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ABSTRACT

The Deployable Space Telescope developed at the TU Delft aims to develop a high resolution space telescope
that is able to compete with current state-of-the-art devices at significantly reduced cost. The goal is to achieve
aresolution of 25 cm/ pixel in the market segment of visual light Earth observation satellites. The cost reduc-
tion will be achieved by making the primary and secondary mirrors deployable. Compared to other satellites
where the mirrors are fixed inside a large cylindrical structure, the stowed mass and volume of this satellite will
form a fraction of what is common nowadays. This will lead to highly reduced launch costs.

To be able to deploy the Primary Mirror (M1) it is split into four M1 segments. This leads to a major chal-
lenge, because the segments not only have to be phased with respect to each other, but also with respect to the
other optical elements. This phasing should be executed with a precision of 10 nm. The required calibration
movements will be provided by an algorithm that analyzes wavefront errors in the optical images. This algo-
rithm only works when certain requirements regarding the deployment precision, thermal drift, and vibration
stability can be met by the deployment mechanism. The required deployment precision is less stringent than
the required phasing precision. Therefore an active optics calibration system, mounted on top of the deploy-
ment mechanism, will achieve the latter requirement.

This thesis describes the development of the M1 deployment mechanism, without the calibration system.
A trade-off between several concepts is made to end up with three concepts that are assessed in more de-
tail. Based on a thermal analysis it is concluded that none of the proposed concepts will be able to meet the
requirements related to the in-orbit thermal drift.

After seeking for advise, Prof.dr.ir. Just Herder proposes a novel concept that is very different from the
considered options and benefits the Secondary Mirror (M2) deployment mechanism as well. A ribbon con-
necting the M1 and M2 deployment mechanisms will improve the structural stiffness and vibration stability of
the M2 deployment mechanism, while applying the required preload to the M1 deployment mechanism to fall
into a high precision kinematic interface. Applying athermalization turns out to be much less complex in this
configuration and therefore it is known that meeting the thermal drift budget is feasible.

It is explained how this concept is designed in more detail. Athermalization is incorporated in the design,
precision design practises are applied, and an actuated ribbon winch is developed. Although the design is not
finished, it is assessed whether it is expected that the final version of this deployment mechanism will meet
the requirements. It is concluded that it is feasible to meet all requirements, except for the one defining the
mass budget.

Itis recommended to apply two types of mass optimization during future work. Then it can be determined
how far the mass budgets is exceeded. This information can be used to revise the mass budget requirements.
Furthermore specific design recommendation are provided and a proposal for the upcoming work packages is
suggested.

Keywords: Deployment mechanism, precision, accuracy, exact constraint design, kinematic interface,
athermalization, EMC hinge, tape spring hinge
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INTRODUCTION

In today’s world, Earth Observation (EO) satellites are crucial to provide information about the Earth for many
different applications. As of 1962 more than 320 satellites have been launched for EO purposes, to be used for
applications such as defence, land cover/land use mapping, carbon biomass assessment, food security, dis-
aster management, water resources mapping, ocean management, and health and air quality assessment [1].
Especially for astronomers it is desirable to build satellites that achieve even higher spatial resolutions than
currently possible, so they have better chances in finding exoplanets. However, also for EO there are appli-
cations that require higher spatial resolutions. Within the commercial domain, the state of the art satellites
WorldView-3 and WorldView-4 both achieve the highest spatial resolution ever achieved, of 31 cm/pixel in
the panchromatic band [2][3].

When designing for high resolutions, one should choose an aperture diameter of the entrance pupil which
leads to the appropriate diffraction limit. The diffraction limit is the physical limit one can have for the res-
olution angle, the minimum angle for which two point sources can be distinguished at a given wavelength,
according to the Rayleigh criterion [4]. For a given wavelength the criterion says that the resolution angle is
inversely proportional to the aperture diameter of the entrance pupil. In other words, the higher the required
resolution, the larger the aperture diameter should be. Another limitation in high resolution designs is that the
minimum required focal length is often determined by the minimum achievable detector pixel size. In high
resolution satellites this leads to the necessity of relatively long focal lengths. Summarizing, high resolution
can be achieved by having a large aperture diameter of the entrance pupil and a long focal length.

In space design it is preferred to use passive systems, not moving and not requiring active control, over active
systems, because everything that moves or needs control, can break or lose contact with the controller. Since
it will usually not be possible to repair damage in space, protection of the mirrors is required as well. Due to
the need for large aperture diameters and long focal lengths, the preference to use fixed mirrors for passivity,
and the need to protect the mirrors, high resolution satellites conventionally look like a long and wide cylinder.
Unfortunately this type of design also has disadvantages. Big and relatively expensive launchers are needed to
fit the volume and the big mass of such a system, which adds a lot of costs.

This thesis forms a part of the DST project. A project where the challenge is to overcome the named disad-
vantages of conventional telescopes, by developing a system of which the primary mirror consists of several
segments that fold open and the secondary mirror extends away after launch. At the same time the goal is
to achieve a resolution comparable to WorldView-3 and WorldView-4. This is very challenging, because one
needs to actuate the mirrors with extreme precision to align the primary mirror segments. The required preci-
sion is in the order of 10 nm.

When starting this thesis project a conceptual design had been made by several PHd-students and MSc-
students. However, the design was insufficiently detailed and did not meet every requirement yet. The chal-
lenge lays for a big part in the achievable precision in positioning of the deployment mechanismes. It is impor-
tant to make the next steps towards a final design in a high pace, because the DST team got an offer to piggy
back along with a launch of another project, once a breadboard prototype is developed. The author of this
thesis is responsible for the primary mirror deployment mechanism and will present a detailed design that is
expected to meet the requirements once further developed.

This is done by first providing more background information on the project in chapter 2. Thereafter rele-
vant literature and theories are discussed in the fields of comparable space missions, high precision design,
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1. INTRODUCTION

and hinge and latch design, in chapter 3. Then chapter 4 discusses the concept selection for the deployment
mechanism, followed by chapter 5 where the selected concept is developed into a detailed design. Afterwards
chapter 6 will elaborate on what steps to take from this point to be able to design a breadboard prototype.
Finally chapter 7 will present the conclusions and recommendations.
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GENERAL PROJECT OUTLINE AND THESIS FIT IN THE
PROJECT

This chapter will provide the reader with the required background information on the DST project and dis-
cusses the work performed by other team members until the start of this thesis research. From there it follows
how this thesis will contribute to the further development of the DST.

The chapter starts by describing the EO market in section 2.1. From here it can be concluded what the market
actually needs. This, and how this project can help providing those needs is discussed in section 2.2. In sec-
tion 2.3 the needs of the real world are translated into requirements, to be able to look at the project from an
engineering point of view. The progression in the engineering practises of the other team members so far, is
discussed in section 2.4. The chapter then concludes with the project needs and corresponding thesis goals in
section 2.5.

2.1. THE EO MARKET

As arule, companies can only exist if they make more money then they spend. This also holds for companies
in the EO sector. Luckily companies in this sector can often limit their spending, because the data of one
satellite can often be used for many different applications by processing it in a different way. It is usually too
costly to design, build, and operate a satellite for, for example, only one scientific research experiment. Hence,
the market developed such that there are operators that assign third parties to develop and build satellites,
but afterwards operate the satellites themselves, harvesting all the data. They sell this data to companies and
institutes that want to use it, mostly in differently priced packages, going from raw data to processed data,
where the quality is adjusted to the price one pays. The current amount of EO data sold per application is
shown in fig. 2.1 with a total market value of 1.6 billion dollars per year [5]. As can be seen, defence applications
dominate the market with 61% of the bought data. Defence systems are usually bought for observations where
the spatial resolution, i.e. the number of pixels projected per unit area on the ground, should be as high as
possible. However, also other applications are found that benefit from, or even require a high resolution. This
leads to the trend shown in fig. 2.2, where one can clearly see the EO market grows rapidly, but only for the less
than 1 m resolution data. The absolute sizes of the other market segments are relatively stable [5].

Due to the drive for higher resolutions, the market of EO satellite operators changed drastically over the past
decade. Back in 2011 the market was very divided with several small and three big players, of whom no one
had a market share higher than 33%, as shown in fig. 2.3 [6]. As can be seen in fig. 2.4 the market now has
two major players of which DigitalGlobe is by far the market leader [7]. Notable is that in 2013 DigitalGlobe
and GeoEye, both known for building the satellites with the highest resolutions, merged, resulting in them
controlling a worldwide constellation of high resolution satellites. Astrium was a division of EADS, which
restructured into the Airbus Group, which led to Astrium becoming part of Airbus Defence and Space. In
February 2017 DigitalGlobe merged again, now with the third player in the market at that moment. Combining
this information it seems that becoming market leader depends on how high the resolution of one’s satellites
is.
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EARTH OBSERVATION COMMERCIAL DATA: DEMAND BY SECTOR (WORLD,
2014)
Total market: $1.6 billion
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Figure 2.1: EO data sold per application in 2014 [5]
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Figure 2.2: Amount of EO data sold between 2005 and 2014, divided in different resolutions [5]
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Figure 2.4: Market shares per operator in 2017 [7]

For defence applications little imagination is needed to explain why high resolutions are necessary. For other
applications this might not be that clear. A good explanation of new applications that were made possible with
the 31 cm/pixel resolution of the WorldView-3 has been provided at the Geospatial World Forum 2014 by
DigitalGlobe [8]. An example is that it becomes easier to remove atmospheric effects, because clouds become
more distinguishable from snow. Another example is related to mineral and oil exploration. Oil and minerals
do not often occur as one big chunk on the surface, but rather small mineral rocks or groups of oil particles
that have risen to the surface. With the high resolutions it becomes possible to distinguish these rocks and
particle groups from the general ground layer.

To end this section the price of high resolution satellites will be discussed. Operators tend to share little details
about satellite costs. However, Walter Scott, founder and CTO of DigitalGlobe, once said that WorldView-3 cost
$650 million, including building and launch [9]. For WorldView-4 it is only known that the original costs were
estimated at $835 million [10], although Scott later said the price is comparable to the price of WorldView-3
[11]. The costs involved for building and launching this satellites are rather large, and a significant portion of
the price is in the launch. The satellites are big and heavy, meaning a big launcher is required, such as the Atlas
V for both WorldView-3 and WorldView-4. Today the basic cost of such a rocket is $109 million, but with the
additional costs for the required solid rocket boosters and additional services, the price goes up to over $150
million rather easily [12]. A lot of costs can be saved when a lighter launcher such as a VEGA rocket can be
used. Depending on the amount of launches per year it is estimated a launch will cost between €22 million
and €32 million [13], for a payload of at most 1430 kg that fits in a cylinder of 1.7 m high, with a diameter of 1.9
m [14]. With this in mind a lot of research is conducted nowadays in making smaller and lighter EO satellites.
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2.2. MARKET NEEDS AND PROJECT GOAL

The market research of previous section, clearly shows that the market share of the big companies depends for
a big part on how much high resolution data a company can deliver, but that on the other hand the satellites
that can provide this data are too expensive to make a constellation. This is summarized in the following need
statement:

Need statement
The Earth observation market has a need for satellites with high ground resolutions for a drastically decreased
price.

There is a trend in research to investigate the feasibility of making smaller and lighter high resolution EO satel-
lites, to reduce the launch costs by a large amount. The introduction of chapter 1 already described some basic
knowledge, required for reaching high resolutions. This discussion will continue below.

The angular resolution, 8, is the smallest angle from the image center to two different point sources for which
these point sources can be distinguished. The terminology might come in a bit strange, because the lower
the value of the angular resolution, the higher one says the resolution is. Even if there are no aberrations
in the optical system, there still is a physical limit for the achievable angular resolution, which is caused by
diffraction. The diffraction limit is defined by the Rayleigh criterion, which says that 8, in rad is proportional
to the wavelength of interest, A, divided by the aperture diameter of the system, D, as shown in eqn. 2.1. Since
this angle provides the radius of the so called Airy disk, one needs to double the right-hand side of eqn. 2.1 to
relate to the diameter and find the equation for the spatial resolution on the ground, X, as shown in eqn. 2.2.
Here H is the height of the satellite. Since the detector pixel is approximately located at the focal distance, f,
of the lens, the detector pixel size, x,,can be derived by eqn. 2.3 [4].

A
F= 1.225 [2.1]
HA
X= 2.443 [2.2]
X = 2.44% [2.3]
F# = % [2.4]

From the equations it becomes clear that better resolutions are achieved with bigger aperture diameters. Also
one can see that in general it is more difficult to achieve high resolutions at longer wavelengths. This however
does not hold for this project, because longer wavelengths relax the phasing budgets of the mirrors, which is
more critical in this design. In eqn. 2.3 an important characteristic of an optical system comes by, namely the
f-number or F#, as shown separately in eqn. 2.4. It indicates how sensitive the system is to aberrations, but is
also a measure of how bright an image will be. As a rule a low F# results in high order aberrations, while for a
high F# first order optical equations are reliable [15]. On the other hand it holds that the brighter the image,
the less exposure time is needed. The The square of the Fi# is inversely proportional to the brightness, so with
an F# of 2, the image is four times as bright as with an F# of 4. Since satellites move fast over the ground, a
low required exposure time is beneficial, which can be achieved best by designing for the physical minimum
limit of the F# of 0.5. In other words an optimum needs to be found for enough brightness with minimal
aberrations. There is however another limit that often defines the minimum F#. When looking to eqn. 2.3 for
a chosen wavelength, the detector size x, is proportional to the F-number, and so one is limited by how small
detector pixels can be made. Andor, an Oxford Instruments company, says the smallest detector pixel sizes are
currently 4 um x 4 um [16]. This means for example that if one wants to observe blue light with a wavelength
of 500 nm and an aperture diameter of 1 m, the focal length would still need to be at least 3.28 m, leading to a
minimal F# of 3.28. In short, high resolutions are achieved by:

* Maximizing the aperture diameter;

* Finding the minimum focal length defined by the detector pixel size, which is often quite long;
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¢ Finding the optimal focal length for the required brightness and minimal aberrations, taking the bound-
ary defined by previous point into account.

The first two points of this summation are the reason most EO satellites are big. As explained before, passive
systems are preferred, because they form much less risk to fail than active systems. This means that the satellite
usually has a large primary mirror, and a secondary mirror placed far away from it via legs or a cylinder, so the
required focal length is achieved. A typical image is provided in fig. 2.5, with next to it fig. 2.6 showing the size
relative to a human.

Figure 2.5: Artist impression of WorldView-4 [17] Figure 2.6: Relative size of an average human vs. WorldView-4 on
the far right [18]

These days a lot of companies and institutes investigate the option of active telescopes that can be deployed.
Some of them are discussed in detail in chapter 3. One of the most well-known deployable telescopes, is the
James Webb Space Telescope JWST). It is still under development and planned to be launched in spring 2019.
The JWST is seen as the successor of the Hubble Space Telescope and has a much larger primary mirror with
a diameter of 6.5 m, versus 2.4 m for the Hubble. This gives the JWST the option to observe mainly in the
far-infrared and mid-infrared, but also part of the visible spectrum (wavelengths between 0.6 um and 28 um)
with a high resolution, where the Hubble could observe in the near-infrared, but mainly focused on the visible
and UV wavelengths [19]. For both the mirrors and the sun-shield, with roughly the size of a tennis court, it
was necessary to make both systems deployable to fit the JWST into a launcher. As explained in subsection
3.1.1, the JWST is not completely comparable with EO satellites, but it gave a lot of inspiration. During the
development a lot of useful science is conducted that can be applied to EO satellites.

In the projects discussed in chapter 3 that are comparable with the DST project, often only the secondary
mirror will be deployed and sometimes only the primary mirror unfolds. Also, these telescopes often go for
high resolutions of less than 3 m, but not a single one tries to break the record of WorldView-3 and WorldView-4
with their panchromatic ground resolution of 0.31 m. Under the supervision of Dr.ir. ].M. Kuiper, ir. D. Dolkens
graduated on designing a first concept of a synthetic aperture telescope able to achieve a sub-meter Ground
Sampling Distance (GSD) [20]. The main focus was on the optical design, but also the mechanical design,
calibration strategy, and image processing strategy are discussed on a conceptual level. The design of fig. 2.7
was the result, and afterwards Dolkens and Kuiper felt confident that it is possible to achieve even higher
resolutions than currently available, while still being cheaper, by making a satellite where both the primary
mirror and secondary mirror unfold. Dolkens is now a PHd-student. Together with Kuiper they created a
project to develop this idea involving industry partners, MSc-students and another PHd-student. The goal of
the DST project became as follows;

Mission Statement The goal of this project is to design and develop a Deployable Space Telescope (DST) that is
capable of achieving the same GSD as state-of-the-art Earth Observation satellites for a fraction of the costs, by
making it able to achieve a relatively very low stowed volume and mass.
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Figure 2.7: Deployment sequence of the initial DST design developed for the masters thesis of Dolkens in 2015 [20]
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2.3. REQUIREMENTS

In the meantime the project has evolved and rough time lines are determined. The original plan was to fulfill
the mission statement by launching the satellite in roughly 5 years, although it currently seems that the de-
velopment time needs to be extended. Also, Airbus Defence and Space (ADS) provided an opportunity at a
meeting in June 2016, to launch a small mock-up satellite that will piggy back with one of their test payloads
within a time frame of two years. At the moment it is exactly two years ago this was agreed. ADS however had
some delays, so now the plan is to launch in early 2019. Also the DST project progressed slower than expected,
to such an extend that it is expected the mock-up will not fly on the flight in 2019. Although a general concept
of the mock-up satellite has been made by the previous person working on the Primary Mirror (M1) subsys-
tem, for now the focus is back towards the real satellite design. This fits the current design philosophy that
only when the design is mature enough to know with a reasonable certainty that certain components will be
used, it is possible to define what critical components should be tested in space. Furthermore the current plan
is to actually build a first breadboard prototype for ground testing, before a second one will be designed and
build that will be sent to space.

In general, testing is a way of verifying whether requirements are met. Therefore it is important to first de-
fine requirements before making a design. This project mainly works with a bottom-up systems engineering
approach. This means that a top-down start is made by deriving requirements that describe the required per-
formance of the output data, followed by the technical requirements for the optical system. Based on these
requirements, one starts to develop the subsystem that allows to fulfill them. In this case the optical design
requirements flow down on the required performance of the mirror positioning mechanisms, which will be
designed thereafter. During this design it becomes clear the requirements can only be met in a certain ther-
mal environment, meaning that requirements flow down on how to design the baffle, which will be designed
thereafter, etc.

In reality this is not a serial process, as described above, but one starts with the next subsystem once enough
requirements are known to make a start. The design of the subsystem they flow down from is not necessarily
finished yet. Also one will find that sometimes the imposed requirements are unfeasible. In that case one goes
back to the subsystem design that led to the requirement and tries to find an alternative solution or compro-
mise.

In the work of the team members so far, each of them made their own table of requirements with their own
ID tag system. This is confusing and makes one lose track of where certain subsystem requirement flow down
from. Between the start and end of this thesis, the team expanded from 3 people working on 3 subsystems to
11 people working on 6 subsystems. Therefore it was necessary to create one document to keep track of all
requirements with a uniform coding and a system to track mother requirements [21]. This document is too
extensive for placement in (the appendix of) this thesis, but the top level requirements and the primary mirror
subsystem requirement tables are shown in appendix A.

The most challenging requirements that are a very important factor in the design choices of this thesis work are
M1-MEC-01, M1-MEC-04, M1-MEC-07, and all of the daughter requirements of these 3. They are summarized
in a more clear format that was used for a presentation in fig. 2.8. Requirement M1-MEC-01 tells the values in
the first row of the 'Deployment and Coarse Alignment Tolerances’ section shall be met with a confidence level
of > 20. The daughters of this requirement, M1-MEC-01-01 to M1-MEC-01-06, provide the values of the first 6
columns in this row, respectively. In the same fashion M1-MEC-04 corresponds to the section called 'In-Orbit
Drifts’ and M1-MEC-07 corresponds to the section called "Stability Budget’. The last two titles may need some
explanation, since it is not immediately clear what the budgets stand for. The In-Orbit Drifts budget refers to
the allowable deformations due to temperature changes allowed per orbit. The stability budget refers to the
maximum allowable deformations due to vibrations. Note that only the In-Orbit Drift budget is time bounded
as an allowed error per orbit. The two axis reference systems used in this thesis are defined in fig. 2.9. The
budgets apply to the M1 reference system. Note that the full satellite reference system used by the DST team is
actually located at the vertex of the parabola described by the primary mirror with the axial directions parallel
to the ones of the M1 reference system. This axis system is however not relevant for the work described in this
thesis.
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Position [pum] Tilt [prad] Radiu
X Y Z X Y V4 S

[%]

Deployment and Coarse Alignment Tolerances
2 2 2 4 50 1*103

15 15 10 100 100 100 1*102 25
4

4 10 10 50 1*10-2 10

In-Orbit Drifts
2*102 2*102 25102 1102 2*102 1104

4 4 2 6 6 12 1*10+ 5

1*10-1 1*10-1 1101 1 1 & 1*10+ 5

Stability Budget
m 5103 5103 5%103 2.5%10°2 1*102 5410 n/a n/a
m 1 1 5%10-1 15 15 D nfa nfa
m 25702 25702 257102  25%10' 257101 125 n/a n/a

Figure 2.8: Requirements on several budgets for the positioning of the different mirrors

Figure 2.9: Top: M1 reference system in 3D - Bottom left: M1 reference system as seen in YZ-plane - Bottom right: Support frame
reference system as seen in YZ plane, consisting out of a 50 mm translation in Y-direction and an 8° rotation around the X-axis with
respect to the M1 reference system
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2.4. PREVIOUS WORK

As said before, at the start of this thesis only three people worked on this project on three different subsystems.
It started with PHd-student Dennis Dolkens, who worked already for some years (and currently still works) on
the optical system design. Then MSc-students Boris van Putten and Jessy Lopes Barreto developed the M1 and
Secondary Mirror (M2), respectively. They both graduated around the time this thesis research started. At this
point the design of fig. 2.7 evolved to the one of fig. 2.10. During the literature study preceding this thesis more
team members joined. They did not provide any results yet, but it is useful to discuss the matters they started
to work on, because this in this thesis some design choices are made based on the preferences of the team
members working on other subsystems. Below first an overview is provided on the work of Dolkens and Lopes
Barreto to get familiar with the bigger context of the project. Then the thesis of Van Putten will be discussed
in more detail, since this thesis is a continuation of that work. Finally the new team members are introduced

together with the topics they work on.
l ||

Figure 2.10: Render of DST design after the thesis work of Van Putten and Lopes Barreto [22]

2.4.1. WORK OF DOLKENS AND LOPES BARRETO

As explained in section 2.2, Dolkens initiated this project with a feasibility study during the MSc-thesis preced-
ing his PHd-study [20]. After the positive outcome one of the main achievements of Dolkens is the ray tracing
software he developed, called Fast Optical RayTrace Application (FORTA). Since existing ray tracing software
is hard to adept for the use of segmented mirrors, this unique software had to be developed for this project.
FORTA, first described in [23], supports ray tracing for not only spherical and aspherical mirrors and lenses,
but also for freeform surfaces described by Zernike polynomials. These elements can be described by user
defined functions, meaning that other optical systems than the one of the DST can also be analyzed. This ca-
pability is used to validate the software by comparing the results for optical systems that are suitable for both
FORTA and Zemax, a commercially available ray tracing software.

The main capability of FORTA is to calculate the wavefront, Point Spread Function (PSF), and Modular Transfer
Function (MTF) given a certain positioning of the optical components. When providing an image it will sim-
ulate how it is seen by the detectors. As a follow-up, calibration algorithms have been developed that detect
the wavefront errors, which is used to calculate how the M1 segments and deformable mirror can be altered to
improve the image quality. This is not only useful for defining the ideal positioning during the design phase of
the project, but also for autonomous mirror calibration during operation. By performing several case studies
Dolkens found the most optimal lay-out of the optical system, which is shown in fig. 2.11. After this, more case
studies have been performed to find which errors can be tracked and calibrated by the algorithm to end up
with the desired image quality. This resulted in many of the requirements for the mirror subsystems, which
are summarized in the budgets of fig. 2.8.
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A TERNATE
SHAPES

Figure 2.11: Optical lay-out of Annular Field Korsch Telescope Figure 2.12: Sketch of the working of a CTM boom [24]
design with the wide mirror section representing two M1
segments, the far left mirror representing the M2, the far right
mirror representing a folding mirror, and the small mirror near M1
representing the deformable mirror [23]

Lopes Barreto was the first person to look into detail to the thermo-mechanical design of the M2 subsystem,
since the design with the deployment by articulated booms as shown in fig. 2.7 was the result of a conceptual
design where little thought was put into the deployment mechanisms. In his thesis Lopes Barreto investigated
multiple types of deployment mechanisms such as articulated booms, coilable booms, collapsible tubular
mast (CTM) booms, telescopic booms, inflatable booms, and deployable truss structures [22]. After a trade-off
and discussions with experts from ADS it was decided to work out the concepts of the articulated booms and
the CTM booms in more detail, before a final decision would be made. A CTM boom is flat when coiled up
during stowage. Comparable to a measuring tape it gets a stiffer curved shape once it is rolled out, but in this
case it actually has two opposing tapes that form a closed cross section. This is shown in fig. 2.12.

Now first a trade-off on the material for the articulated booms led to the selection of Carbon Fiber Reinforced
Polymer (CFRP) as the material of choice. After this models that measure the deflection for different load cases
were applied to the two concepts. A first effort proved that it was quite challenging to meet the stability re-
quirements (especially concerning that the required boom length was 1.6 m at this time). Therefore iterations
were made to optimize both designs. For the articulated boom this was done by changing dimension, applying
different lay-ups to change the material properties of the CFRP, and experimenting with the amount of boom
segments. For the CTM boom this was done by varying the many dimensional parameters and by optimiz-
ing the design of the Hold Down and Release Mechanism (HDRM) of the boom, which provides a significant
amount of stiffness. Even though the final CTM design scored better in all properties related to the stability,
the final choice was to go for the articulated booms, mainly because the HDRMs of the CTM booms add a lot
of mass and complexity.

