified by CNES and Hj, is also neglected
since no additional effect are considered.

Inertia Force

The HDRM is geometrically small compared to the cover assembly. The inertia torque was completely
negligible for the cover assembly (it has not significant effect on the actuation torque computed in Sec-
tion [3.3)). For the HDRM, the inertia resistive force is assumed negligible.

Regarding the acceleration profile, a maximal angular range of 29 deg should be covered to completely
release the knee. Assuming also a sinusoidal acceleration profile and considered the HDRM should be
released within At = 30s, the maximum acceleration is computed as follows:

" AB s T2 Tt . AO / T A\2 72
0= 5 (57) oo (5t =t = 5 (37) = 000285 (6.4)

Friction Force

The static loads to be applied by the actuator at point C equals 22N as presented in Table in
Section [5.2] Since the worm-screw of the actuator is made of stainless-steel, the nut is also assumed to
be in stainless-steel in order to avoid backlash problems at cryogenic temperatures. The friction between
stainless-steel and aluminum is taken from Sandborn et al. [63] and assumed equal to 0.45. The friction
force is computed as follows:

d

Fr = (usFc) - 5= 39.6 mN (6.5)
where Fc¢ is the static load at point C of the HDRM and d is the diameter (M08) of the bearing interface
between the nut and the HDRM lever.
Actuation Force
From Equation [6.3] the actuation force required to be applied at the point C equals Fpjn = 237.6 mN to
tightens the gasket during the enclosure.
6.3.2 Actuator Choice

The actuator choice will probably be a PhySpace stepper motor from Phytron Gmbh [39]. However,
the worm screw and the nut, assumed in stainless steel until now, requires to be correctly designed. The
position of this screw should be made to fit the average linear axis of the linear path (which is not perfectly
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aligned with the horizontal axis. An angle of 2.5 deg should be considered to have the smallest errors with
respect to the linear axis (—0.159 mm below and +0.141 mm). This will be one of the requirements for
the integration of the future structure that should interface the baseplate, the HDRM and the cryostat.
This remains a part of the future work to be achieved.

6.4 Conclusion

To conclude this conceptual part, the thermal behavior of the aluminum constituting the major pieces
of the HDRM have been considered for the materials selection of the bearings and the washers. The
tolerance design has then be considered to ensure the mechanism is not contracting too much at 50 K.
Finally, the actuation force required for the HDRM have been computed according to the ECSS standards.

At this stage of the design, the current iteration is not including the design of the actuation part. This
concerns the nut, the worm screw shaft, the gearbox if required and the stepper actuator. However, this
chapter provides the main requirements for their integration to the design of the mechanism. In addition,
the bearings’' design is not complete since metal-to-metal problem between the bronze and the aluminum
should be avoided. This could be investigated with the potential used of solid lubricant such as Vespel or
other materials. Finally, due to uncertainties of the thermal properties of each component designed, the
actual configuration may vary after further more detailed thermo-mechanic analysis.
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Chapter 7

Design Analysis

This section aims to present the features of the final iteration of the conceptual design and its weaknesses.
Indeed, at this stage of the design, the cover cryo-mechanism is not completely designed yet, and this
section should present what should be achieved to complete it. A motion analysis is also presented to
ensure the kinematics constraints (angular range wide enough to open the cover assembly without collision,
linear path at actuation point) are satisfied. A preliminary finite element method (FEM) analysis is finally
discussed to enforce the static performances computed previously.

7.1 HDRM Conceptual Design

7.1.1 CAD Model

The overall CAD model of the actual conceptual design is presented in Figure[7.1] The cover assembly is
not completely displayed: only the door, the lever and the actuator with its shaft are presented, and the
baseplate geometry because they are interfacing the HDRM design.

Figure 7.1: Overview of the actual DEA door cryo-mechanism design.
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Figure[7.2] describes more specifically the different components constituting the HDRM design. The major
pieces of the HDRM are the knee piece which is contacting the cover lever, the 2 levers and the 2 legs.
The bronze bearings and the Vespel washers are also presented. The actuation part comprises the nut
and the worm screw shaft (both in stainless steel), the gearbox and the stepper motor. The 2 fixed pieces
are presented as a future interface for the structure part that should sustain the HDRM with the DEA.
Indeed, the entire mechanism should remain fixed at some point to the cryostat and the baseplate.

Cover lever
contact surface

Interface

Levers Structure

AlSi 304 nut

Interface
Structure

AlSi 304

wormscrew AlSi 304

. wormscrew

Interface
Structure

Gearbox

Vespel
SP-2515
washers
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bearings Stepper

Gearbox  Stepper motor

Interface

’L Structure motor
(a) Trimetric view of the HDRM design. sign.

(b) Upperside view of the HDRM de-

Figure 7.2: Description of the actual conceptual HDRM design.

The duplication of the lever and the leg pieces is made to provide more resistance to the loads during the
enclosure and the launch lock phases and it ensures the symmetry of the loads distribution. The knee
could therefore no slip away from the lever.