Finally the articulated boom concept was designed in more detail. Only the springloaded hinges lacked detail.
However, even with simplified and probably too relaxed assumptions for the hinges the design could not meet
the requirements. Two main reasons were the long length of the boom and the impact of thermal effects on
the unprotected booms. This is the point where the required boom length has been brought down from 1.6 m
to 1.3 m and where it was decided that a baffle will need to be implemented in the design. It should be noted
that there was already a push towards the use of a baffle, since the thesis of Van Putten [25], which was finished
a month before these conclusions, also indicated that the M1 would not work without thermal shielding.
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2.4.2. WORK OF VAN PUTTEN ON M1 DESIGN

In the MSc-thesis of Dolkens the mechanical design of the M1 subsystem was out of the main focus of the
work. Therefore the resulting design was more of a first suggestion than actual design, by using components
and mechanisms copied from comparable space projects, without comparing multiple options. The design is
shown in fig. 2.13. Only the material for the mirror surface (SiC) has been selected after an extensive trade-
off. The useful information for the mechanical design that resulted from the thesis and later work of Dolkens
consisted of the shape of the mirror surface, the position of the mirror surface with respect to M2 and the
satellite bus, and the budgets defining the allowed alignment errors of the mirror.

L Whiffle
SiC Mirror Panel

Support Frame

Extending Rod
Figure 2.13: Conceptual M1 subsystem design described in the MSc-thesis of Dennis Dolkens [20]

Based on this information Van Putten started working on the mechanical design from a clean slate. Since
the M1 subsystem comprises many components and a lot of considerations needed to be taken into account,
the thesis was rather a broad work on the complete subsystem design than a detailed study into (some of) its
components.

A first thing that became clear from looking at the provided information of Dolkens was that the required cali-
bration precision would form a difficult challenge. Therefore the calibration mechanism and the deployment
mechanism, that should deploy with a precision that falls into the range of the calibration mechanism, were
seen as the critical components of this subsystem. After studying deployment mechanisms of comparable
satellite designs, first a trade-off was performed to find the most suitable deployment mechanism. The strut-
ted and strutless concepts assessed are shown in figs. 2.14 and 2.15, respectively. They underwent a trade-off
with weights as shown in tab. 2.1, resulting in the trade-off results of tab. 2.2.

A

Mid Hinged Strut Extending Strut Rollable Strut Tape Spring Strut

Figure 2.14: Concepts of the assessed M1 deployment mechanisms that involve a strut [25]

Based on the outcome of tab. 2.2 it was decided to make a preliminary design of the motor resistance, mid
hinged strut, and kinematic interface concepts. These design were analyzed in ANSYS to find the eigenfre-
quencies of the mechanisms. The results for the first five eigenmodes of each concept are shown in tab. 2.3.
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Criteria Weight
Accuracy 5
Readiness 4
Repeatability 3
Motor Resistance Kinematic Interface Stability 3
Compactness 2
Mass 2

Figure 2.15: Concepts of the assessed M1 deployment mechanisms  Table 2.1: Weights for strut concept trade-off in the work of Van
that do not involve a strut [25] Putten [25]

Table 2.2: Trade-off between the different strut concepts in the work of Van Putten [25]

Concept Kinematic | Motor Mid Hinged | Extending Rollable Tape Spring
Interface Resistance Strut Strut Strut Strut
Accuracy 4 3 4 4 1 2
Readiness 4 4 4 3 3 3
Repeatability 4 5 4 4 2 3
Stability 4 2 4 3 3 3
Compactness 3 4 3 3 3 4
Mass 2 4 3 3 3 4
Weighted total 70 68 72 65 44 56

Table 2.3: First five eigenmodes of the top concepts [25]

Eigenmode Frequency [H?z]
Motor resistance | Mid Hinged Strut | Kinematic Interface
1 8.42 78.45 19.74
2 102.67 114.98 66.11
3 160.56 143.73 139.10
4 267.10 154.63 198.27
5 394.90 245.67 233.95
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Since the mid hinged strut came out as the best option in both the first trade-off and the vibration analysis, the
logical step was to select this concept for further development. The next design step was to find the right strut
length and select the appropriate location of the hinge along this length. This was done along with designing
the support frame, mostly referred to as the A-frame due to its shape, since the strut has to move through the
A-frame when stowed. This is shown in the render of fig. 2.16.

Figure 2.16: Render of the deployed and (left) and stowed (right) configuration of the A-frame and strut [25]

Then the mirror was designed, since the optical design of Dennis only provided the parabolic shape of the mir-
ror surface and the preferred material. Taking the weight, resistance to gravity sag, and fundamental eigenfre-
quency into account it has been decided that the mirror will consist of triangular hollow pockets at the bottom,
as shown in fig. 2.17, with a bottom that is flat instead of parabolic. This makes it easier to design the whiffles.
The size and geometry of the pockets and the location of the whiffle nodes (shown as circles in fig. 2.17), were
determined by optimizing iteratively for certain gravity and thermal load conditions. In the end the maximum
modelled deformation was 58 nm for the gravity off-loading and 25 nm for the thermal deformation.

The whiffles are mechanisms that can distribute mechanical loads in the system evenly and can reduce stresses
in the mirror due to deformations. Each mirror segment has three whiffles with each three points that con-
nect to a node of the mirror pockets. Each whiffle is actuated for calibration purposes. A trade-off was made
between different calibration actuators and a certain actuated flexure was found to be the most suitable. The
working of this actuated flexure is shown in fig. 2.18. A motor of choice will be connected to the hole in the
middle of the flexure via an eccentric bearing. This leads to relatively large up and down motions of the cross-
beam, which results in a small up and down motion of the top of the flexure. Assuming a stepper motor with
a precision of 200 steps/revolution in combination with an harmonic drive with a reduction ratio of 50:1,
the flexure has been designed to have a range of 34 um (see left of fig. 2.19) and a precision per step of at least
10.72 nm (see right of fig. 2.19). As the figure shows, the displacement per step is not equal over the full range,
so the worst precision of 10.72 nm, only holds for actuation near the starting position in the middle of the
range. Assuming an actuator resolution of 10.72 nm over the whole range, it can conservatively be calculated
how precise the actuation in tip, tilt, and piston is. Also one can find the allowable deployment error of the
A-frame by calculating the errors that would fall just within the range of the actuated flexures. The results are
shown in tab. 2.4. Optimizing the design for a high eigenfrequency and minimal displacement due to gravity
off-loading, a final design for the mirror, including the whiffles and actuation, came out as shown in fig. 2.20.
The estimated mass of these parts is 3140 g.

Table 2.4: Calibration actuator precision and the allowable deployment error for which these actuators can correct in tip, tilt, and piston

[25]
Tip Tilt Piston
Actuation precision 51.05 nrad | 32.58 nrad | 10.72 nm
Allowable deployment error | 15.50 urad | 9.90 urad 13.02 um
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Large movement of cross
beam results in small overall
movement

Cross-beam

Eccentric Bearing drives
cross-beam motion

Shims under feet are
adjustable to modify fine
range of motion

Figure 2.17: Pocket geometry of the primary mirror segments as Figure 2.18: Explanation of the working of the actuated flexure [26]
designed by Van Putten [25]
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Figure 2.19: Left: accumulated vertical displacement of the top of the flexure per deg of motor rotation - Right: vertical displacement of
the top of the flexure per step for each motor position in deg [25]

Figure 2.20: Render of the Van Putten’s final mirror design, including the whiffles and calibration actuators [25]
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Knowing the required precision of the deployment mechanism, the elements affecting this precision were
designed. These elements are all hinges and latches involved in the positioning of the A-frame, to be more
specific: the self-latching hinge joint in the middle of the strut, the hinges at the ends of the strut, and the
support hinges connecting the A-frame with the bus. To achieve a high deployment precision it is important
that freeplay, nonlinear elasticity and hysteresis are reduced as much as possible in the hinges and the latch.
Van Putten got most of his inspiration from literature written by by Mark Lake, Lee Peterson, and Peter Warren.
Together with different co-authors they wrote many papers on the development of several deployment systems
that required high precision to support the optics. The project started in 1994 and from then to the late zeros
they published papers and reports describing ideas [27], experiments [28][29], production drawings [30], and
also a document combining the gained knowledge with guidelines on how to reduce hysteresis in mechanisms
for deployable optical instruments [31]. The focus in these documents is mainly on hinges and latches. In
subsection 3.1.1 of this thesis the theory from this literature is discussed in more detail.

The guidelines [31] suggest a design with hinges as shown in fig. 2.21 when designing for high precision. Van
Putten translated this to support hinges for the A-frame as shown in fig. 2.22, and into hinges for the strut ends
as shown in fig. 2.23. The triangular cut-out in the tang (clearest shown on the left of fig. 2.23) is to achieve
constant tang stiffness, regardless of stresses imposed by thermal expansion of the bearings.

™

Machine screws —;

Clevis

(Ca(CI—=—

s W ':'-: -:::: iy
Bearing = = w
Assembly . . .
L Bearing Duplex pairof angular  Bearing pre-

hub contact bearings load plate

Tang

Figure 2.21: Exploded view of high precision ball bearing hinge applied in the design [31]

Figure 2.22: Support hinge connecting the satellite bus and the Figure 2.23: Hinge designs that connect the strut with the A-frame
A-frame as designed by Van Putten [25] (left) and the satellite bus (right), respectively [25]
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Finally the self-latching hinge in the middle of the strut was designed in more detail. It is based on a design
described in [32] and the production drawings can be found in [30]. A sketch is provided in fig. 2.24. The
descriptions of the mechanism in the papers of Lake, Peterson, and Warren is vague, no videos or step by
step descriptions of the mechanism in working are available, the few black and white photographs of systems
containing the supposed self-latching hinge are of too low quality to observe the latches, and the referencing
in the literature to documents describing multiple hinges and latches, made it very difficult to verify the exact
working of the mechanism. Van Putten assumed that the hinge can rotate with high precision until the point
where the strut halves make a 180° angle and a spring driven device locks the rotational movement. Van Putten
translated the sketch of fig. 2.24 into the low-detail design of fig. 2.25. He did not know the exact working of
the spring mechanism yet, but recommended to continue the search for this information.

Figure 2.24: Sketch of a deployed self-latching hinge. The pin Figure 2.25: Self-latching hinge design made by Van Putten. Due to
sticking out of the two latch halves is a spring driven locking the lack of required knowledge, the spring driven locking
mechanism [30] mechanism is not designed in detail [30]

The literature study preceding this thesis describes that the assumptions about the working of the self-latching
hinge are unfortunately found to be incorrect. The actual working of the device is explained in more detail in
subsection 3.1.1. This working is so different that the concept is completely useless in the current design. Since
the use of this device was already assumed for the mid hinged design during the concept trade-off, it has been
decided that the concept selection for the deployment mechanism should be conducted all over again. This
will have a big impact on the design and performance of the system. This makes the remainder of Van Putten’s
work irrelevant and it will therefore not be discussed in this thesis.

In the thesis of Van Putten it is not yet acknowledged that the deployment mechanism does not work as as-
sumed. Therefore an analysis was performed to verify the compliance of the design with the requirements.
A summary of the results is shown in tab. 2.5. Note that the requirements are provided according to the old
ID tag system. The requirements [R-M1D-03] and [R-M1D-08] were soft requirements, meaning adjustment
can be negotiated if they cannot be met. Therefore it was concluded that it was feasible to make a design that
meets the requirements, as long as the recommendations of the last column of tab. 2.5 are incorporated in the
design.

Since quite some design considerations are still relevant in the future design (regardless of the concept), the
recommendations of Van Putten regarding these considerations are also relevant for the future design of the
M1 subsystem. They are listed below:

e The soft criterion concerning the weight was not met in the current design and the biggest contributors
to the weight are the whiffle plates and the support structure. It is recommended to look into optimizing
them for weight. A suggestion is to do this by looked into the use of other materials, especially in the strut
(if still applicable in the future concept). At the moment simple materials with conservative properties
are used.

* A pressing recommendation is that a way needs to be found to lower the thermal fluctuations, for ex-
ample by using a baffle. It is even claimed that the design is unfeasible if it is not controlled to a cer-
tain extend. However, even with a baffle the temperature will fluctuate, resulting in a slight rotation of
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the mirror around the X-axis (if the new concept still involves a strut). The design should be made to
counteract this thermal deformation. Without a baffle not only the precision of the mirror position is a
concern. The local stresses in the mirror due to thermal fluctuations are currently too close to the yield
stress.

It is recommended to take a further look into the ability to withstand launch loads. Especially the effect
of vibrations needs to be analyzed.

The actuated flexure should be designed in more detail. This includes the motor, the speed reducer,
the eccentric bearing, and the flexure itself. Little research is done into the availability of parts on the
market, weight optimization, and the precision of the whole assembly. Especially backlash in the speed
reducer can become a problem.

* According to Van Putten it is important to start building and testing some of the components in the near
future. Especially tests that verify the precision requirements after deployment are important, because
existing models cannot exactly predict the microdynamic effects that have a significant impact on the
achieved precision at the scale used. Van Putten suggests the following component tests: a hinge hys-
teresis test, a self-latching hinge locking and accuracy test, and an actuated flexure behaviour test. Also
the following system tests are suggested: a deployment accuracy repeatability null test, a shaker table
test, a deployment accuracy repeatability test, and a thermal deformation test. Due to the need to redo

the concept selection it is not expected testing will start anytime soon.

Table 2.5: Requirement Compliance Matrix based on the design of Van Putten. Note that the requirements are presented in the phrasing
and with the ID tag that applies to Van Putten’s thesis. The corresponding new ID tags and rephrased requirements can be found in

appendix A [25]

Code Requirement Compliant | Comments

[R-M1D-01] | The deployment mechanism and primary mir- | Yes Assuming 1 [um] accurate
ror calibration system shall be able to bring the assembly of crucial parts.
mirror elements within the allocated position
and orientation tolerances.

[R-M1D-02] | There shall be a confidence level of >2 that the | TBD To be verified by testing.
deployment accuracy tolerances of all 6 degrees
of freedom of the mirror support structure are
met.

[R-M1D-03] | The mechanism shall position the mirror seg- | No Current design 12 [cm].
ments parallel to the telescope bus with a clear- Further optimization is
ance of <10[cm] in stowed configuration. possible.

[R-M1D-04] | The stowed mechanism shall be able to with- | Yes Larger safety margin would
stand launch conditions. be preferable.

[R-M1D-05] | The stowed mechanism shall conform with | Yes No comment.

CSG safety regulations.

[R-M1D-06] | Mirror position and orientation drifts due to | Yes If a baffle is included in
thermal cycling shall be smaller than the al- the design. More detailed
located position and orientation tolerances for thermal modelling recom-
the mirror elements. mended.

[R-M1D-07] | The deployed mechanism, when under influ- | Maybe More advanced mission de-
ence of platform vibration, shall remain able to sign and vibration analysis
allow for the acquisition of diffraction limited required.
images.

[R-M1D-08] | The mechanisms shall have a maximum total | No Current design is 31.5(kg]
mass of 16/kg]. including 20% margin.

[R-M1D-09] | The mechanism shall be designed for a mini- | Yes Actuated flexure fatigue
mal operational lifetime of 5 years. must be investigated.
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2.4.3. UPCOMING RESEARCH TOPICS

Based on the theses of Van Putten and Lopes Barreto and the PHd work of Dolkens up to this point, the research
topics and time line were evaluated. It became clear that some existing topics needed to be brought up to speed
by assigning more people to the topic. Also the creation of new research topics was required. The topics are
discussed below:

20

* Optical design: The FORTA software needs to be improved in several ways. Next to optimizing the ex-
isting algorithm further, a calibration algorithm needs to be developed that can calculate the required
shape of the deformable mirror for better image quality. A comparable algorithm is required to steer the
M1 segments. Furthermore, after optimizing the existing algorithm case studies need to be performed
to find out whether the budgets of fig. 2.8 can be relaxed, since this will make the job of the other sub-
system designers easier. Gijsbert van Marrewijk started the development of a phase-diversity algorithm
that will be used for the calibration of the deformable mirror. He started around the time Van Putten and
Lopes Barreto finished their work and graduated recently as well [33]. His work is currently continued
by Dirk Risselada. Dolkens is tasked with the other aspects of the optical design.

* M1 subsystem design: From the work of Van Putten it became clear that the M1 subsystem consists of
many aspects that cannot all be developed further by one person. It seemed that the deployment mech-
anism is currently the limiting factor for feasibility. Therefore it was decided to split the M1 subsystem
design in two work packages. The first one was the design of the deployment mechanism, including the
design of the support frame and the design of the interfaces between the satellite bus, support frame,
and the TBD actuation device. The other work package is concerned with the design of the mirror and
its calibration actuators. The boundary between the two design units is the interface between the sup-
port frame and the calibration actuators. This thesis is focused on the first work package and started
around roughly two months before Van Putten and Lopes Barreto graduated. In the meantime Matys
Voorn joined the team to continue the work described in this thesis. His main focus will be on designing
and ordering test components and executing several types of tests. Roughly halfway the duration of this
thesis project Sean Pepper joined the team to work on the mirror calibration design.

* M2 subsystem design: The work of Lopes Barreto needed continuation and roughly one month after
his graduation Andre Krikken agreed on becoming his successor. It has been decided that one person
suffices for this work package. Andre started slightly later than the start of this thesis and will finish his
work in the upcoming weeks. No successor has been appointed, since the design is in a stage where parts
can be ordered for testing. Matys Voorn will be responsible for the testing of this subsystem as well.

 Baffle design: Based on the theses of Van Putten and Lopes Barreto it was decided a baffle is required.
Three months after they finished, Essi Korhonen joined the team to design this. Initially it was expected
she could create thermal models and design a baffle that achieves the required performance according
to this model. It was however found this is too much work for one student. Since the satellite deploys
to dimensions much larger than what can be fitted in the stowed volume, a baffle is required that can
deploy as well. The deployment ratio is much larger than what is commonly required and therefore the
mechanical design of the baffle is a task for one MSc-thesis alone. Therefore it was decided to treat
thermal modelling as a separate research topic.

* Thermal modelling: 9 months ago, soon after Korhonen started on the baffle, Victor Villalba Corbacho
joined the team as a PHd-student. It was decided that he would start with the creation of a thermal model
for the satellite to later grow into a role where he oversees the work of the MSc-students focused on the
thermo-mechanical design of the several subsystems. 3 months ago Tim van Wees joined the team to
work on the development of the thermal model. He just finished his literature study and is currently
starting his modelling work. Since thermal modelling is fairly complex and because it turned out active
thermal control is needed to meet the M1 thermal drift budgets (see section 4.3), an extra team member
was added. Stefan Leegwater joined the team a couple of weeks ago.
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2.5. THESIS NEED AND GOALS

As discussed in previous section, the work of Van Putten and Lopes Barreto left the project at that time with
certain needs. Without going into too much technical detail these needs can be stated in terms of required
human resources:

* PN-1 The project has a need for additional manpower to design a deformable mirror control algorithm
* PN-2 The project has a need for additional manpower to continue the work on the M1 subsystem design
* PN-3 The project has a need for additional manpower to continue the work on the M1 subsystem design

* PN-4 The project has a need for additional manpower to work on the design of a baffle

At the moment the author wanted to start his literature study, fulfilling PN-2 and PN-3 had the highest priority
in order to delay the project as little as possible. The author choose to continue the work on the M1 subsystem,
because it was expected that some optimization was need for the deployment mechanism and support frame
design, while the main focus would be on the detailed design of the calibration actuation. This matched the
skill set of the author, since he co-founded a company that invented a high precision drive during his MSc.
A drive, also called speed reducer or gear box (latter one does not apply to the invention, because the design
is gearless), in combination with a motor is the most common type of actuator used in moving mechanical
applications. Possibly the so called ’Archimedes Drive’ would be a suitable device to implement in the design.

During the literature study the the design flaw of Van Putten was discovered and it was realized that it was
necessary to start all over with the concept selection of the deployment mechanism, delaying the development
of the M1 subsystem substantially. To get back up to speed it was decided that the project needed one person
dedicated to the design of only the deployment mechanism rather than the complete M1 subsystem. This led
to PN-5, which now had the highest priority:

* PN-5 The project has a need for one MSc-student, dedicated only to the design of the deployment mech-
anism of the M1 subsystem in order to synchronize its development with the development of the other
subsystems

This thesis aims to fulfill the need of PN-5. The need statement does however not provide clear boundaries
indicating how far the development should go for the acceptance of a MSc-thesis. Knowing that in space
projects usually many years or even decades are needed to design, build, and test a space system, it is unre-
alistic to expect a completed M1 subsystem design. Therefore the author decided to think about a research
framework that defines the research activities up to the point where a first breadboard design can be tested.
With these test results the predicted performance can be verified and valuable lessons will be learned that can
be implemented in the final design. The design of the breadboard prototype and the design of the test setup
are research activities after which a natural development stop is formed in the project, because after ordering
breadboard components, ordering test equipment, and booking test facilities there will be a lead time until the
project can continue with the actual testing. Some major design steps to get to this point are defined and led
to the research objective and corresponding research framework (fig. 2.26) below:

Research objective To provide the information required to build and test a breadboard version of a primary
mirror deployment mechanism for a deployable space telescope, by completing the preliminary design of the
full scale mechanism, identifying the high risks components, making a breadboard design including these
components, and defining the required tests to assess the behaviour resulting from the high risk components.

Since a lot of knowledge is already gathered with the Thesis of Van Putten, it seems feasible to finalize the
improved design and model the expected behaviour in the first half of the thesis. The remainder of the work
consists of more, but less time consuming research activities and will be completed in the second half of the
thesis. The research objective can be split in the following central research questions:

Central research question 1 What improvements of the primary mirror deployment mechanism are needed
to meet the requirements?

Central research question 2 What should a breadboard design, designed with the purpose to verify the per-
formance of critical components, look like?

Central research question 3 What test methodology is required to verify the compliance of the breadboard
design with the breadboard requirements?
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Figure 2.26: Research framework of this thesis. The logical order of the research activities is structured from left to right. Vertical lines
indicate that the combination of this information is required as input for the next research activity

22

MSc thesis report by Matthew Corvers




3
TUDelft

THEORY FROM LITERATURE

This chapter will discuss the relevant literature for this thesis. This means it will be discussed what satellites of
comparable projects look like to get familiar with the state of the art, but also that the working of potentially
useful components and theories applied in the design practises are discussed. First the literature on compara-
ble space systems is discussed in section 3.1. Second, the working of and theory behind the hinges and latches
assessed in a trade-off later in this work is provided in section 3.2. Finally literature describing preferred de-
sign practises for the development of high precision mechanisms, including kinematic interface design and
athermalization, is presented in section 3.3.

3.1. LITERATURE ON COMPARABLE TECHNOLOGIES

This section will describe a couple of telescope concepts that contain a deployable primary mirror, a deploy-
able secondary mirror, or both. Subsection 3.1.1 will dive into the deployment mechanisms developed as of
1994 for what is now known as the JWST, but was still called the New Generation Space Telescope (NGST) at the
start. Afterwards the Deployable Petal Telescope will be discussed in subsection 3.1.2. In 2007 European Space
Agency (ESA) requested proposals for 'Advanced LIDAR Concepts’ and a group of six companies responded
to this request with a concept discussed in subsection 3.1.3. Finally the Dobson Space Telescope is treated in
subsection 3.1.4.

3.1.1. DEPLOYABLE MIRROR DESIGNS FOR THE NGST/JWST

Already in 1989, a year before the Hubble Space Telescope was launched, the Space Telescope Science Institute
(STScI) organized the first workshop that resulted in a mission concept for the next major space telescope
after the Hubble Space Telescope (HST) [34]. Some years of assessing science proposals and investigating
what is feasibility from a technology perspective went by up to 1993. At this moment the STScl appointed
a committee to study 21-century space astronomy missions and generate recommendation reports on the
required capabilities of the NGST. In 2002 the project was renamed to the JWST and after some delays the
launch is currently scheduled to take place in 2020[19].

Soon after the NGST committee was formed, companies and research institutes started the development of
the required technology. As of 1994 the people who mainly worked on the development of high precision
deployment mechanisms were Mark Lake, an employee of National Aeronautics and Space Administration
(NASA) Langley Research Center, and Lee Peterson and Peter A. Warren, both researchers of the University
of Colorado [35]. These developments started early, because NASA knew the primary mirror would be so big
that making precisely foldable mirror segments was inevitable. During the period from the mid 90s to the
early zeros the researchers developed two conceptually different deployment mechanisms that were based on
classical hinge and latch designs, optimized for precision. They developed a precision hinge joint that is used
in both designs, and two precision latches, a different one for each design. It seems information on the latches
is purposely kept vague for a patent filing. A patent number has not been found, but a statement confirming
the lack of detail because of a patent filing can be found in [32]. Next to this paper, also the papers in [27, 30]
provide 'invention disclosure case numbers’ used for submission to the internal patent counsel of NASA. In
the big amount of papers written on the topic, a lot of cross-referencing takes place. The combination of the
cross-referencing and vagueness caused the confusion that led to the false assumptions about the working of
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the self-latching hinge in the thesis of Van Putten (see subsection 2.4.2) [25]. The details on the two concepts,
followed by the final concept of the JWST, are discussed separately below.

ESDM CONCEPT

The first concept made was a deployable truss structure that was called the Engineering Science Development
Model (ESDM). Among other papers the development of the complete system and some of the components is
described in [27-29, 36]. Due to the camera quality at that time, no clear figures are available, but a photo of the
fully deployed configuration and a sketch of the partly deployed configuration, are presented in figs. 3.1 and
3.2, respectively. When stowed, the tip is folded upwards in the z-direction indicated on the photo. The aim of
the research was to make the deployment mechanism very precise and to this end a new high precision hinge
was developed. The hinge is described in quite some detail in [27-29]. In a later stage the production drawings
were published in [30]. Information on the latch and the actual working of the deployment mechanism is
scarce. Only [36] provides some level of detail. Here a sketch of the latch, depicted in fig. 3.3, can be found
from which it becomes clear that the deployment is caused by one half of the latch, sliding towards the other
latch half via a rail.