7.1.2 Mass Budget

Table [7.I] presents the mass budget of the actual HDRM design. The gearbox mass is not evaluated and
assumed integrated in the motor's mass. Margins of 20% are considered all new parts designed. The
overall mass of the HDRM equals 1.32kg. Considering that the cover assembly’'s mass equals 0.24 kg
from the CAD model, the overall mass of the DEA door cryo-mechanism equals 1.56 kg. This is huge
since the initial weight was evaluated around 1 kg including the baseplate and the baffle. The HDRM main
mass contribution are the actuation assembly and the main HDRM pieces. While the actuator design
should be achieved, the optimization of the mass of the HDRM pieces should be a part of the future work
to be achieved.

7.1.3 Discussion

One can observe that actually this conceptual design is not complete and requires further more considera-
tions. First, the structure integration to interface the DEA baseplate and the cryostat. This is probably the
most significant part that requires analysis since the structure should be the lightest possible, interfacing
the cryostat, the DEA and the HDRM without any restriction of its release motion. The structure should
be compliant in vibration and not provide natural frequencies that could be critical during the launch and
vibration tests phases.

Second, the articulation design is not completed since lubrication should be considered and the clamping
of the bearings within the pins. Indeed, the bearings should stay within each articulation, even during the

o7



CHAPTER 7 7.2. PRELIMINARY MOTION ANALYSIS

Table 7.1: Mass budget of the actual HDRM conceptual design.

Parts Number | Materials Volume® Density Mass Margin Mass

with

[mm”] [kg/m?] kgl [%] [ka]

Knee 1 Al-6061 T6 | 145598.66 2700 0.393 20 0.471
Lever 2 Al-6061 T6 | 45396.11 2700 0.122 20 0.162
Leg 2 Al-6061 T6 | 23864.07 2700 0.064 20 0.077
Motor® 1 0.211 20 0.253
Worm Screw 1 AlSi-304 13889.15 7930 0.111 20 0.133
Nut 1 AlSi-304 9398.94 7930 0.075 20 0.090
Long Bearing® 2 C-52480 6232.92 8770 0.055 20 0.066
Med Bearing 2 C-52480 3116.40 8770 0.027 20 0.032
Small Bearing 2 C-52480 2613.80 8770 0.023 20 0.028
Washers 26 SP-2515 3920.8 1420 0.006 20 0.007
TOTAL 1.319

@ The volume expressed is the sum of the volume of each single components. The volume for the lever
parts is twice the volume of a single lever piece.

b PhySpace 32-2 stepper motor from Phytron GmbH [39]. The gearbox is assumed integrated to this
value.

€ Each bearings is 8 mm nominal diameter. Long bearings are 62 mm long. Med bearings are 31 mm long.
Small beagins are 26 mm long.

launch phase. A clamping method without restriction their rotation has not been yet considered.

Moreover, the actuation parts (worm screw shaft, nut, gearbox and stepper motor) require specific de-
sign analysis. Some requirements can be deduced from Section [6.3.2] such as the orientation angle with
respect to the horizontal axis, or the minimal length of the shaft required. In addition, the mass of the
HDRM pieces could be minimized. Clearly, regarding the mass budget in Table[7.I] the actual HDRM is
heavier than expected, mostly due to the actuation group of components. Even if this last part’s weight
is reduced, the structure that should come around could raise even more the mass budget. This could be
one of the major challenges for the future work on this conceptual design.

7.2 Preliminary Motion Analysis

The kinematic analysis aims to ensure the release of the knee is sufficient to enable the cover assembly
to open without any collision. The position of the knee could vary from the parametric plane model to
the SolidWorks CAD modeling since the piece had to be thick enough to handle the loads applied during
the enclosure and the launch lock. The linear path is also investigated in order to check if the path does
not vary too much. This could indeed be critical for the interface actuator-structure.

Figure presents graphically the results of this preliminary motion analysis. The actuation time is not
provided in this preliminary analysis since the actuation part of the HDRM needs to be designed. One can
see that the angular range is sufficiently large enough to open safely the cover.

For the linear path variation, the maximal variation from the linear regression of the path equals:
- Above: 0.1147 mm;

- Below: 0.1479 mm.
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(a) CAD model overview. (b) Linear path variation.

Figure 7.3: Overview of the conceptual design after the release motion simulation.

However, if the worm screw shaft is parallel to the horizontal axis, the vertical difference reaches 1.92 mm
(between the lowest point and the highest point). The actuator shaft should be oriented by 2.36 deg
downward to reach the linear path targeted. This accuracy is critical to avoid too large variations from
the average linear path of the actuation point.

7.3 Preliminary Finite Element Analysis

7.3.1 Modeling

Figures[7.4] and presents the FEM model set-up, shows the associated Von Mises stress, the resulting
displacement and the equivalent strain results. The bearings are modeled using pins, and are numbered as
shown in Figure . Since each pin has different parts, their name starts from a to ¢ (for example, the
pin 1 has a part a with the lever in front of the Figure, then a part b for the knee’s part and then the part
c for the lever behind it). Properties of the bronze that constitutes the bearings is not included to the
analysisﬂ The fixed parts have been slightly modified to enable to consider pin for the bearing of the point
O of the HDRM. They are assumed fixed. The nut is also fixed, but along its central hole (where the
worm screw should block any linear motion during the launch lock phase). The 2.5kN load is considered
applied at the contact surface of the knee and the cover lever.