Metrology *

ESDM
Test Right Tip Left Tip |
Article Target Target

NN =
S S—
RS
N — /.
. SRTT
Deployment Automated— \@:_’ggs‘:\

Controllet , | Impulse

Hammer

Applied impulse and
measured micro-lurch response

Figure 3.1: Photo of the fully deployed ESDM design in a test Figure 3.2: Sketch of the partly deployed ESDM design indicating
set-up for absolute static shape testing [36] where impulses where applied to measure the micro-lurch
response [27]

NASA LIDAR PROTOTYPE CONCEPT

The second concept, often referred to as the NASA lidar prototype (the LIght Detection And Ranging (lidar)
project was decided to be an intermediate step towards developing precision mechanisms for the NGST [35]),
deploys in a different fashion and is among other papers described in [32, 37]. The mirror is mounted on an
A-frame of which the tip is connected to a strut. The other side of this strut is connected near the base of the A-
frame in stowed configuration. During deployment this strut connection slides down via a rail until it falls into
a latch. Photos of the whole structure and the latch are depicted in figs. 3.4 and 3.5, respectively. Although the
same hinge is used that was designed for the ESDM, a different latch has been developed. Both papers describe
a self-latching hinge, as shown in figs. 2.24 and 3.7, with a reference to the production drawings [30]. However,
when looking to fig. 3.5, one can see that only the spring driven locking mechanism of the self-latching hinge
is used, which is presented in an exploded view in fig. 3.8. One of the questions that follow from watching the
production drawings is how the self latching hinge works. Rotation of the hinge will not cause an automated
latch without a force pressing the latch halves together. In the NASA lidar prototype design the strut end is also
pushed until it locks, in what would be the direction of the rotational axis for the self-latching hinge. This is
not explained in any paper. Also no application can be found where this self-latching hinge is used. Knowing
this, a second question is what the purpose of this design is, followed by why it is described in the papers. An
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Figure 3.3: Sketches of the ESDM latch in unlatched and latched position [36]

answer has not yet been found, but the author of this thesis hypothesizes that it is designed only to compare
the post-deployment microdynamic response of the self-latching hinge with the one of a normal precision
hinge. Reasons for this hypothesis are listed below. It is concluded that the standalone latching component
may be suitable for the DST project and that the self-latching hinge is not.

* The papers only discuss the properties in the latched (post-deployment) configuration

* In [32] experiments are described that compare the differences in hysteresis between the normal and
self-latching hinge

* Not a single photo or sketch can be found where the self latching hinge is not in a latched 180° position

* Nowhere a description can be found of how the hinge latches after rotation

The M1 subsystem designed by Van Putten consists of high precision hinges and is mainly based on the design
practises described about the development of the ESDM and NASA lidar prototype concepts. Descriptions
of the conducted research and the most important conclusions on both designs up to 1998, are summarized
in [35]. A year later, a set of guidelines was published that elaborates in detail on the lessons learned [31].
Furthermore it provides recommendations on best design practices to reduce the microdynamic response.
This information will be treated in section 3.3. Around the start of this century the researchers continued
their work on the NASA lidar prototype, by replacing the sliding strut with smart material hinges. A paper of
2002 describes tests performed on tape spring hinges in [38]. A couple of other papers describe how the use
of Elastic Memory Composite (EMC) hinges was investigated in [39-41] between 2004 and 2007. The theory
behind those hinges will be discussed in section 3.3 as well.

FINAL JWST CONCEPT

The final design of the M1 deployment mechanism of the JWST is completely different from the previous con-
cepts. As shown in fig. 3.9 the M1 consists of a core section containing 18 mirror segments and two wings
containing 9 mirror segments each. Rather then rotating away from the pointing direction of the optical axis
(asis the case for the previously discussed concepts), these wings fold towards the pointing direction of the op-
tical axis. This corresponds to the deployment direction of the M1 segments of the current design in this thesis
project. According to [42], the guidelines [31] written after developing the previously described concepts were
carefully followed to end up with the current design. An important note from these guidelines is that a kine-
matic interface is always preferred over other mechanisms, such as precision hinges, to transmit operational
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Figure 3.4: Photo of the deployment mechanism of the lidar Figure 3.5: Close-up photo of the latch used in the lidar prototype
prototype design [37] design [37]

loads in high precision designs. This recommendation led to a design where the wings are deployed into a
kinematic interface by a motorized and a passive sloppy hinge’ that drop out of the load path after deploy-
ment. The preload is provided by a specially designed latch. Details about the exact working of the kinematic
interface are provided in section 3.3.

Where the previously described concepts focused on the deployment mechanisms of primary mirror seg-
ments, the final JWST design also has a deployable secondary mirror. In [42] this deployment mechanism
is referred to as the Secondary Mirror Support Structure (SMSS). The deployment sequence shown in fig. 3.10
reveals that this design makes use of five hinges. Three at the feet of the struts, one in the middle of the ’sin-
gle strut’, and one at the tip of the single strut. All of them are latched. For the mid hinge this is done with a
highly complex preloaded device, which was required because it was impractical to follow the best practises
of the guidelines. The rest of the hinges is latched by heat fitting the lug and clevis, after the desired position is
reached.

Some aspects of the final deployment mechanisms of the JWST are discussed in more detail in section 3.3, but
not every mechanism is taken along in this discussion. One should keep in mind that the JWST in designed
for a completely different mission. With an aperture diameter of 7 m this primary mirror is almost 5 times as
big as the one of the DST. Besides, there was a huge financial budget and a team of top notch engineers that
designed this satellite over the course of almost three decades. None of these resources is available for this
project and therefore it is assumed unfeasible to include the highly complex mechanisms that are especially
present in the SMSS within the DST project.

3.1.2. DEPLOYABLE PETAL TELESCOPE

The Deployable Petal Telescope (DPT) is a telescope cubesat with a 2-3 U stowed size and a ground resolution
of 1.5 m, currently under development by the Space Dynamics Laboratory of the Utah State University [43]. As
shown in fig. 3.11, this satellite consists of four deployable primary mirror segments and a secondary mirror
that deploys away from the primary mirror, like the current design of the DST. A video of the test version
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Figure 3.8: Exploded view of the locking mechanism of the self latching hinge [30]

[44] also shows some major differences. In this design the primary mirror is folded upwards when stowed, so
deployment is generated by pulling the segments downward, rather than pushing the segments upward as in
the DST design. Another difference is that the secondary mirror of the DPT design is carried by one boom that
slides over a rail in one of the corners of the satellite.

There is not much literature available on the details of the design. A presentation from 2014 [43] indicates that
back then, they were at Technology Readiness Level (TRL) 4, and that they were expecting to move into TRL
5 soon. Next to a news article from 2015 [45] that does not provide a single technical detail, the only further
information can be found in a patent that is by now internationally granted [46]. This patent protects only the
deployment mechanism of the primary mirror and reveals useful information about its working. On the left
side of fig. 3.12 one can see the backside of the mirror with the eight holes in it. In between these holes is
a strut that hinges at the outer part of the mirror. The strut slides down along the bus by pulling a line. The
sliding stops when the strut couples with a hard stop. Fig. 3.13 shows the satellite when partly deployed for a
better understanding. Here one can see a conic hole the strut slides towards to. Fig. 3.14 shows the sliding end
of the strut, with in the middle a sphere that will fall into the conic hole, and two pins on the outside that will
surround the block with the conic hole.
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Figure 3.9: Deployment sequence of the M1 wings of the JWST [42]
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Figure 3.10: Deployment sequence of the SMSS of the JWST. BP: undefined - ISIM: Integrated Science Instrument Module - SM:
Secondary Mirror - SMSS: Secondary Mirror Support Structure - Dual struts: the struts without a mid hinge - Single strut: strut with mid
hinge [42]

Figure 3.11: Photos of a test version of the DPT in stowed and deployed configuration [43]
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Since the current deployment mechanism needs to be redesigned, the DPT deployment mechanism design
might be a good alternative. Although the DPT does not achieve the required resolution, its design is similar to
that of the NASA lidar prototype concept. Combining elements of both concepts may lead to satisfying design.
In that case it is however important to remember that either, a way should be found to work around the patent,

or that license fees should be discussed with the patent holder.

Figure 3.12: Patent drawing showing the primary mirror deployment system of the DPT when stowed [46]
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Figure 3.13: Patent drawing showing the primary mirror deployment system of the DPT when partly deployed [46]

61 85

34

Figure 3.14: Patent drawing showing the primary mirror deployment system of the DPT when partly deployed in side view [46]
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3.1.3. ADVANCED LIDAR CONCEPT PROPOSAL

An interesting study has been conducted by a group of scientists of multiple European space companies and
institutes as a response to ESA’s call for proposals on ’Advanced LIDAR Concepts’. Under ESA contract AO/1-
4629/NL/CP a concept was developed that uses some interesting technology that might be useful for the DST
[47]. There are no plans to continue with this proposal in the future. The secondary mirror is placed on a fixed
structure and does not deploy, but the primary mirror unfolds in the same direction as the DPT. This is shown
in fig. 3.15. An interesting feature is that EMC actuators are used for deployment. These actuators, as shown
in fig. 3.16, can be bend in a random angle above a certain temperature to stay frozen in this shape when the
temperature is lowered again. If no load is applied when heated again, they fold back to their original shape
over the course of minutes. In this way they can be seen as self-latching hinges. In general the repeatability of
EMC hinges is too low for applying them in the DST deployment mechanisms. Recent developments however
showed major improvement. This is discussed in section 3.2.

Deployment kinematics
and mechanisms
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Figure 3.15: Concept for a proposed lidar satellite for an ESA mission [47]
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Figure 3.16: Left: usage of EMC actuator in the concept - Right: photo of an EMC actuator in stowed and deployed configuration [47]

3.1.4. DOBSON SPACE TELESCOPE

The Dobson Space Telescope, or LEOS satellite as it is called nowadays, was a project of the Technical Uni-
versity of Berlin. This might be the satellite that is most comparable with the Deployable Space Telescope. To
avoid confusion with the abbreviations, which are the same for both projects, Dobson Space Telescope will
always be written out completely in this report, while the abbreviation DST always refers to the Deployable
Space Telescope. The Dobson Space Telescope project started in 2002 with the goal to develop a deployable
satellite telescope with a ground resolution of 1 m and a weight of 100 kg [48]. Up to 2007 several papers have
been published [48-51], but none of them reveal even the slightest technical detail on the deployment mech-
anism. Fig. 3.17 shows the conceptual idea of the deployment, where first the solar panels deploy, followed by
the deployment of the secondary mirror together with a baffle. This however does not reveal anything about
the mechanism behind it.
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Figure 3.17: Artist impression of the Dobson Space Telescope during different phases of deployment [52]

Although the project looked promising, even reaching a phase with zero gravity tests via parabolic flights with
results that turned out better than expected [48], no papers can be found on the Dobson Space Telescope after
2007. Even their website [53], which was still referred to as a source in [52], now redirects to the website [54]
of a company called Berlin Space Technologies (BST). However, searching the website for their products, one
can find the LEOS-100 satellite. It looks very different from the artist impression in fig. 3.17 and does not
look like it is deployable. On the other hand the specifications are comparable to what was aimed for with the
Dobson Space Telescope, with a mass of 90 kg and a ground resolution of 1.5 m. Contact with an employee
of BST, learned that the company is a spin-off of the university project, and that the LEOS-100 is indeed the
further developed version of the Boston Space Telescope. Also, he provided a link to the German patent [55]
(no English version available) of the deployment mechanism, which was granted in 2007. The papers did not
describe any detail, because the patent was not yet in the public domain when they were published, so it was
best to keep the details internal. The patent however never went into the PCT-phase, meaning that it only
holds in Germany and that one can reproduce the technology, as long as one does not sell or produce it in
Germany. Although there are no resources available within the DST team to have the patent translated, the
figures of the deployment mechanism (figs. 3.18 and 3.19) explain the basic principle very clear. When the
struts hinge together, the cones on both ends stack on top of each other. They are pulled together by a rope
that moves through the struts and generates the required preload. This principle might be of use for either the
primary mirror or secondary mirror deployment mechanisms of the DST.
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Figure 3.19: Patent drawings of deployment sequence of Dobson Space Telescope [55]
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3.2. THEORY ON HINGES AND LATCHES

This section will present several types of hinges and latches that need further explanation. Where it is obvious
how ball bearing hinges (fig. 2.21) and cone-in-cone latches (fig. 3.18) work, this does not hold for tape spring
hinges, EMC hinges, and the JWST primary mirror wing latch. They are discussed in subsections 3.2.1, 3.2.2,
and 3.2.3, respectively. Next to the theory on their working, the performance of the hinges supplied by some
manufacturers are discussed as well. One thing that is not obvious by the looks of the ball bearing hinge and
cone-in-cone latch are the reasons why they can achieve high precision. This is explained in section 3.3.

3.2.1. TAPE SPRING HINGES

Tape springs are already in use for a long while, for example in measuring tapes. When bending a measuring
tape, one will see that it tends to go back to the original shape, in which it becomes much stiffer again. This
principle is used to make tape spring hinges. These mostly metal hinges consist of thin shells and usually
have a constant curvature. In recent years however, the interest of researchers moves more and more to tape
spring hinges made of reinforced polymer composites. Their low Coefficient of Thermal Expansion (CTE)
and high specific stiffness makes them more suitable for precision applications and adds to the other benefits
that already hold for the metal versions [56]. These are the ability to self-deploy, low cost, low complexity,
robustness, reasonable stiffness after deployment, and highly efficient packaging (deployed size vs stowed
size) [57]. Tape spring hinges have flown in several space systems such as the Myriade satellites (metal) [58]
and the MARSIS satellite (composite) [59], and will also be used in future missions such as Solar Orbiter [60]
and NorSat-1 [61]. Mostly they are applied as deployable booms in non-precision applications such as solar
panel and antenna deployment mechanisms.

A metal tape spring shows non-linear behaviour during deployment, as shown in fig. 3.20, but a composite
tape spring also suffers from viscoelastic effects, especially due to creep and temperature variations, which
cannot be neglected when predicting the repeatability [62, 63]. The nonlinear deployment is already exten-
sively researched and can be modelled relatively accurate, but the viscoelastic effects are much harder to pre-
dict. As a result, hinges are often extensively tested before being send to space. This holds especially since the
MARSIS, a satellite observing Mars, initially failed to deploy due to creep in 2005. Because of the long stowage
time with changing temperatures, the hinges became unable to generate the required deployment moment.
After enduring creep and a temperature drop, a small slope in line C-D of fig. 3.20 can result. As shown in
fig. 3.21, this even resulted in a negative bending moment at small angles for the MARSIS satellite. With a
manoeuvre that pointed the hinge in direct sun light the mission was saved [59, 64].
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Figure 3.20: Typical theoretical curve of bending moment versus the bending angle of a tape spring hinge. Viscoelastic effects that occur
in composite versions are not included [65]
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Figure 3.21: Bending moment versus bending angle curve of the tape spring hinges used in the MARSIS satellite at a temperature of -70
°C. Note the negative moment at angles smaller than 50 ° that can lead to stall conditions for deployment [59]

The need to do extensive tests, together with the shock generated during the snap at full deployment, are the
biggest disadvantages of tape springs. Unfortunately literature about creep and temperature effects in com-
posite tape springs, where the effect of different materials or layups is compared, is scarce. Mostly test result
are provided of a single hinge, for example in [57]. If this hinge would replace the self-latching hinge in the
deployment mechanism design of Van Putten, it would result in a precision of 10.5 nm at the end of the strut
that is connected to the A-frame. A recent paper [66] however does a good job at identifying creep for different
composite tape springs, designed for a deployable telescope cubesat called DISCIT. The researchers used 12
different specimen with different diameter curvatures, materials, ply angles, and amount of plies in a layup.
Using the data of their most precise specimen (number 6-6), again an estimate is made of the repeatability
when replacing the self-latching hinge in the DST M1 deployment mechanism. This led to a repeatability of
185 nm with a standard deviation (10) of 41 nm at the end of the strut that connects with the A-frame. This
makes this composite tape spring hinge worth considering for the DST project. It should however be men-
tioned that the specimen were bend to only a maximum of 135°, and that this tests took place in a controlled
environment with minimal variations in temperature and humidity. The bending angle has an influence on
the amount of creep. Temperature and humidity variations during stowage and deployment of the hinge also
influence the repeatability. Finally it should also be investigated whether the shock during snap-through will
cause any problems. Dewalque et al. [65] recently described how to test and model the dynamic evolution of
the motion during, and shortly after deployment. This is useful to determine the vibrations due to the shock.
On the other hand the specimen investigated was made out of metal, so it is unknown to which extend the
dynamic evolution of composite tape springs will compare.

For some precision applications, hinges have been developed that use multiple tape springs that bend in dif-
ferent directions, such as the Maeva hinge of fig. 3.22 [58], and two other kinds of hinges for ULMAAS [67, 68],
depicted in figs. 3.23 and 3.24. The Maeva hinge is made out of metal and has the advantage that, compared to
a single tape spring, it has more driving torque and stability in twist during deployment. Furthermore it has a
higher overall stability after deployment, due to a high end stiffness. A disadvantage of the Maeva hinge is that
the deployment moment becomes very low when large bending angles are required. A comparable concept
(fig. 3.23) was developed for the ULMAAS project. This hinge is made out of four short and four long compos-
ite tape springs. In this configuration the end stiffness and deployment moment under large angles are much
higher. It is not described why the design team decided to switch to another design, somewhere between 2008
and 2011, but eventually they came up with the design of fig. 3.24. It is called the Ultra-light Deployment
Mechanism (UDM), and looks like an adjusted version of the Maeva hinge. Although it is not explained how
the directions of positioning accuracy are defined, the results of the verification tests, shown in tabs. 3.1 and
3.2, look promising, especially when looking to the rotational precision. A precision of 0.01° would translate to
a precision of 3.31 nm in the current DST design. Despite the high precision, the use of multiple tape spring
hinges seems to result in a mechanism that is too big and heavy to replace the self-locking hinge in the current
design.
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Figure 3.22: Sketch of the Maeva hinge, consisting of three metal
tape springs [58]

Figure 3.23: Sketch of the first ULMAAS hinge, consisting of four
short and four long tape springs, of which the latter are folded in
an S-shape [67]
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Figure 3.24: Sketch and photo of the UDM, the second ULMAAS hinge. It looks comparable to the Maeva hinge, except for the directions
of the tape springs of which the axes are not parallel [68]

Properties Required Actual design
Deployment Torque >0.1Nm 1.38 Nm
at each UDM (at any position) | (lowest

measured)
Bending Angle 180° - 200° 200° Positioning accuracy Required Actual design
Rotational Stiffness >4'000 Nm/rad | 3'497 Nm/rad Parallel to folding line +/- 0.1 mm +/- 0.027 mm
(any axis) Gap width +/- 1.0 mm +/- 0.082 mm
Linear Stiffness (any | >10'000 N/m 229'000 N/m Normal to reflector +/- 0.05 mm +/- 0.018mm
axis) surface
Temperature Range -150°C to -163°C to Rotation around folding +/-0.01° +/- 0.006°
(survival) +110°C +130°C line

Table 3.1: General performance table after testing the UDM [68]
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Table 3.2: Position accuracy performance table after testing the
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3.2.2. EMC HINGES

Elastic Memory Composite (EMC) materials are made of Shape Memory Polymers and Composites (SMPC)
that fall in the class of so called 'smart materials’, because they can change shape under the influence of envi-
ronmental stimuli [69]. In the case of an EMC this stimulus comes from changes in temperature. After being
produced in the original shape, one can heat the material above the glass transition temperature (Ty), making
it a viscous material in the rubber state. At that point the material can be bend, twisted, stretched, or com-
pressed [70]. If the material is hold in the new position and cooled down below Ty, the new shape will be kept,
since the material becomes elastic again in a glass state. The strain is however stored, so when heated above T
again, the sample will return to its original shape with high accuracy and precision. When finally cooled again
the original mechanical properties are retained [69]. There are many glass transition temperatures one can
design for by using different polymers. The described thermo-mechanical cycle of the shape-memory effect is
visualized in fig. 3.25, and a picture of a typical EMC hinge in stowed and deployed configuration is provided
in fig. 3.26.

Appling Force Energy stored Outputing Force

Heating _, e Coo.frng’ Heating ,_I |_.
Original shape T=Tg Storage T=Tg Recovery
T<Tg T<Tg

Figure 3.25: Thermo-dynamic cycle of the shape-memory effect of an EMC hinge [71]

Figure 3.26: ATEMBO CTD-BG1.3 EMC hinge with embedded heater in deployed and stowed configuration [40]

EMCs are used in many different applications. They are used as self-latching hinges, deployable STEM-booms,
screw actuators, and as foams that can be compressed or expanded. In the case of the self-latching hinge the
advantages are among others the low density, low production costs, high Young’s modulus, good repeatability,
lack of shocking during deployment, and the fact that the simple mechanism does not need motors, bearings,
position sensors, or complex control electronics and software [69]. Reading [39, 40, 69, 70, 72, 73] it becomes
clear that the company Composite Technology Development, Inc. (CTD) is a leader on the development of
EMC actuators, with many researchers of other organizations that describe the use of products of this com-
pany. One of them was Mark Lake, one of the three main researchers that developed the NGST deployment
mechanisms, discussed in subsection 3.1.1. Actually he tested an adjusted version of the deployment mech-
anism of the NASA lidar prototype, where the rail for the strut has been replaced by a mechanism driven by
an EMC hinge, as shown in fig. 3.27. Furthermore the Cornerstone Research Group also developed some
EMC products, but mostly applied in deployable skins and surfaces [72]. Unfortunately it seems that the fo-
cus of CTD has shifted to other applications of EMC actuators than self-latching hinges, since no papers about
further research can be found after 2006 [39]. However, a document about experiments performed in the Inter-
national Space Station (ISS) confirms successful test results in 2007, despite the fact that no publication about
this results exists [41]. Another explanation for the lack of papers after 2006 may be that the further research
conducted falls under International Traffic in Arms Regulations (ITAR). The properties of CTD’s hinges, devel-
oped over a decade ago and described in [40, 69], are promising, especially due to the facts that they show very
little microdynamic response and that their repeatability is high. Furthermore a lot of research can be found
for hinges in systems that do not require high precision. Since providing precision in the form of dimensional
repeatability is application specific, many calculations are needed if one wants to translate that to the dimen-
sional repeatability in another design. Therefore manufacturers often provide the shape recovery rate, a form
of repeatability that is specific to the hinge, regardless of the application. Eqn. 3.1 shows how it is calculated
with parameters as explained in fig. 3.28 [73]. From this it is only one extra step to calculate the dimensional
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repeatability in a specific application. Most EMC hinges achieve a shape recovery rate of 96% to 99%. However,
when one would replace the self-latching hinge in the current design with an EMC hinge, it is estimated that
a shape recovery rate of at least 99.7% is required. Last year the Chinese company Shanghai YS Information
Technology Co., Ltd. did develop a hinge to deploy an antenna reflector that meets this requirement. It has a
shape recovery rate of 99.996% [74]. This would lead to a deployment accuracy in the order of nanometers.
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Figure 3.27: Sketch of stowed and deployed configurations of the EMC design, which is an alteration of the lidar prototype [40]
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Figure 3.28: Sketch indicating the parameters to calculate the shape recovery rate [73]

Currently a lot of research goes into SMPC materials filled with carbon nanofibers. These SMPCs are not acti-
vated by an external heat source, but electrically. The carbon nanofibers are electrically conductive, but also
cause resistive heating, resulting in the same phase transition as for external heating [75, 76]. However, these
electrically activated SMPCs have a low TRL and have never been tested in a space environment.

A final interesting hinge to discuss is the hybrid hinge design developed by the company 'ILC Dover’ for a
deployable reflector antenna, as part of the NASA ESTO ACT program. It combines a SMPC, used in EMCs, with
strain energy components, as used in a tape spring [77]. The SMPC part provides control over the deployment
speed and increases the hinge stiffness after deployment, while the tape spring part provides deployment force
and increases the deployment precision. Also the deployment shock, which is typical for tape springs and

38
MSc thesis report by Matthew Corvers



%
3.3. THEORY ON HIGH PRECISION DESIGN PRACTISES TU Delft

limits their suitable applications, is significantly reduced. The deployment repeatability is relatively high with
a shape recovery rate of 99.9%.

3.2.3. LATCH OF THE JWST

As discussed in subsection 3.1.1, the primary mirror wing of the JWST is actuated by a motor and falls in a
kinematic interface. Usually one wants to apply a constant load keep the interface together. A motor is not the
most favourable mechanism to do that, because it would need to consume energy for the entire operational
phase of a mission. This latch of fig. 3.29 consists of a screw that is driven by a stepper motor and a nut that
floats on top of a spring. Once the screw engages with the nut, it will push back the nut against the spring
without rotating. Once the panel is fully deployed, the screw is driven by the motor so the nut screws up
towards its base. Since the spring will provide a constant force even during (thermal) deformations, the latch
forms a compliant mechanism that will never provide a stiff load path. A disadvantage of this mechanism is
that adding a motor to drive the screw may add too much weight and increases the risk of failure.

Hinges Latches
bring Engage
latches to
within their —ﬁ
capture
range
o Drive Screw Clears Housing Drive Screw Engages Nut
(.020 Capture range) .5 |b spring and nut alignment
feature locates nut
Fully
Hinges are ' Deployed
now out of 1 Wing
the

stiffness *‘#

path

Nut is pushed Back Drive Screw Latches
Latching and preload adjustments
occur at cryo temperatures

Figure 3.29: Sketch of the latching sequence of the JWST latch [42]

3.3. THEORY ON HIGH PRECISION DESIGN PRACTISES

When designing mechanisms that require high precision, there are a lot of factors to consider that would be
neglected in other designs. Examples are thermal expansion, microdynamic effects, and imprecision due to
manufacturing tolerances. According to [31] this can be handled best by making use of kinematic interfaces.
To be able to explain how kinematic interfaces handle thermal deformations, first some theory about ather-
malization is discussed in subsection 3.3.1. Afterwards it is explained how precision is theoretically achieved
and how these principles are applied in different types of precision interfaces 3.3.2. From the discussed topics
it will become clear why kinematic interface are preferred for high precision mechanisms. When making kine-
matic interface designs, one will find that there is a difference between theory and practise. Subsection 3.3.3
will present some recommended design practises, including how to handle components that are per definition
not manufactured perfectly.
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3.3.1. ATHERMALIZATION OF PRECISION MECHANISMS

Thermal deformation of materials is the most common cause of non-repeatability [78]. Different materials
have a different CTE, which means they will contract or expand with a different rate once temperature changes
occur. This happens according to eqn. 3.2, which defines the new dimension of a component after a temper-
ature change. Here L, is the new length, L, the old length, AL the change in length, a the CTE, and AT the
change in temperature.

Ly=Lo+AL=Ly+Ly-a-AT=L,(1+a-AT) [3.2]

Most materials have a positive CTE, meaning they expand with increasing temperatures, but some materials
have a negative CTE over a certain temperature range. This is generally referred to as negative thermal expan-
sion rather than thermal contraction. The most well known example is water that expands when lowering the
temperature below 4 °C, until it becomes ice [79]. From this one can note another important fact about the
CTE: the CTE is a function of temperature. Therefore it can be assumed constant only if no major temperature
changes occur during the operational life of a component.