7.3.2 Results Discussion

The Von Mises stress in deformed view is presented in Figure [7.4 One can see that the maximal value
displayed is about 55.15 MPa. Since the yield tensile strength of the Aluminum 6061 T6 equals 276 MPa,
the stress level is not high enough to reach the plastic deformation domain. One can note that the stress
level is the highest on the upper lever parts and on the leg parts. This means that this configuration
protects the actuation point from large stress level, and that the mechanism appears to fulfill its function
of load deviation along the leg parts.

The displacement level of the mechanism is presented in Figure [/.5l The highest displacement occurs
at the HDRM force contact area with 0.3 mm of displacement. The other pieces remain almost static
except the upper part of the lever that is subjected to less than 0.1 mm. Since the highest load level occurs

'The bronze material C-52480 is not included in the default database of SolidWorks. If it could be included to the software
in the professional version, the student version does not include this functionality. A General bronze have been considered
then.
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Pins = bearings

2.5 kN Structure interface = Fixed parts

Structure interface = Fixed parts

(a) FEM Preliminary Model.
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(b) Von Mises stress (deformed view).

Figure 7.4: Finite Element Method (FEM) preliminary model overview and Von Mises stress results.

during the enclosure phase, at room temperature, the backlash due to cryogenic temperature should not
be taken in account here.

Regarding the strain level not, also in Figure [7.5 the highest strain levels are associated to the high-
est stress levels as expected. One can observe that the distortion of the different parts of the mechanism
is low enough to confirm that the mechanism is capable of supporting this load magnitude.

Finally, Table presents the loads within each pins of the mechanism. One can see that compared

to Table , the order of magnitude of the loads is the same (4 kN for the pins 1 — 5 corresponding
respectively to the points A, B, C, C and B; 6 kN for the pin 6 corresponding to the point O). The force
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Table 7.2: Resulting connectors (pins) and nut forces.

Shear Forces? Axial Forces®
Along x, [kN]  Along y, [kN] Resultant, Resultant,

[kN] [kN]
Pin 1 (lever-knee connector)
a —-3.7 +2.4 4.4 —-1.0
b +3.7 2.4 4.4 +1.0
c —-3.7 +2.4 4.4 —-1.0
Pin 2 (front lever-leg connector)
a +3.6 2.1 4.1 +1.1
b —-3.6 +2.1 4.1 —-1.1
Pin 3 (front leg-fixed connector)
a —-3.6 +2.1 4.1 —-1.1
b +3.6 -2.1 4.1 +1.1
Pin 4 (back leg-fixed connector)
a +3.6 —2.1 4.1 —-1.1
b -3.6 +2.1 4.1 +1.1
Pin 5 (back lever-leg connector)
a —3.6 +2.1 4.1 +1.1
b +3.6 2.1 4.1 —-1.1
Pin 6 (fixed-knee connector)
a +3.6 —-4.9 6.1 0.0
b -3.6 +4.9 6.1 0.0
c +3.6 —-4.9 6.1 0.0
Actuation point©
a +0.0 +0.2 0.2 +0.2
b +0.0 +0.2 0.2 -0.2

@ The shear forces have only x and y components.

b The axial loads are only applied along the z axis. See Figure for the axis definition.

€ The actuation point is at the nut pins, computed without the nut element and considering fixed hinges
instead.
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Figure 7.5: Resulting displacement and strain results of the FEM preliminary study.

applied to the nut bearings equals 2.8 N along the horizontal axis and equals 0.18 kN in the vertical axis,
for each bearing. The axial forces cancels each other. This means that the stainless steel screw axis has
to resist to 360 N vertically without transmit this to the actuator. This should be one of the requirements
for the structure design that should be designed in a future work.

7.4 Conclusion

To conclude this design analysis section, the CAD model of the final conceptual design has been presented.
The mass budget has been provided and a preliminary motion and FEM analysis have been performed.
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The mass of the HDRM seems to be larger than expected initially (around 1.5kg instead of 1kg for
the whole cover mechanism assembly). Since a structure interfacing the baseplate, the cryostat, the
HDRM and its actuation parts should be designed, the mass will increase significantly. The optimization
of the mass of the HDRM is therefore also critical to perform to mitigate the increase of mass with the
integration of the structure. This however is a critical weakness of the HDRM solution to the enclosure
and the launch lock problems.

The current design has a wide angular range to open and safely release the cover assembly. The structure
must however orient the actuation axis of 2.36 deg downward with respect to the horizontal axis to have
the smallest error of linear path compared to the average path. This adds complexity to the actual HDRM
structure design.

The FEM preliminary analysis ensure the mechanism is able to resist to the internal loads applied at
the enclosure. Indeed, the Von Mises stress remains always below the yield strength of the aluminum. In
addition, the order of magnitude of the load computed analytically is the same as the ones computed in
this FEM study. The actuation point is not exposed to high magnitude load. However, the screw axis
should be able to resist to some vertical loads without transmitting loads to the actuator. This is also a
requirements for the structure design of the HDRM.

In conclusion, the HDRM configuration fulfills the requirements. Indeed, the mechanism is designed
to open and close autonomously. It provides sufficient force ratio to compress the gasket at the enclosure,
and to remain static during the launch lock. This design is however not perfect nor complete since its
mass could be optimized and the structure interface between its surrounding should be designed.
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Chapter 8

Experimental Results

8.1 Seal Tests Philosophy

As mentioned in Section , and according to the CSL development plans of the DEA [1,9], a sealing
breadboard is designed to assess preliminary test sequences in order to validate O-ring materials candidate
destined to be used for the sealing of the door. A set of standardized commercial DN40 gaskets of dif-
ferent materials is considered, from two different suppliers. Usually, the sealing breadboard test involves
vibration testing and thermal tests under vacuum. The idea of this first sequence of test is to eliminate
some candidate materials and validate the test sequence methodology. Further more tests should therefore
be performed as later design work, with the DN160 O-ring joint typically.

The main objectives of these tests are:

Check the conformity of commercial gaskets material information (if available);

- Check the possibility of using commercial gaskets;

Check the survivability of different materials when exposed at cryogenic temperatures;

Check the sealing capability before and after the cryogenic exposure;

Validate the compression force measurement method.

8.1.1 Test Overview

First, the commercial gaskets are individually inspected to identify early the gaskets that would not be
adapted for the intended use. Second, one gasket will be subjected to a full control loop involving the
following sequence:

1. Compression force measurement: each gasket is compressed until a determined compression point
to figure out the compression force reaction of the seal.

2. Leak test: each gasket is installed on a leak test device to check the initial leak rate.

3. Cryogenic exposure test: gaskets are clamped between clamps and dipped in a liquid dinitrogen
(LN2) bath for 15min. They are then left at ambient condition to heat back up.

4. Repetition of the compression force measurement.

5. Repetition of the leak test.

Between each test performed, an inspection and dimensional measures are performed. The gaskets are
inspected to check for possible damages or abnormal features such as cuts, discolorations, cracks, etc. A
first selection of material will be provided to select the gaskets that are best suited for further study.
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8.1.2 Test Specimens

Table presents the 6 different specimen materials used for the tests sequence described above that
have been purchased from 2 different suppliers. Their nominal diameter (DN40) is standard.

Material Supplier Thickness, Quantity
[mm]
Ethylene-propylene-diene rubber (EPDM) Pfeiffer 5.00 4
Fluorocarbon (FKM) Pfeiffer 4.99 4
Chloroprene (CR) Pfeiffer 5.03 4
Acrylonitrile-Butadiene (NBR) Pfeiffer 4.99 4
Nitrile rubber (BUNA) Lesker 5.20 4
Fluorocarbon FKM Lesker 5.21 4

Table 8.1: Test specimens list considered for the tests sequence.

8.1.3 Inspection and Screening

The inspection process is performed starting with a visual check of the gasket. Upon reception from
the suppliers, initial measures were proceeded and possible damage or defect were identified if any. This
verification sequence is performed again between each test manipulation to track the possible condition
that could lead to any failure modes. Photos are taken during each inspection process, and the thickness
measured to four points along the gasket circumference to identify any local or global potential variations
of thickness. Figure [8.I] shows the typical failure modes of gasket that could be encountered during the
entire test sequence.

Parallel Flat Circumferential Scraped Flat Cuts/Nicks/Gashes
Surface Splits Surface

O-ring size - Gland Design Over Compression Abrasion - Friction Installation Damage

Ragged Edges Circumference Flat Smooth Radial cracks
Marks/Cuts Surface

Extrusion (Pressure or Spiral Twisting Compression Set Thermal Degradations
Oversized Gland)

Figure 8.1: Typical relevant failure modes of O-ring joint, adapted from Marco Rubber & Plastics IE\

After the end of the screening process, Gaskets that are not compliant with the following pass/fail criteria
are applied to all tested gaskets, are discarded:

- Visible appearance change, damage or other sign of any failure start.
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- Leak tightness degraded to a point where 1 mbar of pressure or 107 mbars~! of leakage rate can
not be reached.

- Compression set higher than 20%, which is the usual value assumed for most gaskets.

Gaskets that pass these screening criteria are selected and will be subjected to further more specific tests.

8.2 Joint Cryo-exposure Tests

8.2.1 Test Set-up Description

Figure [8.2 shows the simple principle of the cryogenic exposure test. A styrofoam box contains the LN2
bath in which each gasket sample will be submerged. The gasket equipped with an aluminum inner ring is
clamped between two blank flanges and tightened using an aluminum clamp. Suspension wires permit to
hold the samples and facilitate the extraction of the gaskets from the bath.

Once the LN2 is poured into the container, the gaskets are submerged for a 15min duration. After
that delay, the samples are left at ambient temperature to heat back up. They are finally dismounted and
inspected to evaluate any potential visible degradation on its surface.