If one does not design for thermal expansion, this may lead to either misalignments or thermal stresses. Ac-
cording to [80] there are four ways to increase the thermal stability. They are listed below:

* Reduce sensitivity to thermal effects by design
* Manage heat sources
* Control system environment

* Compensate for measured deviations

The list moves from passive methods to active methods and therefore it is preferred to achieve thermal stability
with the higher options. For a space system it is not possible to control the most dominant heat sources, such
as the sun, as suggested at the second bullet point. On the other hand there are also mechanisms within the
system that generate heat, such as motors, and those can be controlled. Within the DST team the system en-
vironment is mainly controlled by the people that work on the baffle and active thermal control. On the other
hand some work remains the responsibility of the people designing the deployment mechanisms, for example
by thermally isolating certain components. Active compensation for thermal deviations will be applied in the
DST, but this falls outside the scope of this thesis research. The deviations will be measured by an algorithm
that analyzes the optical signals and the required compensation will be executed by the M1 calibration system.
The algorithm only work within a certain error range and that is what led to the budgets as presented in fig.
2.8.

As explained, the lower three options of the list mostly result in tasks for other team members. The first one,
reducing sensitivity by design, is on the other hand a very important part of the design presented in this thesis.
The most obvious way to achieve thermal stability is to select materials with a low CTE. However, since the
budgets on the thermal drift are extremely ambitious, low CTE materials alone will not lead to an acceptable
design. Several other methods for athermalization by design are discussed below.

ATHERMALIZATION BY CTE COMPENSATION

A method for linear athermalization that is already applied for several centuries, is thermal balancing by using
two materials with a very high difference in CTE. Two examples are shown in fig. 3.30. The upper example
shows how a long bar with a slightly negative CTE compensates the expansion of its tip which is made of a
highly positive CTE material. The lower example contains a long bar with a slightly positive CTE. At its end it is
connected to a short, highly positive CTE bar that expands in the other direction for compensation. The lower
example has been used in pendulum clocks as of 1721 [81]. It was found that pendulum clocks ran at different
speeds in summer and winter. When George Graham linked this with a change in the length of the pendulum
due to temperature differences, he added a mercury container at the bottom of the pendulum. When heated,
the mercury expanded and moved upwards, resulting in a constant height of the center of gravity.
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Figure 3.30: Top: CTE compensation by in-line coupling of a long component of low negative CTE with a short component of high
positive CTE - Bottom: CTE compensation by coupling a long component of low positive CTE with a connection at the end from which a
short component of high positive CTE expands back in the opposite direction [31]

From the two cases explained in fig. 3.30, the upper case dimensions are correct if the sum of the two ALs (eqn.
3.2) equals to zero, because they work in the same direction. This is shown in eqn. 3.3. In the second case the
components work in opposite direction, so as long as they have the same AL, the distance of the end position
remains constant, as shown in eqn. 3.4 [82]. The parameters are according to the illustration in fig. 3.31. In the
equations ap stands for the CTE of the long component and a4 for the CTE of the short component. Note that
AT is a common term for the different ALs and is therefore dropped in eqns. 3.3 and 3.4. Fig. 3.31 illustrates
an example of how to apply athermalization to a lens mount. It is assumed that the mirror has a negligibly
small CTE. In such a design, it is often the case that the radius of the mirror is a given. If one would indicate
this radius with M, eqn. 3.5 holds. One often also knows the materials, and so the CTEs, one is going to use.
Solving for d then leads to eqn. 3.6.

dag+Rar=0 [3.3]
dag =Rag [3.4]
M=R-d [3.5]

d=M—2F [3.6]

ag—ag

Mirror d
R -
e
R

Spring-loaded pad

Figure 3.31: Example of athermalization by CTE compensation in a mirror mount. The mirror is assumed to be zero CTE [82]

In the story above the method is presented as a 1D problem. It can however also be used for 3D components. In
this case one should calculate the distances for the athermalization material (the one represented with length
d) for all 3 axes. Furthermore, one could also make a composite material that contains both positive and
negative CTE materials. An example can be found in CFRPs. These composites are made out of a positive CTE
resin matrix (mostly epoxy) and carbon fibers with a negative CTE in fiber direction for temperatures between
roughly -200 °C and 400 °C [83, 84]. By selecting the right amount of layers and the right fiber orientation
for each layer, one can design for zero CTE at a certain temperature. This then however only holds for the
optimized direction, meaning athermalization may still be required in the directions perpendicular to this
direction.
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ATHERMALIZATION BY STEERING THERMAL DEFORMATIONS

Especially at the interface between two component of different CTE, steering the thermal deformation in a way
it causes no harm is often easier to achieve than CTE compensation. The challenge with steering of the defor-
mation is that next to avoiding misalignment, one also needs to ensure that thermal stresses (stresses resulting
from thermal deformations) do not result in unwanted effects. An example of how to ensure this is provided in
fig. 3.32. In this figure a connection is shown between a near zero CTE member with a highly positive CTE ball
bearing hinge inside the member at one end. A cutout has been designed that was originally made to prevent
bilinearity. Bilinearity means that the tang (the member in fig. 3.32) has a compression stiffness that differs
from the tension stiffness. In a tang without cutouts there is generally a more direct load path in compression
than in tension, leading to a higher compression stiffness. The cutout divides the load paths such that the
tension and compression stiffness become equal. According to [27] the design was initially made with the as-
sumption that the bearing-tang interface carries no radial load. A finite element analyses however showed that
even with a compressive radial load from the bearing (for example due to thermal expansion), equal tension
and compression stiffness are maintained when designing the tang with the relative dimensions as shown in
fig. 3.33. In [31] it is explained that a tang design as explained in [27], also results in an athermalized interface.

Metal joint
(high positive
CTE)

Critical net (athermalized) dimension

Composite member (near-zero CTE)

Cut-out to equate tension/compression stiffnesses

Figure 3.32: Example of athermalization by steering the deformation and preventing bilinearity [31]

Load-path tailoring cutout

Figure 3.33: Relative dimensions that lead to a tang design with Figure 3.34: Example of a design where no rotation around the
equal compression and tension stiffness, even after thermal thermal center occurs after a change in temperature. The shape at
expansion of the bearing [27] an elevated temperature is indicated by the dotted line [85]

When creating an interface between two components with different CTEs, one often cares the most about
maintaining alignment between the centers of the components and preventing rotations around this center.
One can design for this by making the centers of the components the thermal center as well. In fig. 3.34
one can see that a thermal center is created if the constraints imposed by other components all allow for
radial movement from this thermal center [85]. Kinematic interfaces always have a thermal center and allow
thermal expansion without rotation around this center. Only the distance between the interfaces may change.
Two examples of kinematic interfaces where it is very clear that thermal expansion will not result in rotations
around the thermal center are provided in figs. 3.35 and 3.36.
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Figure 3.35: Kinematic interface with V-grooves that align with the Figure 3.36: Example of a Kelvin clamp, of which the thermal
thermal center. The balls move in radial direction over the center is located at the origin of the axis system. The balls are free
V-grooves in case of temperature changes [36] to move radially over the V-groove and the flat plate [87]

3.3.2. THEORY FOR PRECISION INTERFACE DESIGN

Unfortunately there is no time left to write out this subsection. The main source of information for this sub-
section is [31] and partly [85].

3.3.3. BEST DESIGN PRACTISES FOR KINEMATIC INTERFACES

Unfortunately there is no time left to write out this subsection. The main source of information for this sub-
section is [85] and partly [31].
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PRELIMINARY DESIGN FOR M1 DEPLOYMENT
MECHANISM

After getting familiar with literature, the first actual step of this research is the preliminary design of the M1
deployment mechanism. This includes all parts attached to the spacecraft bus, the A-frame, and the deploying
parts between the spacecraft bus and the A-frame. The components on top of the A-frame, which will most
likely at least include a whiffle tree, the mirror, and the calibration actuators, will not be designed as a part of
this thesis, although communication with the person in charge of this is crucial. The design of the A-frame
needs to fit the wishes of the designers of both subsystems.

The first section will discuss the deployment mechanism concepts initially considered for this design, includ-
ing their typical characteristics. Section 4.2 will then describe the modelled behaviour for each of them, so that
in section 4.3 a trade-off can be made that leads to the best concept. Unfortunately it will turn out that none of
the concepts will meet the requirements. This was the point to seek help from the outside at the department of
"Precision and Microsystems Engineering’ of the 3mE faculty of the Delft University of Technology (TU Delft).
A talk with Prof. dr. ir. Just Herder led to a new concept, described in section 4.4, that may be able to meet the
requirements.

4.1. HINGE CONCEPTS AND THEIR CHARACTERISTICS

In the literature study many papers were assessed on deployment mechanisms that have been used in the past.
Important sources of information are papers, guidelines, and production drawings, of research conducted on
deployment mechanisms by mostly Lake, Peterson, and Warren (with several co-authors) [27-29, 31, 32, 35—
41]. Their research led to the knowledge used to build the JWST, back then called the NGST. Other important
sources of inspiration result from what is published on the DPT [43, 44, 46], developed by the Space Dynam-
ics Laboratory of the Utah State University, and on the Dobson Space Telescope [48-51, 55], developed by a
research team of the Technical University of Berlin, that continued the project as a spin-off company called
"Berlin Space Technologies GmbH'. Also the work of the previous MSc student that worked on the M1 design,
Boris van Putten, served as valuable input.

Unfortunately it turned out that the design of Van Putten does not work, due to wrong assumptions about the
workings of a self latching ball bearing hinge. As a starting point a step was taken back to look at the initial
concepts he started with. They are presented in fig. 4.1 [25]. Note that the 'Bending Strut’ was called 'Tape
Spring Strut’ in the original figure, but for the current purpose this name represents a concept that can unfold
in the same way by making use of other types of hinges as well.

With the current knowledge about the design and after discussions with experts from ADS, both strutless con-
cepts were discarded, because the deployed mechanisms are too vulnerable to vibrations. During Van Putten’s
work another student worked on the development of the M2 design and considered a telescopic boom for his
deployment mechanism [22]. The lessons he learned are applicable to this design as well. The high mass and
achievable precision led to discarding the extending strut option as well. The rollable strut was also discarded
based on the reasoning of Van Putten. This concept had the lowest score in his trade-off with a large distance
to the second lowest score.
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Figure 4.1: Concepts assessed in the MSc thesis of Van Putten, a predecessor for the M1 mechanism design [25]

This leaves the mid hinged strut and bending strut concepts to be investigated further. Being creative with the
components and principles used in the aforementioned projects from literature, four concepts came out to be
assessed in more detail. The tape spring hinge, EMC hinge, middle latch, and slider concepts will be discussed
separately in the subsections below. A notable difference in the approach of assessing technology between this
and Van Putten’s thesis is that the availability of the assessed technology now plays a crucial factor. Next to the
TRL, also the fact whether it is made by a research institute for a non-industrial project, or by a company that
wants to make money is important. In a student project like this there is too little budget, too little man hours,
and too little experience to develop complex components in-house. If there is no company that can or may
(for example due to ITAR) sell the technology, the likelihood of finishing this project, with that component,
within the planned time line is very low, even though some university research group may published a paper
about a working specimen that meets this projects’ requirements.

4.1.1. TAPE SPRING HINGE CONCEPT

The tape spring hinge concept (impression shown in fig. 4.2) is based on the existing design made by Van
Putten [25]. The mechanism in the middle of the strut is however replaced by a tape spring hinge. The principle
of a tape spring hinge is explained in more detail in section 3.2. In this design it seems like an advantageous
solution due to its low mass, low complexity, low cost, low CTE, high TRL, and its ability to deploy and latch
by itself without requiring additional components. Besides, tape spring have a reasonable stiffness, which will
probably be enough for a deployed strut. The risks of tape spring hinges are the magnitude of the deployment
shock and the risk of inability to deploy due to stress relaxation (i.e. viscoelastic creep).

Reading papers, one sees that many of the tested specimen were self made by research groups within univer-
sities or institutes. Since they are not companies, contacting them to order a suitable hinge is not an option.
Two German companies however do make tape spring hinges for space applications; Hoch Technologie Sys-
teme GmbH (HTS) and SpaceTech GmbH. HTS is known for the development of two deployment mechanism
concepts, both involving tape spring hinges, in the ULMAAS project. They are describe in 3.2.1. HTS was con-
tacted to request an offer for an UDM hinge, as shown in fig. 4.3. The company offers a downscaled version of
the hinge. SpaceTech has not been found via a paper, but by contacting them after reading they are responsi-
ble for the deployment mechanism of an antenna for the JUICE project. A short brochure with information on
their deployment mechanisms can be found in [88]. SpaceTech offers a boom with cut-outs, as shown in fig.
4.4, based on the same concept as the one used in the JUICE mission. They will tailor the product to meet the
requirements of this project.
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Figure 4.2: Impression of what a design with a tape spring hinge could look like

Clamping brackets (Ti) - bonded Interface Plate (CFRP)
Stiffener-Blade (CFRP)

X-Blade (CFRP)

HDRM (cone)

X-Blade (CFRP)

HDRM (cup) Attachment bolts

-
Interface brackets (Ti) - bonded J

Figure 4.3: Sketch and photo of the UDM, the second hinge concept of the ULMAAS project [68]

Interface Plate (CFRP)

Figure 4.4: Pictures of a SpaceTech integral slotted hinge under several bending angles [88]
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4.1. HINGE CONCEPTS AND THEIR CHARACTERISTICS

At the moment the trade-off in section 4.3 was made, not all desired technical information was available, since
both companies required a Non Disclosure Agreement (NDA) for which the legal structure was not yet in place.

The information that was taken into account for the trade-off is summarized in tab. 4.1.

Table 4.1: Properties of tape spring hinges provided by HTS and SpaceTech

Property | HTS SpaceTech

Delivery time Test item within 8 months, 5 more for Test item within 6 months, later steps un-
QM*, 5 more for production and accep- known.
tance testing FM**.

Cost €85k for 1 hinge up to acceptance testingof Unknown
the FM**,

TRL UDM is in TRL 5, but designed for a much  Unknown at this moment, although TRL
larger S/C. Major rescaling to 20-25% of 5 or 6 is assumed based on conversations
current size required. with the supplier.

Thermal prop- | The UDM has a low CTE of ~1.5 um/(m— A lot can be customized about this tape

erties K). The thermal behaviour will however spring hinge by playing with the lay-up,

be discontinuous, since the device is made
of a different material than the two struts
around it.

and the shape and size of the cut-outs. The
CTE can be made ~0 um/(m— K). Besides,
the thermal behaviour is continuous over
the entire length of the strut.

Creep proper-

Unknown

Creep that prevents deployment only be-

ties comes arisk when enduring a temperature

of >100°C during stowage.

End shock Quite low due to self-damping of the op- Somewhat higher end shock. Additional
posite bending tape springs. Additional damper optional and probably required.
damper optional.

Stiffness For a large design it is 10 N/mm linear Highly dependent on boom properties and

stiffness and 4 kNm/rad rotational stiff-
ness. This means the rotational stiffness
will be much lower for the rescaled design.

*QM: Qualification Model
**FM: Flight Model

hinge cut-outs. First approximation: take
80% of boom stiffness without cut-out.

4.1.2. EMC HINGE CONCEPT

The EMC hinge concept is again similar to the tape spring hinge concept and Van Putten’s concept, again with
another type of hinge in the middle of the strut. The principle of an EMC hinge is explained in more detail in
section 3.2. In this design it seems like an advantageous solution due to its low mass, low cost, low CTE, high
TRL, high stiffness, the lack of shocks during deployment, and its ability to deploy and latch by itself, requiring
only a bit of electricity. With this need for electricity this design is slightly more complex than a tape spring
hinge, but it can still be regarded as simple. One thing to look out for is the low deployment force, which may
result in an inability to deploy if there’s too much friction in the system.

EMC hinges for space applications are mostly made by established companies, to which a lot of references are
found in papers. This product is however always custom made for the specific application, so they cannot be
ordered from stock. Several companies were found in the USA, Japan, and China, producing EMC hinges that
have actually been tested in space. Unfortunately the Chinese company Shanghai YS Information Technology
Co., Ltd could not be reached, SMP Technologies Inc. from Japan moved into Earth based applications of this
technology, ILC Dover and Ladeau Manufacturing from the USA both declined to get involved in this project,
and Composite Technology Development, Inc. from the USA could not achieve the required precision.

Without a company to deliver, it is not possible to make use of this technology. Therefore the EMC hinge
concept will be disregarded in the remainder of this thesis.
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4.1.3. MIDDLE LATCH CONCEPT

The middle latch concept involves a (sloppy) hinge outside the load path of the strut halves, an actuation
device, and a latching mechanism that couples the strut halves. The advantages are the high stiffness, because
the strut halves will act like they are one, and the thermal properties that are homogeneous over the whole
length of the strut, possibly with only a short discontinuity at the latch. Further advantages and disadvantages
are dependent on the selected mechanism.

The first of the two mechanisms that were looked at is the cone in cone connection, as used in the Dobson
Space Telescope (fig. 4.5). It is shortly described in subsection 3.1.4. At first glance it seems like a simple
and suitable solution, but when looking further into the technology it raises doubt. First of all, this type of
latching mechanism has not been applied in any other high precision application. Second, the technology
has been patented in Germany, but neither the Technical University of Berlin nor the spin-off company Berlin
Space Technologies, applied for an international patent. If no other technology would be favored over this
latch, this seems like a strange decision. Next to the explained indicators for doubt on the performance of this
mechanism, no technical information can be found on the working it. The papers on this project [48-51] only
describe the performance achieved by the deployment mechanism and the way this was tested. This means
there is no public information on how to rescale this mechanism and model its characteristics. This difficult
starting point, combined with the fact that there may be some vital information to make this mechanism work,
that is not included in the patent or papers, led to the choice to not consider the cone in cone latch as a design
option.

The second mechanism is the Articulated Boom Deployment Hinge (ABDS) developed by HTS (fig. 4.6). Next
to the UDM, HTS proposed the ABDS as an alternative technology. A couple of properties are satisfying, such
as the high stiffness, high reliability, and the very low latching shock. On the other hand the mechanism is
quite heavy, it is only in TRL 4, and no information about the thermal properties is provided yet. Also, HTS
says that rescaling is required (this mechanism was designed for a much larger satellite) and that as a result,
there may be a need to use another actuation concept. This would mean that the actual TRL goes down even
further. With a price of €100k the price of this mechanism is slightly more expensive than the UDM.

o]
© AN = N

4
=

v

Figur 1 Figur 2 Figur 3

Figure 4.5: Sketch from the patent, describing the cone in cone latching mechanism used for the Dobson Space Telescope [55]

Figure 4.6: Render of the ABDS, developed by HTS [89]
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4.1.4.SLIDER CONCEPT

The slider concept involves some sort of sliding mechanism, actuated by a towing line attached to a spring,
that slides over the base strut (the strut half attached to the satellite bus) and is connected to an additional
slider strut’. As shown in fig. 4.7, the sliding movement makes the slider strut push the other struts in place
until it reaches its end stop. The slider strut now makes the construction much stiffer. Fig. 4.8 shows a sketch
of the mechanism with the chosen terminology for the components.

This concept is inspired by the designs of the DPT [43] and a version of the Lidar Prototype Design of the
NASA [32, 37]. Instead of using a precise slider to pull something along during deployment as in these projects,
now a slider is used to push some parts out. This way the patent on the mechanism of the DPT [46] will not be
infringed. Notice also that the cart-like mechanism riding over a V-groove in the base strut, is just an indicative
way to make clear the principle. In reality a slider and guide rail design as used in the Lidar Prototype Design
may lead to better performance. The assumed advantages of this concept are the high stiffness, the fact that
all components can be made of the same low CTE material, the lack of creep, the low cost, and the fact that
modelling the structural behaviour is more straightforward than for special material components like EMC
and tape spring hinges. On the other hand the extra components add complexity. Also, properly designing the
sliding mechanism in a detailed design, will probably be a much larger effort than implementing a hinge. The
mass is somewhat higher compared to the other concepts, but this difference is negligible compared to the
total mass of the M1 subsystem. At first it was expected that the additional components make this mechanism
much more sensitive to small errors, leading to less precision. The modelled results, discussed in the next
section, however lead to another conclusion.

Afinal note on this conceptis that the dimensions, of the components that are also present in the other designs,
are different. This was necessary in order to make sure that the slider fits in the stowed configuration, and that
the mechanism is fully deployed when the final position is reached.

Figure 4.7: Impression of the deployment sequence of the slider concept
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Upper slider hinge
Outer hinge

Top hinge

Satellite bus End stop

Middle hinge

Bottom hinge

Figure 4.8: Sketch indicating the terminology for the components of the slider concept

4.2. MODELLED BEHAVIOR OF HINGE CONCEPTS

Manufacturers of hinges and latches usually provide performance characteristics, such as the deployment re-
peatability, on a component level. In reality you need to see this component in the context of the structure
to be able to calculate the repeatability at the location of interest. Since the assessed concepts have different
structures, one may find that one structure is less sensitive to deployment errors, meaning you can relax the
requirement on the component level. When performing an analysis on this sensitivity to overall system er-
rors, caused by errors in each component, one generates insights that allow identification of the most critical
components and determination the maximum allowable component errors.

Since deployment repeatability and thermal behaviour are the two most critical factors in this design, a sen-
sitivity analysis has been performed to identify how errors and thermal variations influence the system. Sub-
section 4.2.1 will describe what the performed sensitivity analysis actually assesses and what one can do with
the results of the analysis. Afterwards subsection 4.2.2 describes how the written algorithm works. Subsection
4.2.3 will then provide the results. Finally conclusions will be drawn in subsection 4.2.4.

4.2.1. WHAT WILL RESULT FROM THE SENSITIVITY ANALYSIS

First it is important to avoid confusion between the two errors discussed in this section. The first one is the
component error, an error that can occur in the length, the relative positioning, or the deployment angle of the
different components. Once a component error occurs, this leads to an overall system error, at a chosen point
of interest, that is usually not equal to the component error. The chosen reference point has been determined
by the location for which the error budgets hold (budget reference point). The budgets of all mirrors are pro-
vided in fig. 2.8, but for ease of use it is presented again in tab. 4.2 with only the relevant data. The budget
reference point is indicated in fig. 4.9. Next to the location of this point, also the angle the mirror makes is
relevant. This angle, «, is equal to the angle between the A-frame and the Y-axis. The Y-axis is selected to be
perpendicular to the spacecraft bus, intersecting the ideal location of the top hinge, and the Z-axis is aligned
with the spacecraft bus, as indicated in fig. 4.9. Next to deviations from the reference point and «, also the Root
Mean Square (RMS) of the Y- and Z-error is derived as a system error. The sensitivity analysis checks what the
overall system error is, as a result of a (combination of) certain component error(s). In the analysis the chosen
magnitude of the component errors was based on assumed manufacturing tolerances and on the deployment
repeatabilities of less precise tape spring hinges found in literature. A second version of the model has been
made where the errors are determined by temperature change rather than manufacturing tolerances, to see
exactly what system errors occur if all (or single) components experience a temperature difference. This has
been done for different materials.
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Finally, the results of the first analysis are used to find the maximum allowable component errors. In other
words, from the provided budgets on system level, new requirements on component level, indicating the al-
lowable manufacturing tolerances and errors due to deployment, are derived. The second script provides the
component and system errors due to a certain temperature change for different materials. Comparing this
with the maximum allowable errors from the other script, one can see within what temperature range and
with what materials, the thermal drift budgets are met. This is also done for a case with temperature gradients.

Table 4.2: Budgets for the primary mirror as defined in the requirements [21]

Position [um] Tilt [urad] Radius [%] | Shape Error [nm]
X | Y | z X | Y | z
Deployment and Coarse Alignment Tolerances
2 | 2 [ 2 | 2 | 4 [ 50 | 110° | 50
In-Orbit Drifts
27107 | 2710 | 2107 | 1*10% [2*10° | 5 | 1*10" | 5
Stability Budget
5410° [ 5*107 | 510 [ 2.5*10° | 1*10% [ 5*10" |  n/a | n/a

440 mm

Budget
reference point

Optical axis
ASfrarme

reference point

Figure 4.9: Sketch indicating the location of the budget reference point and the relative location of the A-frame reference point

4.2.2. METHODOLOGY OF THE SENSITIVITY ANALYSIS

The sensitivity analyses described in this section are very simplified estimates that only take into account
geometrical changes for certain dimensional errors in a 2D plane. In the first analysis the nature of the error
sources is not taken into account. Performing extensive thermal modelling, including elastic deformations in a
3D environment, on each concept will currently be too time consuming. These analyses are meant to facilitate
a more complete trade-off. Once a concept has been chosen, a more extensive model is required.

As a first step to develop the model, possible errors in the parts were determined. Since the configurations
differ, two separate models, with separate part lists, and different sets of corresponding component errors
were made. The mid-hinge (MH) model applies to the tape spring hinge and middle latch concepts, while the
slider (SL) model applies to the slider concept. The list of component errors is provided below, accompanied
by a visual representation in fig. 4.10. Here all certain ideal dimensions "X +- the specific errors’ are shown.
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Figure 4.10: Sketch indicating the definition of each of the errors
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Component errors for both models

 Base strut error - Error in the length of the base strut. An equal outer strut error will result in the same
system errors, so the outer strut error is not presented in the results.

e A-frame error - Error in the distance between the top and outer hinges along the A-frame.

e Z-error top hinge - Error in the location of the pivot point of the top hinge in Z-direction.

e Z-error bottom hinge - Error in the location of the pivot point of the bottom hinge in Z-direction.
e Y-error top hinge - Error in the location of the pivot point of the top hinge in Y-direction.

e Y-error bottom hinge - Error in the location of the pivot point of the bottom hinge in Y-direction.

e Thickness error - Error in the thickness of the A-frame.
Component error that only applies to MH model

* Deployment error middle hinge - Error in the angle between the base strut and outer strut. Since the
slider concept is provided in fig. 4.10, this error is not indicated in the figure.

Component errors that only apply to SL model

e Slider strut error - Error in the length of the strut attached to the slider.
o Z-error upper slider hinge - Error in the location of the pivot point of the upper slider hinge in Z-direction.
e Y-error upper slider hinge - Error in the location of the pivot point of the upper slider hinge in Y-direction.

* Lower slider hinge vs. base strut error - Error in the minimal distance between the pivot point of the lower
slider hinge and the base strut axis.

e Lower slider hinge vs. bottom hinge error - Error in the distance between the pivot points of the lower
slider hinge and bottom hinge, measured in parallel to the base strut axis. This may be the result of an
error of the pivot point location on the slider or an error in the location of the end stop of the slider.