Suspension I I
>

~293K

wires

~80-100K

O—Rings———». . . .
)

LN2 Bath (80K]

Styrofoam

-«
Box

Figure 8.2: Cryogenic test principle overview, from Guilhem et al. [9].

8.2.2 Test Results

Figure shows the actual set-up used to perform the test described. After the exposure and the slow
warming up to room temperature, the gaskets tested did not present any visible differences. The Pfeiffer
CR presented some cracks on its surfaces. However, after a few additional hours, the surface was uniform
as before the cryogenic exposure.

8.2.3 Results Discussion

For cryogenics, the test was to immerge the joints directly into a liquid nitrogen bath. This is probably
harsh compared to the real exposure it should ensure since the cooling is not progressive. |t may causes
some damage since the core of the o-ring joint has not yet been cooled that the outer section is cooled
enough to retract. This may cause tiny cracks due to this difference of thermal behavior between the
outer and the inner section of the joint. In addition, the exposure time is small compared to the real
exposure performed during the AIT phase.
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(a) Experimental set-up. (a) Cryogenic test.

Figure 8.3: Actual configuration of the cryogenic tests.

8.3 Joint Compression Tests

O-ring compression force is driven by numerous parameters such as the gasket thickness, the seal diameter
and its constituting material. While the dimensions of the joint are always known up to a certain accuracy
level, the material properties and especially the Shore hardness are not always available. Even if these data
are provided, there are a high uncertainty about the compression force required to compress the gasket.
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Figure 8.4: Compression load plot related to percent compression levels, taken from the Parker's O-ring

Handbook .

Indeed, as shown in Figure [8:4] for a given Shore hardness level at a defined compression rate, there can
be a large uncertainty on the compression load. Assuming for example the fluorocarbon (FKM) gasket
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from Lesker, the specified Shore hardness is 75. With the graph only providing data for 70 and 80 Shore
hardness, the computation done (after conversion to international system (SI) units) for both ranges gives
the followings:

70 Shore hardness: 1.7 — 7Nmm™!

8.1
80 Shore hardness: 4.45 — 9.6 Nmm™! (8.1)

For DN40 gaskets, the circumference length is estimated around 2mR = 125.66 mm and the compression
force range results as:

70 Shore hardness: 220 — 880 N

(8.2)
80 Shore hardness: 550 — 1209 N

Therefore, since the compression value are quite important for DN40 joints, the compression force is even
larger for DN160. It is critical to evaluate accurately in order to choose a seal material that is not too
hard to mitigate the compression force component, which is dominant by considering only 7N mm~! of
compression load as assumed in Section 3.2.1]

8.3.1 Test Set-up Description

The test principle measures the compression force until the gasket is pressed to a known thickness. A
5kN dynamometer is used to measure the compression force.

/ > pport strueture \‘

Tested Gasket + Inner Ring
(Clamped)

Dynamometer Tensioning Nut

A

4 . -
Tensioning screw

Figure 8.5: Overview of the first compression test configuration, from Guilhem et al. [@I
Figure shows the first configuration chosen for the test. It has been adapted to a vertical version

in order to facilitate the transition between two tests, and to gain in accuracy since it is aligned with
the gravity direction. Figure shows the adapted set-up. The gasket with its support ring is clamped
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between two pierced blank stainless steel flanges. The assembly is pulled against an aluminum piece while
the screw is set aside to increase the compression force. The consequence is that the dynamometer is
loaded in traction and permit to evaluate the compression force level. Between each increase of level
(force level step of 100N considered), the distance between the flanges is measured using a caliper at 4
points along the gasket circumference to follow the compression rate of the gasket. The average measure
of the distance is used to generate the results.

. ‘

I‘}‘ Gasket

' .

= ' Dynamometer

| Sensor

)

Figure 8.6: Compression test set-up used to perform the measures.

8.3.2 Test Results

Figures [8.7] presents the compression tests result before and after cryogenic exposure, for both the com-
pression and decompression phases.

One can see that the Lesker BUNA and the Pfeiffer CR gaskets have not significantly be affected by
the cryogenic exposure. The Pfeiffer EPDM, NBR and FKM have not a different behavior under 15%
compression set. However, a variation is observed after. These gasket appears to be harder than before
(for the NBR and the FKM). The opposite is observed for the EPDM. The Lesker FKM is also softer,
but for the entire range of compression.

8.3.3 Results Discussion

Table[8.2]shows the compression force computed from the experimental measures, and provide more quan-
titative values in addition to the compression graph shown previously. The estimation of the compression
force of DN160 gaskets is provided based on the DN40 experimental measures.

The cryogenic exposure have some effects on the gasket, excepted for the Pfeiffer CR and the Lesker
BUNA for which the variation is not significant. Since the exposure may vary the behavior of almost each
gasket, further experimental measures should be performed on DN160 gasket to confirm the tendency.

Finally, one can see that the order of magnitude of the compression force estimated in Section [3.2.1]

is the same as the average of the different gaskets material considered through these tests. This confirms
that the computations made earlier for the cover are probably close to the reality.
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8.4. JOINT LEAK TESTS
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Figure 8.7: Results of the compression tests on each sample gasket before and after cryogenic exposure.