SCRIPT FOR THE SENSITIVITY TO COMPONENT ERRORS

Knowing the input arguments, the first script can be written. It includes a master script and two function files
that perform the geometric calculations for the MH and SL configurations. The functional flow chart depicting
this process is shown in fig. 4.12, with a legend describing the types of shapes in fig. 4.11. The arrows indicate
the direction the data flows from block to block, although the script will follow the order of the block numbers.

Legend functional flow diagrams

SL.X Block of SL Direction of data. Blue =
X.X Block of master script function file results of one master block
to another. Orange/Green =

movement of data towards,

within, or from function files
| -

>
Information on when a .
Conditional movement of
MH.X BI?Ck (?f MH loop starts and ends .
function file motion .

Figure 4.11: Legend used for the functional flow diagrams of figs. 4.12 and 4.13
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Figure 4.12: Functional flow diagram describing script of the sensitivity analysis for given component errors
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Functional flow diagram describing script of the sensitivity analysis for temperature change of +-15 K

Figure 4.13
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The script starts by the programmer, providing the input for both models. This consists of the ideal dimension
and relative locations of components, vectors providing the magnitudes of the component errors, and the error
budgets provided at the budget reference point. The first run of both function files is performed to find ideal
reference values. Therefore the error, A-frame ratio, and ideal Y, Z, and « are set to zero, before the function file
runs in 'zero error mode’. In this mode blocks MH.0 and SL.0 are skipped. Then the location of the outer hinge
and (the ideal) a are calculated. For the MH function file this is at block MH.1. For the SL function file this is at
block SL.2, because first the location of the middle hinge is calculated in another reference frame in block SL.1.
Since the A-frame ratio has a value of zero, the actual A-frame ratio will be calculated in block MH.2 or SL.3.
This ratio represents the location of the A-frame reference point (see fig. 4.9) as a ratio between the distance
from the top hinge to the A-frame reference point and the distance from the top hinge to the outer hinge. It
is assumed that this ratio is constant, even with component errors. This means that the erroneous location
of the budget reference point can always be calculated by taking the fixed distance to the mirror surface in
perpendicular direction from the A-frame hart line (only in case of a thickness error, half this error will be
added to the distance). The final blocks of both function files, MH.3 and SL.4, also produce values required in
next error cases. They first calculate the Y- and Z-location of the budget reference point. These blocks normally
end by subtracting the ideal Y, Z, and « values, but since they were set to zero, nothing is subtracted, and the
calculated Y, Z, and a values are send to the next block in the master script as the ideal Y, Z, and a.

With the info of the zero error case, block 1.1 can now start running. It will send the ideal component dimen-
sions and relative positions, the calculated A-frame ratio, and the calculated ideal Y, Z, and «, together with
a new error vector and error mode for each case as input. This time all 8 error cases first pass block MH.0.
Here the provided error vector is applied to the component that corresponds to a certain error mode. The next
steps are comparable to the zero error case, except for that the subtractions in block MH.3 do now result in Y,
Z, RMS, and «a system errors and that block MH.2 is skipped, since an A-frame ratio that is not equal to zero is
now available. The error cases at block 2.1 for the SL model follow the same system. It differs in the amount of
error modes, and so the amount of cases. The SL model has 12 error modes instead of the 8 of the MH model.

For both models the next step is to find the relation between the component errors and each system error.
For the MH model this is done in block 1.2. Except for the deployment error in the middle hinge, the relations
between the errors are linear, so the values of the slopes are easily found. The relation between the deployment
error in the middle hinge and the system errors is described by circles that touch the component error axis the
origin. The radii of this circles are derived from the calculated data. In block 2.2 the component errors that
the models have in common, are calculated in the same fashion. The component errors specific to the SL
model have a higher order relation to the system errors, so they have been found by finding a second degree
polynomial fit.

Once the relations between the component and system errors are found, it is calculated what the allowable
maximum component errors are. This is done in block 1.3 for the MH model and block 2.3 for the SL model.
In both cases first the budgets for the deployment precision are provided as the values for the system errors,
from which the corresponding component errors are derived. Subsequently this is also done for the thermal
drift budgets. The results are presented in two tables. Block 2.3 differs from 1.3 by providing a minimum and
maximum allowable value for the component errors specific to the SL model. This is because the relation
between the component and system errors is not symmetrical around the zero error line for these component
€errors.

Finally the results gathered in blocks 1.1 and 2.1 are used to generate graphs that show the effect of the com-
ponent errors for each individual system error. The corresponding graphs of the two configurations are shown
next to each other with the values at the edge for easy comparison.

SCRIPT FOR THE SENSITIVITY TO TEMPERATURE DIFFERENCES

The same function files are used in another model for finding errors that are caused by a certain temperature
difference. To get a feeling on the system errors due to temperature difference, a case study was performed
to find these errors for cases where steel, titanium, CFRP, or a mix of those materials is used in the compo-
nents. The selected CTEs at a temperature of 20°C are provided in tab 4.3. Note that the choice for the CTE of
CFRP is based on data sheets of the suppliers mentioned in the references. CFRP can be customized by using
different materials, lay-ups, and production techniques, to obtain certain mechanical and thermal properties.
Therefore the CTE can range from about -1.5, to zero, to a couple of tens um/(m — K) in the optimized direc-
tion (CFRP is an-isotropic with worse performance in other directions). However, only some suppliers have
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just one product with a close to zero CTE in the optimized direction. This is then mostly a CFRP sheet, mean-
ing the shape needed within this project may not be available in a zero CTE version. When looking further,
the suppliers mentioned above mostly offer one line of products that is designed for good thermal behaviour.
Next to the rare zero CTE versions, these products mostly have a CTE between 0.6 and 1 um/(m — K), which
resulted in the assumption that 1 um/(m — K) is representative for this analysis.

Table 4.3: Selected CTEs for analyzed materials

Selected CTEs for analyzed materials
| Steel Titanium  CFRP
CTE [um/(m—K)] | 13190] 8.6[90]  1[91-93]

Another assumption made, is the temperature range the M1 system will operate in. It has been decided that a
baffle will be designed to prevent large temperature differences, but the thermal model has not yet been made
at this phase of the study. The person responsible for thermal modelling within the DST project, provided a
temperature range of 30 K, or a +- 15 K difference from the design temperature, as a conservative estimate.
Reordering eqn. 3.2 to eqn. 4.1, one can now find the multiplier, 72;¢mp for each dimension, to arrive at the
erroneous dimensions for the worst case scenario of the AT is +- 15 K assumption.

Ly
Miemp = — =1+a-AT (4.1]
Lo
Another essential assumption in this model is that the effect of temperature makes components freely expand
and reach an equilibrium position. This way the effect of a thermal error is the same as for the case where
components have originally been made with the erroneous dimensions.

Because of this the process is now quite similar to the other script, as shown in the functional flow diagram
of fig. 4.13. An error, A-frame ratio, ideal Y, ideal Z, and ideal a of zero, together with the ideal dimensions
and zero error mode, are provided to the function files in blocks 1.0 and 2.0 to calculate the A-frame ratio,
ideal reference position and ideal angle. The results are again fed back to blocks 1.1 and 2.1, respectively, but
then there is a significant difference. The component errors are not calculated in the function files, but in the
master script. Here the temperature difference, AT, is used, together with the CTEs of the different materials,
to calculate the erroneous length or relative position of each component for the three different materials. Note
that blocks MH.0 and SL.0 of fig. 4.12 are now obsolete and that the function files keep running in zero error
mode. This is done for 6 scenarios per type of material. The scenarios are:

A gradient as a result of only heating the A-frame, which is a combination of the A-frame component
error and thickness component error.

* 4 more gradients as a result of heating one component, such that one of the existing component errors
of the MH and SL model will be representative for the result. A Z-error in the top hinge is however
excluded, since its center is located on the Y-axis, which means it will not move in Z-direction due to
thermal expansion.

* No gradient. A bulk temperature change equally affects all components, meaning that all component
errors of previous two points act at the same time.

Since it is assumed a temperature change will not affect the deployment angle of the middle hinge, this com-
ponent error plays no role in the calculations of block 1.1, or later on 1.2. After looking at the results of the
previous script, it became clear that the system errors resulting from the component errors specific to the SL
concept, are negligibly small. Since they clutter the graphs around the zero error point, they were not taken
into account in block 2.1 and 2.2.

After block 1.1 and 2.1 are finished, the results for a homogeneous choice of materials has been found. In reality
it is however more likely that different materials are used throughout the structure. Realistic options that were
assumed, involve designs where the hinges, and possibly also the spacecraft bus, are made of a metal like steel
or titanium, while the other components are made out of CFRP. Blocks 1.2 and 2.2 calculate the erroneous
component dimensions for four different scenarios, that are used in the MH and SL function files, respectively,
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to calculate the corresponding system errors. The four scenarios are all bulk temperature changes without a
gradient and are listed below:

* Hinges made out of steel, the rest out of CFRP
* Hinges made out of titanium, the rest out of CFRP
* Hinges and satellite bus made out of steel, the rest out of CFRP

* Hinges and satellite bus made out of titanium, the rest out of CFRP

After the results are found for both configurations, the data of blocks 1.1, 1.2, 2.1, and 2.2 is used to generate
graphs that show the errors in Y-direction, Z-direction, and a. This results in four graphs, three describing
the system errors for homogeneous use of the three chosen materials, and one describing the system errors
resulting from the scenarios where a mix of materials is used.

4.2.3. RESULTS OF SENSITIVITY ANALYSIS

When looking at the results for the first time, it became clear that quite some component errors in the SL
concept are negligible. For clearness purposes they have been removed from the plots. What is noticeable is
that the negligible component errors were all the errors listed under 'Component errors that only apply to SL
model’. Thinking about this, the reason is obvious and can be explained by a simple analogy. Fig. 4.14 shows
two booms of 150 mm connected to each other. If one moves the middle hinge up by 3 mm, the new distance
between the outer ends of the booms will be 299.94 mm. This means a 3 mm 'component error’ results in a
'system error’ of 0.06 mm, a decrease of a factor 50. Every error that could occur within the components that
are specific for the slider design, will lead to a movement comparable to the 3 mm change in the example,
meaning that the resulting error in the distance between the two strut ends (which eventually leads to the
system error), is just a fraction of the component error value.

Figure 4.14: Sketch used to explain the decrease in error from component to system level for a triangle shape

The graphic results of the first sensitivity analysis look as depicted in fig. 4.15. It shows the system error in
Y-direction due to certain component errors. The figures describing the system errors in Z-direction, the RMS
of the Y- and Z-error, and the a angle, can be found in figs. B.1, B.2, and B.3 in appendix B. When looking to
fig. 4.15 and the others in appendix B, it becomes clear that the system is most sensitive to the A-frame error,
base strut error, and Z-errors in the bottom and top hinge. Looking at the slopes, the system is actually most
sensitive to Y-errors in the top hinge, but since this component is small, the component error range is also
smaller, and so the resulting system errors are very small compared to the other ones. An output of the script
are the equations describing the relations between each component error and the different system errors. They
are used to find the maximum allowable component errors to meet the deployment error budget and thermal
drift budget, respectively. From these maximum allowable component errors tabs. 4.4 and 4.5 result, which
present the driving maximum allowable errors. The 'driving’ maximum allowable component error is the most
strict value, that meets all of the Y-, Z-, and a-budgets. Note that in tab. 4.5 the first 8 component errors are
provided in nm and prad instead of um and mrad, which is the case for the remaining errors in this table
and all of the component errors in tab. 4.4.
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Figure 4.15: Graphs showing the system error in Y-direction as a result of different component errors, for the MH (left) and SL (right)

concepts

59

MSc thesis report by Matthew Corvers



4. PRELIMINARY DESIGN FOR M1 DEPLOYMENT MECHANISM

The script that calculates the temperature errors for different materials, produced results as depicted in figs.
4.16 and 4.17. Fig. 4.16 describes the system errors in the YZ-plane and a angle when using CFRP as the
component material. The effect of gradients, that are effectively individually acting component errors, are
stated followed by a case without gradients, where a bulk temperature change acts. Plots like this have also
been made for steel and titanium components and can be found in figs. B.4 and B.5 of appendix B. The results
on a case involving components made out of different materials, is shown in fig. 4.17. It is clear that the best
results are obtained when using only CFRP materials.

Finally tab. 4.6 uses the calculated component errors of a full CFRP design (best case scenario) for a 15 K
temperature change and compares them to the driving maximum allowable component errors, calculated
in the first script. A multiplication factor, indicating how much larger the error is than actually allowed, is
provided in the last column. The results for the component errors specific to the SL concept are cut off in
this table, since they are far from exceeding the budgets. In the case of a bulk temperature change, one can
only look to how often the system error exceeds the budget. Dividing the system error in Y-direction of fig.
4.16 by the budget of 2 nm learns that the budget is exceeded 185 times for a 15 K temperature change in all
components of a CFRP design.

Table 4.4: Driving minimum and maximum allowable component errors to meet the deployment error budget

Driving allowable component errors for: MH concept SL concept
Max (= -Min) Min Max

Base strut error [um] 0.316 -0.271 0.271
A-frame error [um] 0.362 -0.298 0.298
Z-error top hinge [um] 0.524 -0.503 0.503
Z-error bottom hinge [um] 0.524 -0.503 0.503
Y-error top hinge [pm] 0.396 -0.322 0.322
Y-error bottom hinge [pm] 0.396 -0.322 0.322
Thickness error [um] 4.039 -4.039 4.039
Deployment error middle hinge [mrad] 2.447

Slider strut error [um] -140.2 139.3
Z-error upper slider hinge [um] -165.4 166.5
Y-error upper slider hinge [pm)] -259.8 258.1
Lower slider hinge vs. base strut error [pm] -140.2 139.2
Lower slider hinge vs. bottom hinge error [pm)] -140.2 139.2

Table 4.5: Driving minimum and maximum allowable component errors to meet the thermal drift error budget

Driving allowable component errors for: MH concept SL concept
Max (= -Min) Min Max

Base strut error [nm] 1.58 -1.36 1.36
A-frame error [nm) 1.81 -1.49 1.49
Z-error top hinge [nm] 2.62 -2.51 2.51
Z-error bottom hinge [nm] 2.62 -2.52 2.52
Y-error top hinge [nm] 1.98 -1.61 1.61
Y-error bottom hinge [nm] 1.98 -1.61 1.61
Thickness error [nm] 40.4 -40.4 40.4
Deployment error middle hinge [urad] 173

Slider strut error [um] -10.3 9.46
Z-error upper slider hinge [um] -11.2 12.3
Y-error upper slider hinge [pm] -19.2 17.4
Lower slider hinge vs. base strut error [pm] -10.4 9.41
Lower slider hinge vs. bottom hinge error [um] -10.4 9.41
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Figure 4.16: Graph showing the system errors in Y-direction, Z-direction, and a-angle due to gradients (represented as component

errors) or a complete rise in temperature of 15 K. The structure is made completely out of CFRP materials in this analysis.
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Figure 4.17: Graph showing the system errors in Y-direction, Z-direction, and a-angle for a rise in temperature of 15 K. In this analysis

the structure is made up out of different mixes of materials, as indicated in the legend.
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Table 4.6: Table indicating how much times the component errors exceed the ones allowed by the provided budget, in case the designs
are made out of CFRP and experience a temperature change of 15 K

Times exceeding

Allowed error Actual error allowed error
Temperature error results for
CFRP designs at a AT of 15 K [nml [kml -

MH SL MH SL MH SL
Base strut error 1.58 1.36 6.615 6.268 4189 4623
A-frame error 1.81 1.49 4.875 4.875 2697 3268
Z-error bottom hinge 2.62 2.52 3.310 2.704 1264 1074
Y-error top hinge 1.98 1.61 0.750 0.750 379 466
Y-error bottom hinge 1.98 1.61 0.300 0.300 152 186
Thickness error 40.4 40.4 0.225 0.225 5.57 5.57

4.2.4. CONCLUSIONS FROM SENSITIVITY ANALYSIS

Based on the results described above, discussions took place with experts of ADS that resulted in a couple of
conclusions. The first comment was that taking into account manufacturing tolerances is not relevant, since
component errors resulting from bad tolerances can be resolved by shimming. On the other hand, the graphs
of the sensitivity analysis give a good overview on the critical (most sensitive) components.

A second conclusion is that, assuming shimming is possible up to the required precision, at this point the only
relevant component error that can be assessed for meeting the deployment budgets, is the deployment error
of the middle hinge for the MH concept. This error should be smaller then 2.447 mrad or 0.140°. This value
will go down once the microdynamic errors during deployment are added to the model.

Third, the allowed errors during deployment are really small and it is not sure if the budget can be met once
microdynamic effects are taken into account. It is important to know that the deployment budgets are not de-
fined by an assumed range a calibration actuator with a 10 nm resolution can work within. They are defined by
the range in which the algorithm for optical optimization can work. If the deployment precision cannot meet
the budget, two solutions are proposed; 1.) Add an extra actuation mechanism to the deployment mechanism
that is able to correct in such a way that the deployment budgets are met. 2.) Use a calibration actuator with
arange larger than the deployment precision. Then add sensors that can steer the mirror to a position where
the optical algorithm can take over.

At the fourth place one of the most important conclusions was that meeting the thermal budgets is more
complicated than expected. Probably this is more challenging than meeting the deployment budgets, so the
focus of the research has to shift. Athermalization is an important next step in the design process.

A fifth conclusion is that even with a baffle, passive thermal control is not an option. The team members work-
ing on the thermal modeling and design need to come up with active thermal control solutions and provide a
new temperature range to work within.

A sixth conclusion is that the different concepts have equal performance when heated without a gradient.
However, once gradients are present there will be much larger system errors that are different for both con-
cepts. Especially if only the base strut, outer strut, A-frame, or spacecraft bus (leading to Z-error in bottom
hinge) are subjected to temperature change. All this means it is important to control local temperature varia-
tions in the baffle environment.

Finally, the discussion at ADS also pointed out that the slider concept brings quite some uncertainty at the mo-
ment. It is possible to properly design the sliding mechanism, but this may turn out to be more complex than
expected. The need to design this will lead to a longer development time, more risk because the mechanism
is not space proven, and the need of adding components that might influence the response to temperature
change and the microdynamic response in a negative way.
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4.3. CONCEPT TRADE-OFF

In this section a trade-off between the concepts is discussed. As usual the idea was to further develop the con-
cept that came out best. After discussing this result with the project team and the experts of ADS, another plan
was however made to continue the work. The trade-off and the reasoning behind it is discussed in subsection
4.3.1. The discussion and new plan that resulted from the trade-off are described in subsection 4.3.2.

4.3.1. RESULT OF TRADE-OFF ANALYSIS

In the original plan the idea was to perform a trade-off on the criteria shown in the left column of tab. 4.7. It
however turned out that it was not possible to retrieve all the required information within the given amount
of time. Also, not every criterion is relevant anymore, because it is comparable for the few design options
left. The deleted criteria and the weight of the remaining ones are provided in the second and third column,
respectively. An explanation for each of the criteria is provided below:
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Table 4.7: Original and remaining trade-off criteria with their weight

Original criteria Deleted criteria Weight

Delivery time X
Price X
Repeatability X
Thermal properties
Complexity

Stiffness

Mass

TRL

Deployment shock

N W W Wwds O,

X - Delivery time This was supposed to be a go/no-go type of criteria, since long delivery times lead to
discontinuity in the project that is hard to handle with a team of MSc students. All the concepts in the
trade-off table require components of which test specimen can be delivered in at most 6 to 9 months.

X - Price This was supposed to be a go/no-go type of criteria. A financial budget is not provided yet, but
discussions with the team manager and ADS were planned to assess whether the price for the compo-
nents is reasonable, since the project mostly lives from subsidies. In the end it was concluded that the
prices were not that high for space graded components.

X - Repeatability The repeatability was supposed to be the most important criterion. Although the ther-
mal properties seem more crucial after drawing the conclusions described in section 4.2, repeatability
is still important. For now it is however not possible to assess the repeatability other than looking into
the deployment repeatability of the middle hinges for the MH concepts. Since the sensitivity for errors
is comparable for both models, the difference is also not a factor to differentiate upon in this trade-off.
More research is needed that takes into account microdynamic effects.

Thermal properties (5) The thermal properties form the most important criterion in this trade-off. This
involves looking into the sensitivity of the different concepts to temperature change, the likelihood of
gradients, and the risk of creep.

Complexity (4) Complexity in this case means the effort required by the team to further develop this
mechanism. How hard is it to implement a chosen tape spring hinge in the design? Is there a company
that can produce characteristic components, that is also able to alter the component to the provided
requirements? Or do you have to design and model special components by yourself? With the work force
available, complex problems will probably result in delay of the project and brings the risk of mistakes,
because MSc students graduate and the resulting discontinuity may lead to loss of knowledge.
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* Stiffness (3) It is important to stay within the vibration stability budget and to have a high enough
eigenfrequency. Since the eigenfrequency of the M1 mechanism (no matter which configuration) will
most likely be quite a bit higher than the one of M2 mechanism, the M2 mechanism will probably set
the requirements for the maximum vibration. On the other hand the stability budget for M1 is three
orders of magnitude more strict and therefore the stability still has a weight of 3.

* Mass (3) Mass is of course always an important criterion for a space system. However, since this design
is very challenging, it has been decided that good thermal properties and a low complexity are more
important than finding the most optimal mass.

* TRL (3) The TRL is also an important factor. It not only gives an indication of the further development
and testing that is required from the DST team, but it also indicates a certain risk since you only know if
a new system actually works after testing.

* Deployment shock (2) The deployment shock can shake up a system in such a way that unwanted small
displacements take place in certain components. This makes a low end shock favorable. The weight of
this criterion is however low, because a damper can be added to reduce the shock. The need to add a
damper reduces the score.

With these criteria, the information found in literature, the information received from manufacturers, and the
analyses of section 4.2, a trade-off could be made as shown in tab. 4.8. The mechanism with the tape spring
hinge of SpaceTech GmbH comes out best with quite a distance to the other concepts, although the stiffness
and the deployment shock do not score very high for this mechanism. An elaboration on the reasoning for the
grading per criterion is provided below:

Table 4.8: Trade-off for selecting the M1 deployment mechanism concept

Property (weight) HTS tape spring Sp ac:g;;hgtape HTSle;:(t:Eated Slider
Thermal properties (5) 3 5 4 4
Complexity (4) 3 4 2 1
Stiffness (3) 3 2 4 5
Mass (3) 4 5 1 4
TRL(3) 4 4 4 2
Deployment shock (2) 4 2 5 5
Total score 68 78 65 67

* Thermal properties A point to start for the grading, is looking into the results of the analysis on the ef-
fects of temperature change. The conclusion was that all concepts perform equally well when heated/cooled
without a gradient, but that the slider performs slightly worse for most gradients. Now one should think
of the likelihood of the presence of these gradients. The slider mechanism and the mechanism with the
SpaceTech tape spring hinge have a relatively low likelihood of gradients since these mechanisms can
be made out of mostly the same material. The SpaceTech hinge is even an integral part of the strut, so
no component in between breaks the conductive heat flow, which is why it is graded with a 5. The slider
concept has an interruption in the middle of the strut, but possibly the middle hinge can be made of
the same material as the struts, leading to less gradients. Since the sensitivity of the slider to gradients
is larger than for the SpaceTech hinge, this concept is graded with a 4. Since the actuated latch of HTS
also has only a fraction of the total strut length made out of another material, it is also graded with a
4. The HTS tape spring hinge actually leads to larger gradients than suggested in the thermal analysis.
This hinge takes up a much larger part of the total strut length than the hinges in the slider and actuated
latch concepts do. Also, this hinge is made of another material than the strut halves, making a gradient
between the two strut halves more likely. The exact CTE of the HTS hinge is not provided, although it is
stated that "Excellent thermo-elastic stability is ensured by the intrinsically very low coefficient of thermal
expansion (CTE) of the basic materials." [94]. For now it is assumed that this CTE is worse than the CTE
of the struts. This leads to a grade of 3.
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* Complexity The foreseen complexity and required effort of the team to finish the design, differs for all
concepts. The slider scores a 1, because a lot of thought still needs to go in the design of the slider. It is
only slightly comparable to existing mechanisms, but a lot of creativity needs to come from the designer.
Also this concept has the most components, leading to a lot of work. Both tape spring hinge concepts
and the actuated latch concept are technologies that will be produced by companies that can alter the
design to meet provided requirements. This saves a lot of work for the team, because designing these
hinges with the required performance is a science on its own. From conversations with the companies
it however seems that it will be easier to rescale the SpaceTech hinge to the required size than it is for
the two HTS hinges. Also, the SpaceTech hinge is integrated in the strut, while the HTS hinges are placed
between the two strut halves. This means more design work is needed to develop a proper interface.
Finally the actuated latch may need another actuation mechanism when rescaled, leading to even more
complexity. This leads to a grade of 2 for the HTS actuated latch, a 3 for the HTS tape spring hinge, and
a 5 for the SpaceTech tape spring hinge.

« Stiffness When evaluating the stiffness, the slider concept is clearly the best, since this one is made up
out of two triangles once deployed. This leads to a grade of 5. With the available data it is not possible
to compare the other hinges based on quantitative data, so this has to be done in a qualitative way. It is
hard to compare the linear stiffness of the tape spring hinges, but the torsional stiffness will be higher for
the HTS hinge, due to the way the three tape springs are configured. Therefore the HTS hinge is graded
with a 3, and the SpaceTech hinge with a 2. Since the actuated cone hinge is not made out of a tape
spring, but a stiff latch, it is grade with a 4.

* Mass Concerning the mass, one can say that the actuated latch performs much worse than the other
concepts. It is hard to say what the rescaled weight will be, but the existing design, made for a system
that is quite a bit larger weights 3.5 kg. This makes it over 5 times more heavy than the comparable tape
spring hinge. Therefore it is graded a 1. The other hinges are much more lightweight. The SpaceTech
tape spring hinge is graded a 5 since this hinge does not add mass to the system that is not already there.
The HTS tape spring hinge adds only a small amount of weight, relative to the overall M1 mechanism
weight. The same holds for the extra components required for the slider concept. Therefore the latter
two concepts are graded 4.

e TRL The score of 2 for the slider concept, rather than 1, is based on the fact that although this slider
configuration has never been used before, sliding mechanisms have been used in existing satellites. An
adopted version of one of these will probably be incorporated in the design when choosing this concept.
The TRLs for the remaining hinges are at a level that gives confidence. They are not used in a space
environment yet, but have reached TRL 5 to 6 as part of ESA programs that are still running. This leads
to a grade of 4 for these 3 hinge concepts.