8.4 Joint Leak Tests

8.4.1 Test Set-up Description

Figure [8.8] shows the configuration of the vacuum test, which consists in testing if the sample gasket
permit to reach sufficient vacuum level and evaluate its leak tightness. The simple set-up includes the
high-performance Pfeiffer ASM 340 leak detector. The device already includes an integrated dry backing
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Table 8.2: DN40 compression force results before and after cryogenic exposure, and estimation for the
DN160 gasket.

DN40 Compression Force® Force per linear unit° DN160 Compression Force”
Material [kN] IN/mm] [kN]
Before After Before After Before After
cryo cryo cryo
Pfeiffer EPDM 0.9 0.8 7.2 6.4 3.6 3.2
Pfeiffer FKM 0.8 0.8 6.4 6.4 3.2 3.2
Pfeiffer CR 1.1 1.1 8.7 8.7 4.4 4.4
Pfeiffer NBR 0.8 1.0 6.8 7.9 3.4 3.9
Lesker BUNA 0.7 0.7 5.6 5.6 2.8 2.8
Lesker FKM 0.7 0.6 5.6 4.8 2.8 2.4

@ Force considered at 20% compression. Taken from the experimental measures.

b DN40 force considered at 20% compression divided by the disk perimeter of the gasket, considering a
radius of 20 mm.

¢ Force considered at 20% compression. Estimated from the experimental measures, considering a radius
of 80 mm.

pump and a turbo molecular pump. The typical sensitivity is 5 - 1073 mbar - L/s while using Helium
for the leak detection (sniffing mode). Hydrogen is also possible for leak detection, but it has a lower

sensitivity [64].

aanon A SN 340

Figure 8.8: Overview of the leakage test configuration.

Each sample gasket is connected to a DN40 interface and the assembly is clamped. once started, the leak
test device begins to pump out the clamped gasket until a sufficient vacuum level. The turbo-molecular
pump is automatically started once the vacuum level permits it. The device provides directly the leak rate
at the given time of the procedure. After 5min, the leak rate is read from the device and the next gasket
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is prepared after the pressurization of the actual one.

8.4.2 Test Results and Discussion

Table [8.3] provides the leak rate resulting from the leakage tests performed before and after the cryogenic
exposure. One can observe that the leak rate are remaining in the same order of magnitude. This means
that at this point, the gasket's materials considered have passed successfully the cryogenic exposure
without any significant degradation of their tightness performances.

. Leak Rate, [mbar - L/s]
Material Before After
Pfeiffer EPDM 1.0-10710 8.8-10711
Pfeiffer FKM 9.7-10711 8.5-10711
Pfeiffer CR 9.3.10711 6.1-10711
Pfeiffer NBR 9.1-10711 75-10711
Lesker BUNA 9.4.10711 7.9.-10711
Lesker FKM 9.7-10711 8.2-10"11

Table 8.3: Leakage rates after 5min measured for each gasket, before and after cryogenic exposure.

8.5 Conclusion

To conclude this final section, the different test sequences performed have been described and their respec-
tive results discussed. The exposure to cryogenic temperature of the gaskets appeared to not affecting the
visible surface of the samples. However, some compression force differences were observed for some of
them, which were significant for the Lesker FKM gasket for example. The leak rate tests did not observe
any significant variation in tightness performances of every sample tested.

In addition, the compression force evaluated on DN160 were reassessed again from the experimental
measures. The order of magnitude of the compression force computed in Section [3.2.1] were retrieved.
This means that the compression force, which is the dominant contribution to the HDRM force, is close
to the equivalent experimental measures. This justifies the usefulness of the HDRM to decrease the
actuation force required to its minimum value.
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Chapter 9

Conclusions and perspectives

0.1 Conclusion

To conclude this conceptual design report, Chapter [1] presented the ATHENA mission, and the X-IFU
instrument that hosts the dewar entrance assembly (DEA), and the door cryo-mechanism. The mission
phases were presented with the requirements the mechanism must fulfill. Then, Chapter [2] introduces
relevant similar design of cover mechanisms in space applications such as the Herschel observatory and
the CLAES mission. Different families of actuators were discussed and compared. Since the cover has
to be opened and closed without manual operations, the motorized actuator family was chosen to be the
most relevant actuator for this application.

Once the context and the state-of-the-art were presented, Chapter [3| introduced the preliminary CAD
model provided at the beginning of the design process. Some preliminary computations such as the
HDRM force required and the loads in the bearings of the cover lever were developed through static
computations. The bearings loads permitted to compute the actuation torque required to open the cover
assembly using the ECSS standards. The HDRM force was the foundation of the HDRM conceptual
design.

After that, Chapter [4] presented the parametric modeling process of the HDRM part. The Chebyshev
four-bar linkage has been the first design choice for this conceptual design. The reason was that the
mechanism had to balance a huge load at the cover lever contact, without transmitting that load along
the actuator axis. And since its kinematic provided a good approximation of rotational motion to linear
motion conversion, this family of linkage have been considered, as it was the case for Herschel also. The
kinematic was derived analytically first, with the approach to detect linear path motion, no matter its
orientation, and ensure the angular range of the HDRM permit to release the cover lever without any col-
lision. The static then was computed considering the geometrical parameters provided by the preliminary
design of the cover reassessed in the previous chapter. The enclosure was assumed as the design driver
phase since the knee has to provide the force required to tighten the gasket with any help from pressure
gradient due to vacuum within the cryostat. The validation then was performed for both the kinemat-
ics and the statics using SolidWorks, considering four configurations, such as the Herschel configuration
and the classical Chebyshev four-bar linkage. While the kinematics was really accurate compared to the
numerical equivalent path computed, the statics was less accurate for half of the validation model. This
is explained by the fact that the numerical model is not plane and assumes punctual links while it is not
the case in reality. This was the main motivation to perform experimental measures of the force ratio on
a given test configuration. However, due to some delay, the experimental configuration did not arrive on
time. The drawings are provided in the appendices.

Once the parametric model have been derived and validated (almost for the statics), Chapter |5 dis-
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cussed the optimization process of the HDRM. Different classical MATLAB optimization solvers such as
fmincon, GlobalSearch or SurrogateOpt. Since the actual problem was highly non-linear (due to the
numerous kinematic and dimensional constraints), these classical optimization algorithms were not well-
suited to converge to a global optimum. Instead, the pseudo-random algorithm Monte Carlo has been
considered, with the Halton sequence generation. The idea of this sequence generation was to generate
low discrepancy sets of random parameters of the HDRM, distributed uniformly within the parametric
boundaries fixed by the dimensional constraints. The force ratio and the available size for the shaft of
the actuator were the performance metrics used to discriminate the different configurations provided by
the optimization process. Table recalls the parameters of the optimized configuration found by this
process. Its associated force ratio were evaluated to 0.009 [—] and since the linear path was almost hori-
zontal, the available place for the actuator and its potential gearbox were assured. The drawback of this
optimum was that the loads computed at the articulations were high (6.1 kN for the peak load).

| Loo Loa Las Lgp Lgc Lor U v Y
Opti ‘ 51 26 21 20 23 46 120 293 1—=0

Table 9.1: Optimized configuration parameters: lengths in mm, angles in deg.

Later, Chapter [g] presented the derivation for the conceptual design of the HDRM, from the optimized
configuration found by the optimization process. First, the material of the bearings and the washers have
been discussed. Indeed, the main pieces of the HDRM are constituted of aluminum 6061-T6 alloy to avoid
mismatch with the DEA surroundings (the cryostat is made of the same aluminum). The bearings should
be constituted of a different material to avoid metal-to-metal contacts and minimize the friction at the
articulation. Due to the high load at the bearings, the Vespel SP-2515, which was the most promising
material for the bearings due to its light weight, its friction properties and its thermal properties (close to
the aluminum), appeared to deform excessively (based on Hertz contact stress theory). The bronze has
been considered instead and the C-52480 phosphor bronze have been chosen because it has the closest
coefficient of thermal expansion compared to the aluminum one. However, the bearings loads necessitated
to increase the length (up to 30 mm) of the bearings to decrease the stress provided during the enclosure.
Second, the tolerance (ISO286-1) has been considered to handle the thermal contraction of the HDRM
at 50 K. The maximum contraction is evaluated at 0.26 mm. Third, the actuation force required at the
actuation point of the HDRM have been computed considering the ECSS standards and is evaluated to
39.6 mN. The arm-lever provided by the HDRM is significant but also required to minimize as much as
possible the size of the actuator. The electrical consumption is therefore critical since it dissipates heat
that could degrade the performances of the cryostat and damage it.

Then, Chapter [7] presents the final conceptual design of the HDRM. The updated preliminary CAD
model was presented, and the design described. The mass budget of the HDRM conceptual design is
also provided. The overall mass of the door cryo-mechanism, including the cover and the baseplate is
evaluated with margins to 1.5kg instead of 1kg estimated at the beginning of the design. A motion
analysis performed with SolidWorks is provided after, ensuring that the HDRM angular range is large
enough to safely open the door without collisions. This also verifies the linearity of the point C motion
path, for which the error is more or less than £0.1 mm from the linear average curve. The actuation
shaft has however to be oriented of 2.3 deg to reach this level of performances. Finally, a preliminary FEM
analysis is presented using the SolidWorks Simulation software. The idea of this analysis was to reassess
first the static loads computed analytically. The order of magnitude remains the same, which confirms
the analytical computations. Then, the idea was also to qualitatively assess that the HDRM pieces should
not be exposed to stress above the yield strength of the aluminum, which would mean that the pieces
of the mechanism would deform plastically. The Von Mises stress computed is one order of magnitude
below the yield strength of the aluminum, which means the HDRM pieces remain in the elastic domain of
deformation.
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Finally, independently from the previous chapters, Chapter [3| presented the experimental tests performed
on different DN40 gaskets from Pfeiffer and Lesker. The idea was first to confirm experimentally the
order of magnitude of the compression force evaluated in Chapter [3 as it was the dominant contributor
to the HDRM force required to maintain the seal. Second, it was to evaluate if cryo-exposure of different
materials could vary the compression and the leak properties of these gasket. In order to do that, the
compression tests, the cryo-exposure tests and the leak test sequences were presented. While the cryo-
exposure inspection of the gasket did not spot any failure nor definitive variations, the compression force
appeared to slightly vary for some materials. The leak test did not finish with any significant variation
of tightness performances. Finally, the compression force evaluated at the early stage of this conceptual
design was 3.5 kN (lower for some samples, higher for others). This was the same order of magnitude than
the preliminary consideration made in Chapter[3] This confirms that the HDRM force required is around
2.5kN at least, and reinforces the necessity of the HDRM to decrease it through an adapted arm-lever to
mitigate the actuation force required.
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9.2 Perspectives