* Deployment shock The deployment shock will be lowest for the slider and actuated latch concepts. Even
without dampers the end shock of both design will be low compared to the ones of the tape spring hinges.
Besides, it will be fairly easy to add a damper to the end stop of the slider concept if required. This leads
to a grade of 5 for these two concepts. Heavy end shocks are a typical feature of tape spring hinges.
Dampers are available for both concepts, but are more complex and heavy than the ones that may be
used for the slider. The HTS tape spring hinge however damps itself for quite a bit, since the bending
directions of the tape three tape springs are opposite and cancel each other out to a certain extend,
when simultaneously trying to snap in their own bending direction. A damper can be added if the low
remaining shock load is still too large. Due to the self-damping, the HTS tape spring hinge is graded with
a 4, while the SpaceTech hinge is graded with a 2.

4.3.2. DISCUSSION ON TRADE-OFF

The last discussion with Henk Cruijssen and Guus Borst, both experts of ADS, took place when the trade-off
table was not completely finished. Even though the author had some preliminary results, the script for the
sensitivity analysis was not finished. The rest of the picture concerning the trade-off was already quite clear.
Back then the experts really pushed towards the SpaceTech hinge and in the end their feeling was proven right
in the trade-off. That holds however for their feeling that the SpaceTech hinge was the best of the suggested
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concepts. Later, when the results of the sensitivity analysis were known, it was found out that even this concept
is not good enough.

The data presented in tab. 4.6 indicates that the worst gradient of a concept with the SpaceTech hinge, exceeds
the budget 4189 times. Also, this is a best case scenario where all components are made out of CFRP. Based
on the results the team agreed that active thermal control is required. A new and challenging requirement was
made, stating the maximum fluctuation in temperature should be +- 1 K. Since the errors scale linear with AT,
this means the error would still be exceeding the budget by 279 times, in case of an ideal scenario regarding
material choice.

At this point it was decided that help from the outside may be a good idea. That lead the team to Prof. dr. ir.
Just Herder from the department of 'Precision and Microsystems Engineering’ of the 3mE faculty of the TU
Delft. The whole DST team had a couple of meetings with him, because other team members also got stuck on
precision aspects of their design. The discussions lead to a new concept, described in the next section.

4.4, FINAL CONCEPT DESCRIPTION

Before the discussions with Just Herder took place, research was conducted into athermalization methods.
Based on these findings and the discussions, a very different concept came out that is worth designing in more
detail. This section first explains the train of thought that led to this concept. Afterwards the concerns that
need to be looked into in a detailed design are discussed.

4.4.1. REASONING BEHIND FINAL CONCEPT

To find a concept that works, it is important to start by defining what the actual problem is. In this case that
means finding the reason why the assessed concepts show bad thermal behavior, especially for gradients. The
answer lays in the fact that all the concepts form a triangular structure. If one side of this triangle changes
length, or the location of one corner changes slightly, it changes the shape of the whole triangle. In such a
network of components athermalization mechanisms are difficult to incorporate.

One can get rid of the triangular shape by eliminating the strut. This leaves one with the strutless concepts
described by Van Putten in fig. 4.1. The motor resistance concept still does not look attractive. The kinematic
interface was rejected due to the higher mass and the vulnerability to vibrations. The extra mass comes from
the need to create a kinematic interface, but is no deal breaker. The problem for this concept was that the
A-frame is supported only at its root, while it carries a relatively heavy mirror. The stability budget in terms
of vibration would not be met. On the other hand this concept is very attractive due to the high repeatability
(highest of all concepts), the low complexity, and the high TRL. With the current knowledge it also seems that it
is possible to implement athermalization, since it only needs to act in one component and thermal movement
is simply derived.

The bad rating for the stability is however based on the assumption that the preload device is located at or near
the kinematic interface. During one of the discussions with Just Herder, the question whether it was possible
to apply the preload at the tip of the A-frame, instead of at the root led to a new way of thinking. If this is
possible, a high repeatability, high stability, and athermalization, required to meet the three provided budgets,
are possible.

It seems obvious that something will need to push up at the tip. This means a strut will be added again. The big
difference with the previous one is that it is now not connected via a hinge that will deploy to a certain location,
but that the strut now only should provide a constant force that preloads the kinematic interface. Soon the idea
came up that a tape spring hinge that will not completely deploy is most suitable, since its bending moment
only varies near full deployment, but is constant for all larger bending angles. An additional idea was that the
concept of the SpaceTech tape spring hinge with the cut outs, could be applied multiple times at the root, tip,
and in the middle of the strut. Now one saves mass by not requiring ball bearing hinges at the root and tip. Fig.
4.18 shows a sketch of the concept.

Brainstorming further, also considering the challenges of the mechanisms of other team members, the final
idea came along. The M2 deployment mechanism has a very big challenge in achieving the right stiffness for
acceptable repeatability and resistance to vibrations. Spanning lines from the top of the booms to a location
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more outward from the center of the satellite bus would be very beneficial. There is however an import limi-
tation that discards a lot of options: the lines cannot cross the path along the optical axis that hits the primary
mirror segments. This leaves the area shown in fig. 4.19. Considering this reasoning an idea came up that
kills two birds with one stone. The A-frame can have extensions on both sides of the tip that are slightly wider
than the mirror width. From these extensions a line can be spanned towards the top of the booms. A winch
mechanism that starts pulling after the deployment of the M2 mechanism can now deploy the M1 mechanism
and in the end provide the preload needed to both stiffen up the M2 structure and mate the two sides of the
kinematic interface of the M1 mechanism. A render of the first version of this concept is shown in fig. 4.20.
An important note is a that in the remainder of this thesis, the ’A-frame’ will be called the 'support frame’,

since it will lose its A-shape.

Figure 4.18: Sketch of a stowed (left) and deployed (right) kinematic interface concept with cut-outs that form tape springs to create a
preload. The kinematic interface is not present in the sketch.

&=

Figure 4.19: Top view of the M1 subsystem in deployed Figure 4.20: Render of the first iteration design of the final concept
configuration. The green areas mark where the lines can extend
through without disturbing the light path.
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4.4.2. CONCERNS OF THE FINAL CONCEPT

The concept with the preloaded line is great for both the M1 and M2 subsystems from a structural point of
view. The idea however also raised some concerns. They did not seem impossible to solve, but did need a
more detailed look into it. The concerns are listed below. The solutions to solve them are discussed in the next
chapter on the detailed design of the mechanism.

* Lines may lead to an unacceptable amount of straylight. The round shape makes straylight scatter in
a very unpredictable way. A ribbon (i.e. line with rectangular cross section) is proposed as a better
alternative, but the optical engineers of the team first need to assess whether this solution is feasible.

* The loads imposed by the lines on the support frames should be symmetrical, which does not match
with the current M2 mechanism design. At the moment this concept was developed, the M2 mechanism
consisted of three booms (as in fig. 4.20), because four booms would make the system overconstrained.
The developer of the M2 mechanism should assess how big of a problem a fourth boom would form. It
would be too hard for the calibration mechanism on top of the support frame to correct for the motion
induced by a line preload on only one side of the mechanism.

* The extensions of the support frame would move into the space reserved for the M2 booms in stowed
configuration. A way needs to be found for both systems to coexist when stowed.

* A winch system with a high holding torque is required that does not require electrical energy once the
pretension is at the required value. Also the winch needs to pull in a lot of line length. The line needs to
retract roughly 0.5 m between the stadium where only the M2 mechanism is deployed and the stadium
where both systems are deployed. Finding a mechanism with the right torque and winding capability
that fits in the small space of 35 mm between the satellite bus and the stowed support frame is quite a
challenge.
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DETAILED DESIGN OF THE M1 MECHANISM

As discussed in section 4.4, the chosen concept offers a lot of advantages, but also requires a deeper look into
some potential problems. During the detailed design phase the potential problems are mitigated and care is
taken for the athermalization of the mechanism.

Two of the concerns listed in section 4.4 need to be investigated by other team members. Section 5.1 discusses
their findings. Afterwards section 5.2 will present a solution where the M1 and M2 mechanisms can share the
available volume in stowed configuration, since they would interfere in the current design. Next, the design
of the support frame will be discussed, including the kinematic interface, in section 5.3. Then a deeper look is
taken into the design of a winch mechanism in section 5.4. Finally section 5.5 describes how the support plate
is athermalized.

5.1. CONCEPT FEASIBILITY CONCLUSIONS OF OTHER TEAM MEMBERS

There were two concerns about the new concept that were investigated by other team members. First the team
members focused on optical design, noted that a circular line in the space between the M1 and the entrance
plane of the light in the baffle environment, would lead to random and unpredictable scattering of straylight.
This straylight is a serious concern, because direct light from the optical target will hit the line. A proposed
solution was to make use of ribbons. The wide sides will now scatter the light against the baffle wall, and if the
cross section of the ribbon would be a rectangle with sharp, non curved corners, the scattering at the thin side
will may be negligible. An analysis was performed that indicated this was indeed the case, if a suitable coating
is used.

The second problem concerns the overconstraining of the M2 mechanism. An overconstrained design has
more than one constraining devices devices that constrain the same degree of freedom. This generally results
into reduced performance (material binding, stresses, sloppiness, or imprecision), higher cost (tight tolerances
or special assembly techniques needed), or both [85]. The new concept requires the use of four booms for
symmetrical loads on the support frames. This makes the M2 system, which had three booms in the current
design, overconstrained. It is hard to determine the effect of adding the fourth boom, because this requires
a vibration analysis of ideally the spacecraft bus, M1 mechanism, and M2 mechanism. However, one can get
an order of magnitude estimate by analyzing only the M2 mechanism. At the time the choice had to be made
whether to proceed with four booms, it was not possible to perform this analysis yet. Another discussion with
Prof. Just Herder lead to the qualitative conclusion that an overconstrained design is not necessarily bad, as
long as a mechanism is symmetrical. Since this is the case, it is for now assumed that a four boom concept is
feasible. It has been decided that the stability of the booms will be assessed for a three boom and four boom
configuration, but at the moment of writing this thesis it is not possible to perform the vibration analysis yet.

To conclude this section, as long as the ribbon has the right coating, the introduced straylight is acceptable.
Also, the four boom design is assumed feasible due to the symmetry of the system. The confirmation on
whether this assumption is correct can however not be provided yet. This means that the new concept is
assumed feasible at this point.
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5.2. DESIGN ADJUSTMENTS FOR STOWED CONFIGURATION

When brainstorming about the ideal concept one is primarily concerned with the performance in operation.
This means most of the thinking is about the system in deployed configuration. In terms of available volume
there is much possible over there, but adding material may lead to problems with the limited available volume
in stowed configuration. Challenges mostly come from the available space between the satellite bus and the
support frame (fig. 5.1), between the support frame and the mirror (see fig. 5.1), and the available space in the
corners between the mirrors (see fig. 5.2). To assess the challenges, they are investigated in two stages. First
design options are formulated that only consider the M1 mechanism in subsection 5.2.1. Since extensions per
definition interfere with the space that is currently reserved for the stowed M2 mechanism, solutions to this
interference are discussed in subsection 5.2.2.

120

65

35

Mirror

Support frame

Satellite bus
Figure 5.1: Side view of mirror segment in stowed configuration Figure 5.2: Top view of a corner of the M1 subsystem in stowed
with dimensions indicating the available space in mm configuration with blue lines indicating where extensions of the

support frame would run into each other

5.2.1. STOWED VOLUME OPTIMIZATION CONSIDERING ONLY THE M1 MECHANISM

A first thing that was found is that there is actually very little space for the extensions of the support frame,
because they will interfere with the extensions of the neighbouring support frames (fig. 5.2). A screenshot
and drawing of the first design are shown in fig. 5.3. With a clearance of 2 mm, only 13 mm of extension
outside the mirror width is possible before the extensions interfere. This may be a too small extension to
properly incorporate a pulley for the ribbon. A first potential solution that was investigated, was to make the
neighbouring extensions at a slightly different height along the optical axis. This should be done in such a way
that both extensions of one support frame are at one height, so that symmetry will be achieved over the XZ-,
and YZ-planes of the spacecraft bus. This is shown in fig. 5.4.

Another solution is proposed where the support frame is not a flat plate in one plane, but a plate that makes
out of plane steps that move towards the bottom of the mirror near the tip. It has been taken into account
that there should be enough space left for the movements that the mirror will make due to the calibration
mechanism. Screenshots of the single frame and the total assembly are shown in figs. 5.5 and 5.6, respectively.
One sees that there is now much more room for the extensions on the support frame.
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Mirror

Support frame

Satellite bus

Figure 5.3: Left: screenshot of first iteration design with extensions for the ribbons. One mirror is hidden for a clear view - Right: drawing
indicating the dimensions of the extension, the clearance between the extensions, and the remaining width to attach the ribbon to

Figure 5.4: Screenshot showing a design where the extensions of ~ Figure 5.5: Support frame of which the end is out of plane, allowing
two opposing support frames are at another height than the it to become wider
extensions of the other opposing support frames to create a fit

A AN 7I0cK

Figure 5.6: Left: screenshot with geometric view of the full assembly containing the out of plane support frame - Right: screenshot with
side view of the same assembly, where one can clearly see the out of plane movement towards the mirror
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5.2.2. STOWED VOLUME OPTIMIZATION CONSIDERING M1 AND M2 MECHANISM
INTERFERENCE

So far, the proposed solutions only took into account the M1 mechanism. Once the M2 mechanism is con-
sidered as well, new challenges pop up. The first one concerns the proposal of the extensions with different
heights along the optical axis, and its effect on the M2 mechanism. As discussed in section 5.1, overdetermina-
tion can potentially only be acceptable if the system is symmetrical. This should then also hold for the preload
exerted by the ribbons on each boom. For the booms the symmetry planes of the loads should lay along the
diagonals of the satellite bus, rather than the XZ- and YZ-plane. A difference in the height of the neighbouring
extensions would mean that the symmetry is lost. Therefore this option is discarded.

Extending the width of the support frame outside of the original width, means one invades the space that is
reserved for the stowed M2 mechanism. Currently the plan is to make the two boom halves of this mechanism
align in lines nearly parallel to the optical axis. If this remains the case it is impossible to create the extensions.
Discussions with the student responsible for the M2 mechanism led to the thought that it should be possible to
make the first boom stow with a slight angle away from the satellite bus. If the extensions are far away from the
hinges attached to the satellite bus, the angle should be small, meaninglittle compactness is lost. Therefore the
next step was to think thoroughly about the way structural stiffness will be provided to the extensions, because
the current design provides little of it with a triangular structure from the middle of the support frame. From
a structural point of view the best option is to make the triangular structure right from the root of the support
frame. This however means that the triangle would push the boom further outward. As a solution, one bar of
the support frame will extend towards the tip on the edge of the area that should not be interfered. From there
the triangular structure will be made close to the extension, so that only locally the area for the M2 boom is
invaded.

Another way to keep the angle of the M2 boom small is to keep the support frame in plane and neglect the
suggestion of previous subsection. The resulting support frame and the full assembly are shown in figs. 5.7
and 5.8.

Figure 5.7: Screenshot of the support frame design, made to Figure 5.8: Screenshot of full assembly including the support frame
interfere the M2 boom area only near the ribbon attachment of fig. 5.7, where it becomes clearly visible how little space of the
M2 booms is occupied

The design decisions on how to adjust the support frame to be able to share the space with the M2 booms
were made in a quick brainstorm. There was a lot of research and design work to do after these brainstorm
sessions, where all the assumptions taken should have been verified. Recently it has been found that this has
not been done yet for the assumption on the location of the stowed M2 booms. It has been found that the
boom hinges extend so far outward that a vertically stowed boom will not interfere with the support frame
at all. On the contrary, there is even some space left. Therefore one can make the triangular shape with the
extensions straight from the root. Also there is now some room available to make the tip of the support frame
move closer to the mirror. Due to time restraints it is not possible anymore to correct for this in this thesis
research. Hence it is a design recommendation to correct this mistake during future work.
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5.3. DESIGN OF THE SUPPORT FRAME AND ITS KINEMATIC INTERFACE

The support frame forms the core of the M1 mechanism. All other components are attached to it, and its
mechanical and thermal properties play an important role to meet the budgets. Therefore subsection 5.3.1
will discuss the material choice of the support frame. Then the considerations leading to the chosen shape are
discussed in subsection 5.3.2. Finally the details of the kinematic interface are explained in subsection 5.3.3.

5.3.1. MATERIAL SELECTION OF THE SUPPORT FRAME

Selecting the right material for the support frame is an important, but difficult task. One wants a material
with a high specific stiffness, low CTE, high thermal conductivity, low outgassing, and low sensitivity to creep,
that can be processed into the shape of the support frame. According to the MSc thesis of Van Putten [25]
and several discussions with experts of ADS, a CFRP material optimized for good thermal properties is the
best fit for these requirements. One can find general information on CFRP materials in literature and some
more detailed specifications on the websites of manufacturers, but there are quite some properties that are not
publicly available, or unknown because they depend on the specific geometry and environmental conditions.
Therefore all considerations regarding the material choice and the assumed properties are discussed below.

COEFFICIENT OF THERMAL EXPANSION

In section 4.2 the products of some manufacturers are compared to find representative values for the CTE,
which was required for modelling the thermal behaviour of the M1 mechanism concepts. Although some
products have a zero CTE in the optimized direction (CTE.f,p—op;) at room temperature, these products are
rare. Since the DST team has no material experts, there are a lot of unknowns such as cost, manufacturabil-
ity, and possibly other unknown factors that one has to take into account when finally selecting the material
and manufacturer. To broaden the available materials, low CTE CFRPs were taken into account to end up
with the assumption that 1 um/(m — K) is a representative value for the CTE in optimized direction at room
temperature. Since CFRP is an-isotropic, the CTE in the directions perpendicular to the optimized direction
(CTE¢frp-per) is different. Unfortunately only one of the investigated companies, Mitsubishi Chemical Car-
bon Fiber and Composites, Inc.[91], offers product data in perpendicular direction. With a CTE that is between
3.5 to 10 times higher in perpendicular direction for their products, a conservative assumption is chosen to
take a CTE according to eqn. 5.1, or in this case 10 um/(m — K). This is fair because the products with in-
teresting Young’s moduli have a value that is 8.5 to 10 times worse in perpendicular direction, except for the
zero CTE variant, which comes very close with a value of 11 um/(m — K). Since the support frame is part of a
high precision device and CTE is a function of temperature [95], it is important one picks a CFRP material with
zero or low CTE at the operational temperature. Since this temperature is not known yet, room temperature is
assumed for now. Furthermore the temperature variation will be low (+-1 K, see section 4.3.1), but it should be
investigated whether this is low enough to assume a constant CTE and still meet the precision requirements.
For now it is assumed that the CTE is constant. If it turns out this is not the case, one has to redesign the
athermalization devices described in section 5.5.

CTE¢frp-per =10-CTE¢frp-opt 5.1]

THERMAL CONDUCTIVITY

Another important thermal property is the thermal conductivity. It is beneficial to have a high conductiv-
ity, because this means that a temperature change will quickly spread over the whole component. If this is
not the case, gradients will commence that lead to shape changes that are hard to predict and not constant.
This means one cannot apply passive athermalization methods, which are required to meet the budgets. In
general products made out of pure carbon have a high thermal conductivity, and in some forms the highest
of all materials. Graphite has a thermal conductivity of 300 W/(m — K), whereas diamond has a value be-
tween 900 and 2300 W/(m — K) and Carbon Nano Tube (CNT)s are theoretically predicted to have values up
to 6000 W/ (m — K) [96]. This compares to other materials with values from 13.4 W/ (m — K) (AISI 316 stainless
steel) to 429 W/(m — K) (pure silver) for metal alloys, from 0.02 W/(m — K) (Polyurethane) to 0.51 W/(m — K)
(Polyethylene) for plastics, and from 0.1 W/ (m - K) (lightweight concrete) to the discussed 2300 W /(m - K) for
non-metallic ceramics [97, 98]. CFRP materials can have very different thermal conductivities, depending on
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the amount of resin matrix used. The carbon fibres have a high conductivity, but due to the plastic resin, one
often ends up with a low conductivity. This especially holds for low CTE CFRPs, because a certain amount of
resin is required to compensate the negative CTE of the carbon fibers. The thermal conductivity values for the
researched materials are between 2.5 and 115 W/(m — K) in the optimized direction. Like the CTE, also this
value is different in the direction perpendicular to the optimized direction, and again only Mitsubishi provides
this data. The perpendicular conductivity is similar for all products with values between 1 and 1.3 W/(m - K).

To conclude the thermal considerations it will be discussed how the material will be applied to the support
frame design. Considering that the longest dimension of the support frame is the one from the root to the
nose, the optimized direction shall be put in this Y-direction as seen in the XY-plane of the support frame
reference system (fig. 2.9). First of all, because a low CTE offers the most notable effect in this direction, and
second, because there are quite long dimensions of material that need to be crossed in this direction once
temperature changes occur, requiring high conductivity. The CTE in the other directions will be compensated
by athermalization devices, as discussed in section 5.5. The low conductivity in these directions is also less of
a problem, because the energy transfer during a temperature change does not have to go very deep due to the
small thickness of the plate.

SPECIFIC STIFFNESS

So far the material discussion was mainly about the thermal properties, but there are more factors that play
an important role in the material selection. A very important one is the specific stiffness, a measure to indi-
cate how stiff a material is with respect to its weight by dividing the Young’s modulus by the density. Fig. 5.9
shows a chart with the Young’s moduli and the densities of different material classes. The upper left corner
represents a high specific stiffness. Note that the scales are logarithmic for both axes, but that the Young’s
modulus increases much faster in value. Therefore CFRP has a much higher specific stiffness than the high
modulus wooden products, especially compared to the ones on the far left. With this it becomes clear that
certain ceramics are the best choice for a high specific stiffness and that CFRP comes in as the second best
choice. Therefore an extra look has been taken into ceramic materials. Their thermal properties differ a lot,
but for one type they look promising: boron nitride.
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Figure 5.9: Chart indicating the Young’s modulus versus the density for different material classes. The upper left corner represents a high
specific stiffness, whereas the lower right corner represents a low specific stiffness [99]
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Boron nitride is a ceramic that can come in different molecular structures with different properties. In this case
research was performed on hexagonal boron nitride (H-BN), which is an an-isotropic form of boron nitride
that is produced by hot-pressing. This leads to different properties in the pressing direction and the plane
perpendicular to this. For the so called AX05 grade, the CTE and thermal conductivity are 1.0 um/(m — K) and
78 W/ (m — K), respectively, in pressing direction and 0.3 um/(m — K) and 130 W/(m — K), respectively, in the
perpendicular plane [100, 101]. This means that the preferred properties actually act in a plane and that the
worse properties now only act in one direction, which is better than is the case for CFRP. The specific stiffness
ishowever 2.5 to 5 times lower than the investigated CFRP materials. The required extra mass is the main driver
for not selecting H-BN, together with the fact that the European Cooperation for Space Standardization (ECSS)
engineering handbook [100] suggests that due to the brittleness it is preferable to choose another material
unless it is used for high temperature environments. In that case, elaborate reviews on selection, design, and
verification are required according to ECSS standard ECSS-Q-70-71.

OUTGASSING

Another factor to be aware of is outgassing. Plastics always contain a certain amount of water and when ex-
posed to a vacuum environment this water tends to outgas from the material. Metals and ceramics usually
do not lose internal material, but can outgas contaminants that nested on the surface after production. As
a result two problems arise. First, the gasses tend to condensate on cold surfaces. If this surface is a lens or
mirror, it lowers the image quality. Both ESA and NASA have standards describing the allowed outgassing rates
to minimize problems with contamination of optical surfaces for most cases, although sometimes more strin-
gent requirements are needed. For ESA projects the acceptance limits are described in section 5.5.3 of ECSS
standard ECSS-Q-ST-70-02C [102]. The second problem of outgassing is that the mechanical properties and
shape of the material will change. The change in mechanical properties is probably negligible, but a change
in shape can be problematic, since the support frame is part of a high precision mechanism. None of the in-
vestigated CFRP suppliers provide information about the outgassing properties of their products. Although it
seems likely they meet the standards, since they have all flown on space missions, it is highly recommended to
still discuss the properties to find out how much the shape will change. If this turns out very critical one may
reevaluate the choice of CFRP over H-BN.

CREEP

A final factor to take into account is creep. This is the time-dependant and permanent deformation of a mate-
rial when subjected to a constant load or stress [103]. Different forms of creep exist and for polymeric materi-
als like CFRP the most dominant form is viscoelastic creep. During viscoelastic creep stress relaxation occurs
when applying a constant stress well below the yield strength. The stress causes the molecular structure to
rearrange in order to lower the stress, which is seen as strain in the material. The strain rate increases at higher
temperatures or higher loads. Since the ribbons will apply a constant load over the whole operational phase of
the satellite, it is important to investigate the resulting amount of creep. Unfortunately none of the suppliers
provides creep properties, but it is highly recommended to request this data once they are contacted.

An initial concern of the author was that the outgassing may influence the creep behaviour as well. For CFRP
in a vacuum environment an analogy can be found to the creep of concrete. Concrete has unique creep prop-
erties, because it contains molecules that interact with water. Drying or hydrating concrete not only results in
expansion or shrinkage of the concrete (which is not equal to creep), but also the creep properties will change.
Knowing that CFRP will also lose water in vacuum, it was hypothesized that this may also influence the creep
behaviour of the support frame. No literature has been found on the combined effects for outgassing and
creep, except for a technical document of the company Paroscientific, Inc. [104]. The document describes a
root cause analysis of drift in a Quartz Sensor of the company Quartz Seismic Sensors, Inc. The conclusions
is that drift is caused by a combination of outgassing and viscoelastic creep. When looking at the graph de-
scribing the drift due to outgassing, the drift due to creep that starts at different moments in time, and the
combined drifts at those moments (fig. 5.10), one can clearly see that the drift due to creep is equal at all
placed, regardless of the amount of outgassed materials. Therefore the effects behave independently and can
simply be added to end up with the combined drift. Possibly a quartz crystal is not representative for a com-
bined case with CFRP, but since no other literature has been found describing a dependability of creep on the
outgassing, it is assumed that this is not the case.
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Drift due to Outgassing, Creep, and Combined
for Different Start Times of Pressurization
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Figure 5.10: Graph showing drift in a Quartz Sensor over time for a case where only outgassing is present, for the case where only creep
occurs after starting to apply pressure for three different time intervals, and for the combined cases [104]

5.3.2. DIMENSIONING OF THE SUPPORT FRAME

When looking at the final design of the support frame (fig. 5.19), it immediately becomes clear that it has
a very specific shape that is optimized for weight savings. The development of this shape started however
with the A-frame of the design made by the previous student working on the M1 mechanism. From there it
has iteratively been updated by adding certain elements to the support frame design, adjusting the shape to
the elements mounted on it, and designing appropriate cutouts for weight optimization. Since the support
frame has not been developed during a dedicated design phase, but was rather updated when needed after
making other design steps, this subsection will summarize how it evolved by shortly mentioning all the factors
that influenced the design. Most of them are discussed more thoroughly in their own dedicated section or
subsection.