The actual DEA door mechanism design, and more specially the conceptual design of HDRM developed
through this report presents some weaknesses and lacks that are critical to fix and fulfill for the next
design iterations. The cover has not been the main part covered within this report. It only considered the
relevant parts of the cover that have been used for the HDRM design, and other critical part. This part of
the design however requires to be more detailed. The shape of the cover as well as the beryllium windows
integration should be investigated. The interface between the cover dome and the lever requires to be
designed. Also, passive anti-adhesion device to avoid cryogenic adhesion of the gasket to the cover surface
should be investigated, since it was completely neglected through this report. This could be performed in
parallel to DN160 experimental tests to enforce the thermal behavior of the materials considered within
the experimental tests presented in this report.

In addition, the HDRM mass is actually not optimized. The optimization of the mass of the HDRM
pieces could be performed to decrease the mass of the mechanism. Furthermore, the integration of a
structure that interfaces the HDRM, the DEA through the baseplate, the cryostat and the actuator as-
sembly should be considered. Position of the actuator should be carefully determined to ensure that the
linear path will have the smallest error possible as provided by the current design. The vibration analysis
should be performed to ensure the structure is not adding natural frequencies that could be critical during
the launch. The mass of this structure should also be minimized. Moreover, the actuator parts, such as
the nut, the screw worm shaft, the gearbox and the stepper motor should be designed in more details.
Particularly, heat dissipation should be evaluated and minimized. This would lead to some optimization of
acceleration profile that could minimize these dissipation as much as possible.

Finally, due to the complexity of the current design and to its weaknesses (high bearing loads, struc-
ture required, not light weighted), the investigation of alternative design could be interesting. Space
mechanisms should be kept as simple as possible. Since the DEA door cryo-mechanism is a single point of
failure of the whole instrument, trade-offs with alternative concepts could enforce the current conceptual
design or discriminate it for another one more suitable.

To sum up the future perspectives considered:

- Detailed design of the cover assembly (gasket adhesion problem, interface between the cover of the
lever, beryllium windows, shape of the cover, etc.);

- Optimization of the HDRM pieces mass, and design of the structure interfacing the HDRM with its
surroundings;

- Design the HDRM actuator assembly (gearbox ratio, acceleration profile optimized to minimize heat
dissipation, shaft and nut design);

- Investigation of alternative mechanism to the HDRM concept presented.
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Appendices

Experimental Static Validation

This section of the appendices presents the drawings concerning the prototype designed for the statics
validations and the beam calibration results in prevision of the experimental computation of the force ratio
of the configuration.

Beam Calibration

The measure of the force delivered by the HDRM requires to have to measure device for know the force
applied as input to the HDRM and the force measures at the output. Since the CSL owns only one
dynamometer, an alternative way to measure the force have been considered using a cantilever beam.

Mathematical Modeling

The principle is based on the deflection of a simple cantilever beam due to the application of the load
along its surface. The behavior of the beam should be therefore calibrated in order to be able to relate
accurately the force measure to the real force applied by the HDRM.

The mathematical derivation of the deflection of a cantilever beam is expressed as follows [62]:

F - x?2

= — — i <
B¢ .
i (x — x¢) if x > x¢
where E = 68.9 GPa is the Young's modulus of the aluminum constituting the beam, x is the position of

the deflection measure, xr is the position of the force applied and | = ‘1"’—42 is its second moment of area.

The load measure principle is based on this Equation, rearranging the term to isolate the force from
the other parameters (since the deflection if measures). This could give an order of magnitude of the
force that deflects the beam, and then deduce the force ratio experimentally.

Test Set-up Description

Figure [9.1] shows the calibration set-up built. The aluminum beam has a square section of a = 2.cm wide
and measure 30cm. Loads of 100 and 200 N are considered successively. It is applied 1cm from the tip
of the beam. Masses of 10 and 20 kg are used as loads while hanging at the xf point.

Tests Results

Figure shows the deflection results for both loads computed analytically, numerically and measured
experimentally. One can observe that the three results are really close to each other, which means that
the numerical and the analytical models are correlated to the reality.
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Figure 9.1: Calibration text set-up overview.

Prototype Drawings
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Figure 9.2: Comparison of beam deflection under different loads.
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