It all started with the A-frame as shown in fig. 5.11. When it was already known that the initial trade-off con-
cepts were all unfeasible, and help was still sought from the outside, a start was made with the athermalization
of the A-frame. This is shown in fig. 5.12 and described in section 5.5. Here it was still assumed that the
calibration mechanism would look the same as in the design of the student previously working on the M1
mechanism. Another MSc student, Sean Pepper, however started working on the calibration mechanism in
the meantime. He decided to make a new concept trade-off that did not include the old mechanism as one
of the options. Therefore, the next design iterations of the support frame do not include the athermalization
mechanisms, because it was still unknown what they were going to look like.

Figure 5.11: Screenshot of the original support frame (then still Figure 5.12: Screenshot of A-frame where athermalization design
called A-frame), made by Van Putten [25] practises have been applied
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Once the final concept came out of a brainstorm session, first the kinematic interface was designed as shown in
fig. 5.13 and discussed in section 3.3. Afterwards the A-frame made a complete make-over to what is now called
the support frame, by incorporating the extensions of fig. 5.14. In this figure one can see that there are four
pockets to indicate the calibration actuator locations, because Pepper assumed that another type of actuator
would be used than the one that was chosen eventually. Then several design options were explored that allow
the support frame and M2 mechanism booms to coexist in stowed configuration. This led to the design of fig.
5.15, as discussed in more detail in section 5.2. In the figure one can see that only three calibration actuator
locations are indicated, because a final decision on the concept had been made in the meantime.

Figure 5.13: Screenshot of A-frame with kinematic interface Figure 5.14: Screenshot of first iteration support frame with
extensions

Figure 5.15: Screenshot of the support frame design, optimized for as little interference with the M2 booms as possible (copy of fig. 5.7)

After creating the extensions, an actuator assembly involving a constant force spring was made. Soon after it
was found that the concept would not work as intended, so further development of this idea was not contin-
ued. The interface with the support frame was however already created and can be recognized in some of the
intermediate support frame concepts. The constant force spring assembly required a big area on the back of
the support frame for attachment. Also a cutout with a shallow depth is created to fit the mechanism in the
available space, as shown in fig. 5.16.

Next to providing a concept for the calibration actuators, Pepper also looked into ways to hold the M1 structure
in place during launch. It is preferred to connect the center of the mirror to the bus viaan HDRM. It is assumed
that it needs to survive quasi static accelerations of 30 g (requirement M1-MEC-09-01) acting on only the
mirror, since the support frame will also be connected to the spacecraft bus in another to be determined way.
With an estimated mirror mass, m,,;,r, 0f 5.9 kg [25] this leads to a required hold down force, Fj;, of 2.43 kN
according to eqn. 5.2. Here the a;4,,., is the 30 g acceleration that translates to 294.3 m/s? and FS,, the safety
factor of 1.4 for static ultimate loads, as defined in the DST Requirements Document [21]. Looking for HDRMs
at supplier websites, one sees that it is hard to find a mechanism with a rated load close to the required one
[105-107]. The closest ones are designed for 4.45 kN (1000 [bf), 6 kN, and 5 kN, at the companies Glenair,
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NEA Electronics, and Arquimea, respectively. Although the mechanisms of the former two companies have
a lower mass and probably smaller dimensions than the latter company, this cannot be stated with certainty.
The brochures of both companies use both metric and imperial units, without clearly stating which units are
used in the technical drawings. Therefore the HDRM of Arquimea is selected as a conservative measure. The
diameter of this device is 47 mm. The support frame of fig. 5.16 takes into account that a clearance is needed
to fit the HDRM mechanism, as seen in fig. 5.17. The diameter of the device has been rounded to 50 mm and
the structure is designed around this circle with a clearance of 5 mm. The remainder of the material that is cut
out has been removed for mass optimization. Note that in a later design stage material may need to be added
again to conform strength or athermalization requirements.

Fng = Mmirr - @raunch - FSu [5.2]

Figure 5.16: Left: screenshot in top view of the support frame designed for a constant force spring mechanism to retract the ribbon -
Right: screenshot in bottom view of the support frame designed for a constant force spring mechanism to retract the ribbon
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Figure 5.17: Part of the sketch that describes the shape of the support frame. The orange circles and dimensions represent the diameter
of the selected HDRM and an additional clearance that need to be kept free to make space for the HDRM

79
MSc thesis report by Matthew Corvers



5. DETAILED DESIGN OF THE M1 MECHANISM

In the next version of the support frame, athermalization was applied by creating an interface for plates that
apply thermal expansion compensation. This is discussed in more detail in section 5.5. The result is the design
of fig. 5.18, where especially the calibration actuator near the tip is visible due to the wider connection between
the center and the tip edge of the support frame. Additional material has been cut from the support frame in
this figure.

Figure 5.18: Screenshot of the athermalized version of the support frame of fig. 5.16

In a later design stage it was decided to preload the ribbon with another winch design. This design is attached
via a differently shaped mount, leading to the design of fig. 5.19. Another addition in this design is the adjust-
ment of the upper edge of the ribbon hole and a wedge that is added to the lower edge of this hole to prevent
unwanted twisting effects in the ribbon. This is discussed in the end of section 5.4.

Figure 5.19: Left: screenshot of top view of the final support frame design - Right: screenshot of bottom view of the final support frame
design
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At the moment there are still quite some open ends in the design of the support frame. This leads to the
following list of recommendations:

* The support frame is currently flat with with triangular structures that go from the center of the frame
towards the extensions. This has been done to save room for the stowed M2 mechanism booms. As ex-
plained in the end of section 5.2, it has been found that the initial assumption regarding the available
space was incorrect. There is actually some space left, but due to time constraints this will not be cor-
rected in this thesis work. This leads to the recommendation to start the triangular structure towards the
extension from the root and to give the frame a bend profile where the tip is located closer to the primary
mirror.

* The ribbon hole on the mirror side of the support frame is rounded such that the ribbon is perfectly
aligned for twisting effects, when being (nearly) fully retracted only. The angle between the edge of
the hole and the top of the M2 mechanism boom is different in other phases of the retraction. It is
recommended to find out how big the difference is and whether this difference may leads to problems.
Ifyes, it is probably necessary to make an edge on top of a bearing that will rotate towards the ideal angle
automatically.

* The wedge for the ribbon near the ribbon hole on the winch side of the support frame is accidentally
designed as part of the support frame, rather than a component on its own. The manufacturing process
is expected to be much easier and cheaper when the wedge is a separate component. This component
may become more complex due to the same reason as the one of the previous bullet. Now the change in
angle is the result of the effective winch diameter, which becomes larger while retracting the ribbon.

* The sides of the triangular structures that the support frame is made out of have a width of 20 mm.
This dimension has been chosen quite arbitrarily with an engineering gut feeling. By performing static
force and vibrational analyses with the expected disturbances of the reaction wheels and the preload
applied by the winch as inputs, one can optimize for this width. One should find the width that gives the
structure just the right stiffness and strength to not bend too far or deform plastically due to either the
preload or vibrations.

 All edges are currently sharp. It has not been investigated yet how the material is manufactured and
whether it is more complex to make rounded shapes. Also, the material properties are an-isotropic,
meaning it has certain properties in the thermally optimized direction and different properties in the
directions perpendicular to the optimized direction. It is not investigated whether round edges in the
material are the result of finishing a sheet where the fibers all point in the same direction, or the result
of fibers that bend along with the curve. Mass will be saved when adding round edges, but if the latter
situation holds it needs to be confirmed what the resulting thermal behaviour of the support frame will
be.

5.3.3. DESIGN OF THE KINEMATIC INTERFACE

The kinematic interface is an important feature of the support frame. It allows to achieve a high deployments
precision by making use of the ribbon preload. Based on the theory of section 5.3, it has been chosen to
make an interface with 3 grooves that point to the same thermal center. This thermal center is located in the
symmetrical plane of the support frame at the center of rotation. Since there would be little space available for
the interface if the support frame would be rotated by a sloppy hinge, it was determined that the hinge should
become part of the interface. This leads to a design where two V-grooves are located on the support frame, and
one is located on a bridge that is created between the support hinges. Fig. 5.20 shows how the support frame
has a groove that fits an axis with the same diameter as the ball that will fall in the V-groove of the support
hinge. Fig. 5.21 shows the support hinge where the V-groove in the middle is clearly visible.
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Figure 5.20: Kinematic interface on the support frame side. The hemisphere will fit the V-groove of the support hinge and the V-groove of
the support frame shows that it will fit an axis with the same diameter as the shown hemisphere

Figure 5.21: Support hinge with a bridge that has a V-groove in the middle. The axes will mate the V-grooves of the support frame
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Figure 5.22: 3D view of kinematic interface when brought together ~ Figure 5.23: 2D view of kinematic interface when brought together.
It is clearly visible how the interface elements match

Due to time constraints it is not possible to elaborate on the kinematic design in much detail. Figs. 5.22 and
5.23 show how the interface looks when it is engaged. The considerations about the design are summarized
below:

* The precision of the kinematic interface cannot be estimated yet. It is explained in section 6.1 what the
next steps are to make this estimate. Currently it is assumed that the required precision can be achieved,
because this has been shown in several kinematic interface designs in the past.

e The current design is actually not kinematic nor semi-kinematic. It is overconstraint because there are
4 axes coming out of the support hinge. Dropping two of them will result in a semi-kinematic interface
since the axes provide line contacts. It should be investigated whether this is possible.

e It should be researched what lubrication is needed for the hinge to work. Once an estimation of the
friction coefficient can be made, a method for analyzing the allowable preload directions is provided in
[85].

e The interface will work from a thermal point of view if the support frame hemisphere and the support
hinge axes are made out of the same material, and if the remainders of the support frame and support
hinge are made of the same material.

* Since the connection with the hinge fits loosely when no preload is applied, a way of preventing vibra-
tions during launch has to be found. Possibly an HDRM can be used to pull the stowed support frame
in negative Z-direction. This way a preload is applied that suits the kinematic interface. It should be
remembered that the mirror is kept in place with an HDRM as well. Therefore a way needs to be found
to connect the two components while being able to handle the stresses resulting from the launch loads.
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5.4. DESIGN OF THE WINCH MECHANISM

The design of the winch is one of the more challenging aspects of this research. In the first place, because it
involves moving components. In the second place, because it actuates the ribbon that connects two different
subsystems that both need to be positioned very precisely, which was already a challenge when they were still
standalone systems. This leads to a need of frequent discussions between the persons involved with designing
the two subsystems, because it is crucial to understand each others needs.

Subsection 5.4.1 starts by discussing the required properties of the ribbon, from both the viewpoints of the M1
and M2 mechanisms. Then subsection 5.4.2 will discuss the actuation mechanism and gearing of the winch.
In the end subsection 5.4.3 discusses the integration of the winch mechanism with the support frame. An
important focus here lays on the alignment of the ribbon path.

5.4.1. PROPERTIES OF THE RIBBON

The ribbon connects the M1 and M2 subsystems and plays a role of structural importance in both subsystems.
This means requirements flow down from both of these subsystems. Unfortunately the preferences of the
systems contradict, so an optimal balance needs to be found. From vibration analyses performed on the M2
mechanism, it turned out that the ideal ribbon has a high stiffness and a low preload. Fig. 5.24 shows six curves
indicating the frequencies of the first six eigenmodes of the M2 subsystem as a function of ribbon stiffness. All
curves initially grow exponentially, until they move to an asymptote. Based on this graph it has been decided
that the stiffness of the ribbon should be at least 1000 N/mm. The low preload is preferred, because the M2
mechanism makes use of tape spring hinges that may bend if the loads become too high.

Eigenmodes as function of ribbon stiffness
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Figure 5.24: Graph providing the relation between the stiffness of the ribbon and the frequencies of the eigenmodes of the M2
mechanism [108]

Where the biggest challenge of the M2 mechanism is to improve the height of the eigenfrequency, the biggest
challenge of the M1 mechanism is to achieve high precision while thermo-mechanical loads are endured.
Using a kinematic interface, this means one wants to keep the preload as constant as possible with a preload
device that will not transfer operational loads due to (thermal) deformation. This is generally achieved by
using high preloads on compliant (i.e. low stiffness) linkages [31].

At the moment the discussion took place on the requirements of the ribbon, it was forgotten to take the need
for a compliant linkage along in the considerations of the M1 mechanism. Therefore it was decided to aim at
the high stiffness of 1000 N/mm. The contradicting wishes regarding the preload were recognized, but since
it was expected that it would be hard to find a strong winch mechanism that fits in the available space, it was
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decided that the winch should be designed with the highest possible preload. Once the preload is known it
can then be checked whether it exceeds the maximum loads for the tape springs of the M2 mechanism. The
preload should also at least be high enough to stretch the ribbon to the point that it is still stretched after
thermal expansion. This becomes easier if the chosen material has a low CTE, which is a requirement that was
agreed upon from both sides.

The stiffness of the ribbon can be calculated via eqn. 5.3 [103]. The length, L,_;;, is assumed to be roughly
2250 mm. After a couple of iterations the other parameters are defined as shown in tab 5.1. For high stiffness,
alarger w, and ¢, are beneficial, but they are limited by the available space on the support frame extensions
and the power of the motor. The motor is a limiting factor, because a higher thickness will result in a larger
radius of the outer winding around the winch. This radius times the preload forms the torque that should be
overcome by the motor. The chosen material of the ribbon is 'Kevlar 49’ This, because of the high modulus
of elasticity, Ex., = 131 GPa, in fiber direction, the low CTE of -2.0 um/(m — K) in fiber direction, the fact that
Kevlar is known for use in cables due to its capabilities to bend without damage, and the fact that cables of
this material have been in space [103, 109]. According to eqn. 5.3 the discussed properties lead to a tension
stiffness of 582 N/mm.

kor = Wy tyEkey (5.3]
Lr—fin
As discussed in section 4.3.2, the temperature will fluctuate within a range of +- 1 K. With the CTE of Kevlar
49, this means that a temperature variation over the full range (2 K) will result in a longitudinal expansion of
the ribbon of 9 um. This has an effect on the preload, but how much of an impact it has depends on the winch
mechanism.

To conclude this subsection, the properties of the ribbon are shown in tab. 5.1. As discussed, the choice of
tension stiffness is mostly based on what is suitable for the M2 subsystem. It is assumed that it will also be good
for the properties of the M1 subsystem from a vibrations perspective. Furthermore it is not yet determined
what the effect of the stiffness is on the variation of preload, and thus the precision of the kinematic interface.
The positive influence of high stiffness on the vibrational stability is an assumption because it has not yet
been investigated what the relation between ribbon stiffness and the coupling of vibrations of the M1 and
M2 systems is. It is recommended to model the relation between spring stiffness and preload variations in
ANSYS and to look into literature to find more information about the coupling of vibrations through cables
and the relation of this phenomenon to cable stiffness. Only then it is possibly to make a well-advised trade-
off between the desires of the M1 and M2 subsystems to find the most optimal ribbon stiffness.

Table 5.1: Table summarizing the properties of the Kevlar 49 ribbon

Kevlar 49 ribbon properties

Property Symbol Value Unit
Maximum length winch to boom (only M2 deployed) Ly_max 2725 mm

Final length winch to boom (M1 and M2 deployed) Li—fin 2250 mm

Width wy 10 mm
Thickness ty 1 mm
Young’s modulus E, 131 GPa
Tension stiffness ksr 582 N/mm

CTE CTE, -2 pml/(m-K)
Change in length for 2 K change in temperature ALy_gq7 9 um

5.4.2. ACTUATION MECHANISM OF THE WINCH

The actuation mechanism of the winch is the device that creates the preload on the ribbon. Its major task is
to provide a preload that is as constant as possible and at least overcomes the 9 um of stretch in the ribbon
that may result from thermal expansion. Concerning the location, it should be attached to the support plate,
rather than the spacecraft bus, to limit the amount of components that can influence the tension on the line.
Furthermore it should be placed on the bottom of the support frame or at a location where it can go through a
cutout in the support frame.
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Before considering actuation devices it is important to know that it should be able to retract a relatively long
part of the ribbon. This is a result of the deployment sequence. The M2 mechanism is the first one to be de-
ployed, because the part between the booms that holds the secondary mirror, is located such that the primary
mirror segments cannot fully deploy. Hence, once only the M2 mechanism is deployed, the length of the rib-
bon is 475 mm longer as compared to a state where also the M1 mechanism is deployed. This is shown in fig.
5.25.

Figure 5.25: Length of the ribbon when only the M2 mechanism is deployed versus the length of the ribbon when the M1 and M2
mechanisms are deployed. The difference is 475 mm

In the first place it is preferred to have a passive winch mechanism, i.e. it should act once the HDRM releases
the M1 mechanism and keep everything in place without further active control. The only device able to do that
after pulling in a ribbon is a mainspring. Unfortunately the mainspring would store so much potential energy
that it snaps back too hard, once the M1 mechanism is released. Also, the tape spring of the M2 mechanism
may be too weak to fully deploy as the mainspring load grows during its deployment.

The only alternative option is to make use of a motor. It has the benefit of good control over the deployment,
but also brings some disadvantages:

* 1. Motors are a heavy solution compared to springs.

e 2. The torque capacity of a motor scales with size and power usage. This means that the available torque
will probably be limited, considering that there is little available space, and that eight of them will need
to work, and thus consume electrical power, simultaneously.

* 3. Motors such as a stepper motor can have a relatively high holding torque, but that requires electrical
energy. If a motor contains permanent magnets, a so called 'detent torque’ remains after the motor is
turned off. This is however very low and will not be suitable for preloading the ribbon.

The first disadvantage is something one simply needs to accept to make this concept work. The second and
third disadvantages can be counteracted by using certain kind of gears. Gears and gearboxes are generally
used to increase the torque capacity of a motor in return for losing speed. This is not a problem, since there is
no time limit on the deployment sequence. On the contrary, it is even beneficial since the release speed of the
ribbon determines the deployment speed of the M2 booms. This way the winch can serve as a damper for the
M2 deployment mechanism. The ’gear ratio’ is the multiplication factor that indicates how much more torque
there is on the output side with respect to the input side, or how much slower the output side rotates with
respect to the input side [110]. This is shown in eqn. 5.4. In general gear ratios are expressed as [multiplication
factor]:1, but in equations like eqn. 5.4 one applies the multiplication factor.

Toutput _ Winput

GR= (5.4]

Tinpur  Woutput
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By increasing the torque capacity with gears one may see how problem two can be counteracted, but this is
not a solution to problem three. This problem can only be solved when worm gears are the type of choice. Fig.
5.26 shows a picture of a worm gear, consisting of a worm and a worm wheel. The major advantages of a worm
gear are the fact that it can be put in motion via the worm, but not via the worm wheel, and that it allows a
very high gear ratio. This means that the motor can actuate by turning the worm, but that the ribbon cannot
rotate the worm wheel, and that the torque of the motor possibly can be increased to the required value. The
disadvantage of a worm gear is the low transmission efficiency, which is the result of the large sliding surfaces
at the interface between the worm and worm wheel.

WORMSHAFT

Figure 5.26: Drawing of a worm gear with the basic terminology [111]

Since no other option has been found, a worm gear with motor will be used to actuate the winch. There is a lot
to consider when picking the right motor and worm gear. This is done separately below.

MOTOR SELECTION

According to experts in the field, one should always use Direct Current (DC) motors in space. To be more
precise, either a brushless DC motor with permanent magnets or a stepper motor [112, 113]. Comparing the
characteristics of several suppliers of the two types of motors, a stepper motor comes out as the best solution
[114-117]. Brushless DC motors are designed for continuous rotation at medium to high speed, while stepper
motors perform good at low speed and are suitable to move one step at a time. Comparing the characteristics
it was obvious that for same size, same stall torque motors, stepper motors consume way less power.

Two suppliers of stepper motors with space heritage are CDA InterCorp (CDA) and Avior Control Technologies,
Inc (ACT). They both provide stepper motors with a size that fits in the available space. As a starting point a
motor will be selected that fits between the satellite bus and the support frame, a distance of 35 mm. Although
it was stated above that the motor may be positioned such that it goes through the support frame, doing this
will limit the design space for the mirror calibration actuators and the athermalization mechanisms. Although
it seems like it is clear what space will be used in the next section, this is based on a very early estimate of the
person developing the calibration mechanism. The location of the calibration actuators may need to shift in
the future and that becomes a lot harder if the motors already occupy parts of the available space.

The 35 mm space cannot be used in its entirety by the motor. First a 5 mm clearance goes off, to leave space
for deformations due to launch loads. Furthermore, there needs to be space for a motor mount, and it was
found that the axis should be slightly further away from the support frame than the center of the remaining 30
mm. This, because the winch will be placed in between the worm wheel and the support frame. Therefore the
smallest motors of CDA and ACT, both with a diameter of 19.1 mm, were assessed more thoroughly to decide
which motor will be selected.

Although the diameters are equal, the motors differ a lot in their other dimensions and characteristics. Where
the CDA motor comes with a provided length and four options for the required stall power (and so the available
torque), ACT provides a choice between three different lengths, with for each length the choice between three
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different stall powers. The options are summarized in tab. 5.2. In this table the 'holding torque’ is the torque
the motor generates when standing still. This is the highest torque it can deliver, but it also requires the most
power, ’stall power, compared to other states. During the retraction of the cable, little torque is required,
so this data was presumed irrelevant for this table. However, providing preload at the end of the retraction
is important. This can be done at a low speed, where the highest torque can be generated for an operational
state. Thisis called the 'low pulse rate torque’. To conclude it should be mentioned that the apparent difference
in motor performance is the result of integrated gearboxes in the ACT motors. The longer lengths of the three
different sizes are the result of larger gearboxes with higher gear ratios. The 'N##’ part of the motor codes
provides the gear ratio of either 8, 64, or 216. When dividing the provided torques by the corresponding gear
ratios, one finds that the torque values of the ACT motors are similar to the ones of the CDA motors with
comparable stall power.

Table 5.2: Table presenting characteristics of the 19.1 mm diameter motors of CDA and ACT. The selected motor has a bold font

Supplier Motor code Length Mass Stallpower Holdingtorque Low pulse

rate torque

[mm] (8] w] [mNm] [mNm]

CDA* 12-2P6-06 19.81 37.00 6 15.7 11.1
CDA* 12-2P6-10 19.81 37.00 10 20.3 14.3
CDA* 12-2P6-20 19.81 37.00 20 28.7 20.3
CDA* 12-2P6-30 19.81  37.00 30 35.1 248
ACT* B62S-08N08-06 52.50 58.97 6 120 70
ACT* B62S-08N08-12 52.50 58.97 12 170 100
ACT* B62S-08N08-18 5250  58.97 18 210 120
ACT* B62S-08N64-06 71.00 86.18 6 960 490
ACT* B62S-08N64-12 71.00 86.18 12 1350 750
ACT* B62S-08N64-18 71.00 86.18 18 1660 940
ACT* B82S-08N216-06 89.50 104.33 6 3230* 1550*
ACT* B82S-08N216-12 89.50 104.33 12 4570% 2350%
ACT* B82S-08N216-18 89.50 104.33 18 5590% 2970%
*[116]

+ ~
[117]
¥ Theoretical torque ratings. Brochure is from 2014, so possibly verified in meantime

Since no motors without integrated gearbox are found in the ACT catalog, it is clear that CDA provides the
most compact and lightweight motors, but that the provided torque is very low compared to the ACT motors.
This also means that the power usage for a given torque is much lower for the ACT motors. When looking to
the final winch design in fig. 5.27, one sees that there is plenty of space left for a longer motor, but in the first
design iterations extra length did give problems. Therefore it was decided to go with the 12-2P6-06 CDA motor.

It was hard to find an appropriate worm gear that provided an acceptable torque in combination with this
motor, but a possible solution has been found. The design is left as it is right now, because there are too many
unknowns to select the right motor. It is however good to know that all CDA motors and the smallest size
motors of ACT would fit. Also the middle size can fit with a minor design change where 3 mm extra space is
added between the motors. Once the power budget is defined and the design is mature enough to know how
influential the motor choice is for meeting the mass budget, the right motor can be selected. Keep in mind
that all winches will need to work at the same time, so the total required power should be eight times the stall
power.

WORM GEAR SELECTION

As explained before, a worm gear is used if one wants to make sure motion can only be generated via the input
side. This is exactly what one needs to pull in a ribbon with a motor, of which you want to shut off the power
once the ribbon is in place. The other benefit is that one can create high gear ratios fairly easy. This comes
from the fact that for each full rotation of a single start worm (most common type), the worm wheel will rotate
by one tooth. In other words, the gear ratio is equal to the amount of teeth on the worm wheel.
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Figure 5.27: Final winch actuator assembly mounted on the support frame. The width of the selected motor is indicated in yellow

Unfortunately it is not possible to simply pick a size for the worm wheel and come up with a certain amount
of teeth. The teeth of the worm and the worm wheel need to match. The industry therefore uses a unit called
the module [118]. Imagine the teeth taken of a gear to lay them down in a straight line, as shown in fig. 5.28.
The pitch is then the distance between corresponding points on adjacent teeth, and the module is this pitch,
multiplied by 7. The radius of the worm wheel is determined by the modulus and gear ratio and scales linear
with both of them.

Module (m)

m=1(p=231416) ANNNN m=1

m =2 (p=62832)

m=4(p=12566) /_W\f\f\ m=2

If you multiply Module by Pi, you can obtain Pitch (p)

Pitch is the distance between corresponding points on adjacent teeth
p = Pix Module = tm m=4

Figure 5.28: Figure explaining the meaning of the module of a gear [118]

The selection of the right gear is an iterative process, because for most of the properties there are only a couple
of standardized values. It is a matter of finding a mix of available values that lead to a good result when putting
them into eqn. 5.5:

Fpl'rwin:Tin‘GR‘n [5.5]

Here F),; stand for the preload force, ;5 for the radius of the winch when the ribbon is fully rolled in, Tj, for
the input torque (the low pulse rate torque of the motor) GR for the gear ratio, and 7 for the efficiency of the
worm gear. When looking to the equation, it equals the torque created by the preloaded ribbon on the left side
to the motor torque that remains after passing the worm gear on the right side. T;, is provided in tab. 5.2 as
11.1 mNm (in the right column). This is the only parameter that is already known.

7 needs to be estimated, since most suppliers provide little information about it. This is also because the
efficiency is dependant on factors such as the rotational speed, the module, and the chosen lubrication. The
only supplier that provides information on this is Kohara Gear Industry Co.,Ltd. [119]. In the tables provided
on their website, it becomes clear that lower rotations per minute (rpm)s and lower modules lead to lower
efficiencies. At the end of deployment, the rotational speed will be very low to generate a high torque, which
is not beneficial from an efficiency point of view. The closest value in the reference table for an approximation
is an efficiency of 30 % at a rotational speed of 100 rpm for a gear with a modulus of 0.5 (the modulus of the
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final design). Since the motor may rotate slower and one wants to keep a conservative estimate, an efficiency
of 27.5 % is chosen.

The minimum required preload force follows from the ribbon properties described in subsection 5.4.1. Due
to temperature variations the ribbon will stretch 9 um in the assumed worst case scenario. With a stiffness of
582 N/mm this means the required preload for compensating this motion is 5.238 N. However, when looking
for the right worm gear, the dimensional limitations of the ribbon where not known yet, so it was still assumed
the stiffness of the ribbon was 1000 N/mm. This leads to a compensating preload of 9 N. This would however
mean that after the expansion in the worst case scenario, the line is on the edge of being in tension at a preload
of exactly 0 N. Since it was not known yet what preload is required for the kinematic interface, the twofold of
the calculated corrective preload was selected as a starting point. This is a value of 18 N.

With the values derived so far, eqn. 5.5 can be rewritten as eqn. 5.6:

F T
GR="L" 5 9ruin (5.6]
Tin'n

r'win is mostly an open design parameter that can be made fit to the available gear ratios, but there is a mini-
mum diameter that can be calculated. First, the winch should fit around the hub of the worm wheel (smaller
disk of the worm wheel without the gear teeth) that forms the first part of the radius. The second part comes
from the thickness of the winch part. The third part comes from the ribbon itself. The high torque is needed
once the ribbon is retracted. This means multiple layers of ribbon will add to the effective radius of the torque.
At first it was assumed the worm wheel hub will have a radius of at least 7.5 mm. The actual winch connected
to it is assumed to have a thickness of 4 mm, considering a connection to the shaft needs to be made and that
the end of the ribbon should be connected properly as well. The additional thickness can be found by trying
different values for N in eqn. 5.7:

Ly rern = Z 27 (Fpyp + tw + (I — E) [5.7]
i=1

Here L,_ ;¢ stand for the retracted ribbon length after N windings, ry,,; for the radius of the hub of 7.5 mm,
t,» for the thickness of the winch of 4 mm, and ¢, for the thickness of the ribbon of 1 mm. The i — % is because
one should measure the radius towards the center of the outer winding, which is half the ribbon thickness
inwards as seen from the outside. Trying this formula for different amounts of winding, one need to look for
the first value after a retracted line length of 450 mm. This is found to be after 6 windings with a retracted
length of 547 mm. When i = N, the part between brackets of eqn. 5.7 represents the minimum value of 7y,
which is 17 mm. According to eqn. 5.6 this means the gear ratio must be higher than 100.3:1.

Looking on the websites of worm gear suppliers, the closest standard gear ratio is 100:1. This is however below
the calculated value, so the next standard value of 120:1, or for two of the suppliers 125:1 [120-125], seems more
suitable. For all companies, except for ’'Ondrive’, the smallest module for which this gear ratio is available is 1.
With a module of 1, the diameter of the worm wheel is equal to the amount of teeth, or 120 mm. This is not
necessarily too big, but the space it requires will definitely limit the design freedom. Therefore it was chosen to
look into the worm wheels offered by Ondrive [125]. This company produces backlash free worm wheels with
amodule of 0.5 with gear ratios that go up to 250:1.

Looking at their 120:1 worm wheel with a 0.5 modulus, one notices that the hub diameter is actually 30 mm.
Filling this into eqns. 5.7 and 5.6, one finds that one now actually requires a gear ratio of 133:1. Even reducing
the thickness of the winch by half does not lead to a required gear ratio below 120:1. After a couple of calcu-
lations with the available Ondrive worm gears, it was found that the paradox could not be solved. If one picks
a worm wheel with a higher amount of teeth, it also has a wider hub, meaning a higher gear ratio than the
amount of teeth is required. Playing around with the available gear dimensions, the values of the parameters
in eqns. 5.6 and 5.7, and considering the available space, a compromise has been made. The 150:1 ’ABPWGO0.5-
150-1’ gear with a 45 mm diameter hub and a 75 mm diameter was selected, together with a decreased winch
thickness of 2.5 mm. This leads to a preload of 16.65 N. The worm that mates with this worm wheel is called
the PSW0.5-1.
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5.4.3. INTEGRATION OF WINCH MECHANISM WITH THE SUPPORT FRAME

Now that the properties of the ribbon, the type of motor, and the type of worm gear are determined, they need
to be integrated with the rest of the design. There are many factors that influence the integration options. Both
the design of the actuator mounting and the design of the ribbon path bring their own challenges. They are
discussed separately below.

INTEGRATION OF THE WINCH ACTUATOR

As a first step it is useful to make an assembly file in Catia where the motor, worm, and worm gear are con-
nected. This allows one to play around with the location of this assembly with respect to the support plate, to
find suitable locations more easily. A suitable location meets the following requirements:

e The actuator assembly shall stay out of the clearance circle of the HDRM.

* The actuator assembly shall stay as close as possible to the root of the support frame for a better resis-
tance against vibrations.

* The ribbon shall be winded via the outer side of the worm wheel to generate as little twist in the ribbon
as possible.

e The outer side of the worm wheel shall be located near the edge of the support frame to generate as little
twist in the ribbon as possible.

e The actuator assembly shall be located such that the axis of the worm wheel, plus an additional clearance
for a bearing, are not located at the same location as the athermalization pockets (see section 5.5), as
seen in the XY plane of the support frame.

Taking these requirements into account, an initial location for the actuator assembly was chosen as shown
in fig. 5.29. The motor and worm wheel are placed close to the root to move the weight as far as possible
towards the satellite bus. This location gives no problems by interfering with the HDRM mechanism or the
athermalization pockets.

Figure 5.29: Sketch of support frame shape with athermalization pockets (dashed box with 2 circles in it) and the initial positioning of the
winch assembly, indicated in orange
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From here the mount of the actuator can be designed. The mount should hold the motor, worm, and worm
wheel in place, both during launch and operations. To survive the launch loads, it is best to make a ring
surrounding the motor at its long end, that is attached to the support frame. From there the bottom of the
plate can be extended to do the same for the end of the worm. Assuming the axes of the motor and worm are
connected before they are put into the mount, two full rings would make it impossible to insert the motor and
worm in the construction. Therefore it has been decided to divide the mount in a bottom and a top part that
can be bolted together. The bottom part designed thus far is shown in fig. 5.30.

Figure 5.30: Part of the bottom mount that holds the motor and (bearing of) the worm. The holes in the worm holder and the upper hole
on the motor side are for the bolts to the top mount. The four remaining holes on the motor side fit the interface plate of the motor.

The more difficult part is to make the mount hold the worm wheel, since it is relatively big and needs to be
kept in place by the mount at the top. The bottom of the worm wheel can be connected to the support frame
with a bearing. It is assumed that making a triangular structure between the end of the worm wheel axis, the
worm axis, and the motor is too weak to keep everything in place. Therefore a pillar is created on the bottom
mount that forms a triangle around the worm wheel with the worm and the motor. This is shown in fig. 5.31.
The pillar connects both the top and bottom part of the mount.

Figure 5.31: Left: sketch indicating how the structure of the bottom mount moves around the hub of the worm wheel (inner white circle)
- Right: final design of bottom mount, including holes for bolts to the support frame

From the tree corners, the top mount makes a triangle again, as well as three direct connection to the top of
the worm wheel, as shown in fig. 5.32. This figure shows the final design of the top mount.

In figs. 5.31 and 5.32, final designs of the two mount parts have been shown. In reality first the height of the
mount parts was tuned to arrive at the current design. As discussed before, the maximum height of the mount
is 30 mm. The further dimensions are determined by the worm wheel and ribbon dimensions. The width of
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Figure 5.32: Left: isometric view showing the top of the final top mount design - Right: isometric view showing the bottom of the final top
mount design

the hub is 10 mm. The winch surrounding it should however be wider, since the ribbon with a width of 10 mm
should fit in. One wants to create two guidance walls around the ribbon, to prevent frictional contact with the
worm wheel or the bottom part of the mount. For this a thickness of 1 mm has been chosen. This leads to a
required width of 12 mm. However, one needs some additional space, because the winch may not touch the
support frame and because there needs to be room to fit a bearing at the interface with the support frame.
Therefore a width of 15 mm has been chosen between the support frame and the worm wheel part with the
teeth.

This part with the teeth has a so called face width of 5 mm. The axis should stick out a bit on top of that to fita
bearing, which is on its turn covered by the top part of the mount. It has been decided to extend the axis for 5
mm on top of the worm wheel. In total that makes 25 mm. Fig. 5.33 shows these dimensions and the resulting
height of center of the toothed part of the worm wheel of 17.5 mm. This naturally also becomes the height of
the worm and motor axes.

The thickness of the top mount is determined by the available room between the top of the motor interface
and the 30 mm boundary. As shown in fig. 5.33 this leads to a thickness of 2.975 mm, meaning that a 2.025
mm distance remains between the axis and the mount to fit a bearing.

Figure 5.33: [Section view of the winch assembly, indicating the most important dimensions

The final design step to conclude the winch assembly is to define the connection with the support frame. Now
the shape of the mount is known, it is re-positioned to a location where it can be bolted into the support frame
without interfering with the athermalization pockets or the HDRM clearance. The isometric view of the final
winch assembly is shown in fig. 5.34 and the new support frame design that matches it is shown in fig. 5.35.
Fig. 5.27 shows what an assembly of the support frame and the winch looks like.
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Figure 5.34: Left: isometric view showing the top of the final winch actuator assembly - Right: isometric view showing the top of the final
winch actuator assembly

Figure 5.35: Bottom view of the support frame design that includes an interface to bolt the winch actuator assembly
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INTEGRATION OF THE RIBBON

Designing a proper path for the ribbon is harder than it seems. Rather than just running it from the winch to
a hole in the support frame and further to the top of a secondary mirror boom, one needs to think about how
to achieve exact constraints. An overconstrained design will lead to friction between the edge of the ribbon
and the guidance rails or will lead to derailing of the ribbon. To prevent this a look has been taken into exact
constraint web design, the theory applied to conveyor belt design. The web is another word for the conveyor
belt, or in this case the ribbon.

The book of Blanding on exact constraint design [35] devotes a whole chapter on the constraint web design
theory with many examples of how to apply the theory in practise. Relevant terminology from this book are
the rollers, the round shaped objects that steer the direction of the web, the Web Plane Diagram (WPD), a 2D
representation of the web and the elements it interacts with (see fig. 5.36), and gimballing, allowing a roller to
pivot freely about an axis parallel to the incoming span of the web (see fig. 5.37).
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Figure 5.36: 3D sketch of a web design constrained by an edge Figure 5.37: Web design of fig. 5.36, but now with a gimballed roller
guide (A), a perpendicular roller (B), and a misaligned roller (C), B, accompanied by the corresponding WPD where one can see that
accompanied by a 2D representation in the form of a WPD [85] roller B effectively becomes a hinge [85]

Blanding explains that the constraints do not change if a web is twisted around its longitudinal axis and that
one only has to take into account the roller angle with respect to the longitudinal web axis in the plane of
the web: "... we are not concerned with constraints that control where the plane of the web is, only with those
controlling where the web is in its plane." [85]. This is convenient for two reasons. First this means that a design
can be represented in 2D in the form of a WPD (bottom sketches of figs. 5.36 and 5.37). A second advantage
of Blanding’s observation is that one is only has to be concerned about controlling three Degree Of Freedom
(DOF), X-translation (longitudinal direction of web), Y-translation (cross-track direction of the web), and Z-
rotation (in plane rotation of the web). In practise one actually wants to allow free movement in X-direction,
meanings only 2 DOFs need to be constrained.
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In the WPDs the black lines with the dots on both ends indicate the direction of constraint imposed on the
web. For an edge guide the imposed constraint is per definition in Y-direction (see book for explanation) and
for rollers this is in the direction of the roller axis, which is preferred to be in Y-direction since one does not
want to constrain in X-direction. The claim that the rollers impose a constraint in the direction of their axis
comes from the assumption that the web is pressed against the rollers, which exert a radial force that generates
enough friction to prevent the web from moving in Y-direction. Assuming a rigid web and two rollers or edge
guides, the instant center of rotation can be found at the intersection of the two constraint lines, as shown in
fig. 5.38. If one wants to prevent rotation, one needs to make the axes parallel, so the instant center of rotation
is located at an infinite distance. This would be the case if roller C is removed from fig. 5.36. When using
more than two rollers or edge guides, the system will be exactly constraint as long as all constraint lines point
to the same instant center of rotation (preferably at infinity). In practise it is impossible to align all elements
perfectly, meaning that a design with more than two constraining elements is per definition overconstraint,
because now multiple instant centra of rotation are defined. This is the case in fig. 5.36 with an exaggerated
misalignment of roller C, leading to different centra of rotation for the A-B, B-C, and A-C constraint pairs.
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Figure 5.38: Sketch of two misaligned rollers. The intersection of Figure 5.39: Example of a flanged roller. Flanged roller should not
their constraint lines forms the instant center of rotation [85] be used since they are per definition overconstrained [85]

=

This can be counteracted by gimballing one of the rollers, as shown in fig. 5.37. By gimballing one adds an
extra DOF that can be represented in a WPD as a joint just downstream of the rolling element. The gimball
rotation does not provide problems, because as said before, twist does not affect the constraintness of the
web. The center of rotation of span A-B in fig. 5.37 will now be determined by the constraint lines of edge
guide A and roller B. Span B-C is now laterally constraint at roller B, and rotationally by roller C. Since every
gimballed roller provides one degree of constraint, but also one additional DOF, a series of gimballed rollers
can be made while keeping the design exactly constraint. There is however one important note: only if the
upstream and downstream direction of the gimballed roller are orthogonal, it can be represented as a perfect
joint in the WPD. A 0° or 180° wrap would not work at all. Blanding suggests a rule of thumb that gimballing
only works for wraps of 90 +- 45°.

Between two constraining elements it is also impossible to create perfect alignment and therefore an instant
center of rotation is always present at a finite distance. If the axes are nearly perfectly aligned one can imagine
that the web will need to roll a very long distance before it will rotate such that it glides of the roller. For con-
veyor belts this is a serious concern, because they are usually designed to roll in the same direction for their
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entire operational life. For an application like the ribbon winch this may not be a concern, because the rolling
distance is relatively short, which means the misalignment may not cause a significant web rotation over the
length of this motion yet. If the rotation is a concern there are ways to prevent this. One’s first instinct would
probably be to use flanged rollers to guide the web back if it wants to rotate. This is however a wrong though
since a flanged roller is per definition overconstraint, because the flanges act as two edge guides, adding two
more constraints that are superimposed. An example of a flanged roller is provided in fig. 5.39 with a prohi-
bition sign to emphasize it should not be used. The only exception where flanges can work is the case where
the web is allowed to slip due to a low web tension and/or low wrap angle. In fact it is technically not a roller
anymore, but a so called non-rotating shoe. A non-rotating show falls in the category of zero-constraint web
supports, but is usually the worst choice of the available options. As the name implies, zero-constraint web
supports impose no constraints, which allows one to use edge guides or flanges. Other types are air bearings,
axially compliant rollers, and castered rollers. They are not discussed in this thesis, but more information is
available in [85].

When the ribbon design was made, the theory of the book of Blanding was not yet known. A discussion with
prof. Just Herder led to the knowledge that twisting is not a problem as long as the rollers are perpendicular to
the rolling direction of the ribbon in the local ribbon plane. This led to the design philosophy that the path of
the ribbon should conform to the first and third design practises of fig. 5.40.
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Figure 5.40: Four cases of a ribbon brought in tension between differently located rollers
1. Straight connection between two parallel rollers that are perpendicular to the ribbon center line
2. Straight connection between two parallel rollers that are not perpendicular to the center line, resulting in unwanted shear forces
3. Ribbon is twisted 90°, which is no problem since the roller axes are perpendicular to the center line of the ribbon
4. Equal to case 2, but with one roller twisted by 90° (around the vertical axis of the figure), which again results in unwanted shear forces

Following the design philosophy, one finds that at the bottom side of the support frame, a wedge is needed with
a height that matches the winch. The direction of the axis of the edge on top of the wedge has been determined
by making it perpendicular to a line drawn from the winch, as shown in fig. 5.41. The ’effective radius’ of the
winch of 27.5 mm is chosen to be the one that goes to the center of the outer ribbon after it is fully retracted
(so with three windings). As a result the wedge axis does not have a perfect perpendicular angle if the ribbon
is rolled out. With the current knowledge it is recommended for the next researcher to find out whether the
rotation will lead to problems over the limited distance that the ribbon will roll. If yes, it is suggested to look
into gimballing the wedge.

The wedge is made such that the round edge stops at half the ribbon thickness from the axis of the ribbon
hole, because one should align the center line of the ribbon. This leads to the wedge design of fig. 5.42 with
the alignment as shown in fig. 5.43.

With the same reasoning, the other side of the hole is shaped. A line has been drawn from the top of the M2
boom to derive the direction of a perpendicular axis for the rounding into the ribbon hole. This time the round
edge is cut out of the support frame, since no wedge is needed to match heights. Looking at the hole alignment
as seen from the top of the support plate in fig. 5.44, one can clearly see how the ribbon will twists in the hole.
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24

Figure 5.41: Sketch to create the right angle of the wedge to prevent  Figure 5.42: Wedge to guide the ribbon trough the hole. Note that
shear force in the ribbon the wall on the ribbon side does not go down straight after the
rounding, because that would obstruct the twist towards the other
end of the hole

Figure 5.43: Left: figure showing the alignment of the wedge height with the winch - Right: figure showing the alignment of the wedge
edge with the ribbon hole
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Since the angle of the ribbon will change slightly with respect to the round edge, it is again recommended to
find out whether gimballing is required.

A final note is that at this point the wedge contains self-made flanges and that the edge into the ribbon hole
has flanges imposed by the edge of the hole. As discussed in the theory this leads to an overconstraint design.
Therefore it is recommended to either get rid of the wedge flanges and insure that the ribbon does not rotate
away from the wedge or against the side of the edge of the ribbon hole over the required rolling distance. If this
is not possible the two elements should be made such that they act as zero-constraint web supports.

Figure 5.44: Figure showing the alignment of the edge on the top side of the support frame with the M boom and the wedge on the other
side of the ribbon hole

5.5. ATHERMALIZATION OF THE M1 MECHANISM

Athermalization is a crucial factor in the design of the M1 mechanism. The budgets are very tight with an
allowed deviation due to thermal effects of 20 nm in X-, Y-, and Z-direction per orbit (see tab. 4.2). With a
measuring tool in the drawing software Catia, a distance between the bus and the outer calibration actuator
of 385.49 mm has been measured, as seen from the XY-plane of the support frame reference system (fig. 2.9).
With an assumed CTE of 1 um/(m — K) (section 4.2), this would mean the actuator will expand 385 nm/K. To
stay within the budget of 20 nm this means that the temperature should be controlled with a 52 mK precision.
Temperature control to this degree is unfeasible within this project and therefore athermalization is needed.
Note that in the remainder of this section all dimensions are located in the support frame reference system.

Subsection 5.5.1 will explain how athermalization was initially applied by making use of simple CTE compen-
sation. After the new design of the support frame was made and a calibration actuator concept had been
chosen, it was possible to finish the athermalization. It is however found that the previous method cannot
compensate thermal expansion in all directions. Subsection 5.5.2 explains how a circular expansion solution
is able to do this. Finally subsection 5.5.3 provides remaining considerations and recommendations for further
research.

5.5.1. ATHERMALIZATION BY CTE COMPENSATION

From the theory discussed in subsection 3.3.1, the idea came to keep the location of the calibration actuators
in place by using an aluminum plate to compensate for the motion of the support frame. It is assumed that
the support frame has a 1 um/(m — K) CTE in Y-direction, while aluminum has a CTE of 23 um/(m — K). Fig.
5.45 is a version of the bottom example of fig. 3.30 with the numbers that apply for the support frame and
the aluminum plates. Here Ly is the distance between the satellite bus and the desired actuator location in Y-
direction. This value is provided by the current design. The connection point between the aluminum plate and
the CFRP support frame (right side of fig. 5.45) will be called the 'plate-frame connection’. According to eqn.
3.6 the length of the aluminum plates between the desired actuator location and the plate-frame connection
(L2) should be 1/22 of Ly. From this it follows that L, equals 23/22 of Ly. At the bottom of fig. 5.45 a sce-
nario is sketched where the aluminum plate and the support frame undergo thermal expansion. The formulas
describing DeltaL on the right side correspond with the AL of eqn. 3.2.

Note that there are two important assumptions on which the athermalized design is based. First it is assumed
that the satellite bus itself does not expand. Now design effort went into the satellite bus, other than making
some thin walls around a volume that fits the internal part of the optical system. Since the internal optical
system is extremely sensitive to small misalignments, it is expected that the satellite bus will be designed such
that it is athermalized by passive or active means. Second it is assumed that the support hinge is made out of
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the same CFRP material as the support frame with the optimized direction in the Y-direction of the support
frame reference system. In other words, the optimized direction makes an 8° angle with the line perpendicular
to the wall of the satellite bus and in the representation of fig. 5.45 it is included in length L,, since it now has
a CTE of 1 um/(m — K) in this direction as well.
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Figure 5.45: The upper construction shows the initial dimensions for the CFRP and aluminum frames, connected on the right side. The

lower construction shows the same construction after a temperature increase, from which it becomes clear that Ly is not influenced by
temperature changes
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Since the direction of thermal expansion needs to be controlled with high precision to meet the budgets, an
interface is needed that can achieve such precision. A kinematic interface is the most likely option to achieve
this. Inspired by the kinematic interface of fig. 3.35, the aluminum plates that carry the actuators are made
with three grooves that fall on three spherical elements that are connected to the support plate. This is shown
in fig. 5.46. Rather than using a physical plate-frame connection for the alignment of the two components
at L;, the kinematic interface is designed such that this location forms the thermal center of the components.
The thermal centers are indicated by a single orange cross (without a white line intersecting them) in the figure.

If the temperature increases, the support frame will expand, moving the kinematic interfaces further towards
the nose. The aluminum frame will expand radially from the thermal center in the opposite direction, to main-
tain the location of the actuator. This actuator location is represented by the orange crosses with intersecting
white lines in fig. 5.46.

The reason that this principle is shown on the A-shaped support frame, is because athermalization in the de-
scribed way is only applied in this version of the support frame. Thermal expansion happens in all directions,
so not only in Y-direction. The athermalized design was not yet finished when the concept was changed to the
final one. Therefore it was not yet found that this method does not work for compensation in X-direction. The
final method is discussed in subsection 5.5.2, but first the correction in Z-direction is discussed, since this is
the same for both methods.

Fig. 5.46 shows how a correction in Z-direction is applied by sinking the kinematic interface into the support
frame to alocation where the expansion of the support frame (downward if below the center line of the support
frame) compensates the expansion of the aluminum plates. As a starting point it has been decided to make
the radius of the spherical surfaces, Tsphy» 3 mm. To be able to fit the grooves, the plate thickness, f4p, is made
8 mm. Also a clearance gap, dgap, of 1 mm is kept between the aluminum plate and the support frame. These
dimensions are visualized in fig. 5.47. It is assumed that only the plate is made out of aluminum and that
the rest is all made out of CFRP, including the spheres. As discussed in section 5.3, it is initially assumed that
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Figure 5.46: Left: A-frame with pockets containing three spheres each to create a kinematic interface. The orange crosses intersecting the
white lines indicate the actuator locations (Lg), whereas the other orange crosses indicate the thermal centers of the kinematic interfaces
(L1) - Upper right: aluminum actuator plate with V-grooves that fall over the spheres - Lower right: assembly with the A-frame and the
aluminum plates, in which the plates near the root are lifted

CTE;frp-per =10-CTE frp—op: (€qn. 5.1), or in this case 10 um/(m — K). Note that the provided dimensions
are arbitrarily chosen dimensions that fit the available space. Since it is not known what the dimensions of the
actuators will be, the task to optimize the interface and aluminum plates is postponed. By then hopefully more
is known about the actual thermal and mechanical properties of the CFRP so that the design can be optimized
right in one go. Finishing this optimization is a highly recommended task for the future.

Aluminum

Figure 5.47: Drawing indicating the dimensional parameters and materials of the athermalized kinematic interface

With fig. 5.47 and the provided CTEs, one can now calculate how deep the kinematic interface should sink into
the support frame. As seen from the center line of the support frame, the bottom of the kinematic interface will
expand downwards when heated. The spheres and the aluminum plate will from there expand upwards when
heated. These thermal expansions need to be equal to keep everything in place. The change in the distance
between the center line of the support frame and the bottom of the kinematic interface, dsf, xin, due to a
temperature change can be calculated via eqn. 5.8. The change in distance from the top of the aluminum
plate to the bottom of the kinematic interface, d;qp—kin, is described in eqn. 5.9. When equalizing these two
equations the AT term drops. Solving for d¢jsf—pkin, as shown in eqn. 5.10, leads to a value of 13.88 mm.
Including the half of the support frame above the center line, this means that the pockets for the kinematic
interface will need to be 28.88 mm deep, as was shown in fig. 5.46.
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Adclsf—bkin = dclsf—bkin : CTchrp—per ‘AT [5.8]
Adm]a—bkin = (dgap + Tsph \/E) : CTchrp—per AT + (tap —T'sph \/E) -CTEqpy AT [5.9]

(dgap + rsph\/z) . CTchrpfper + (tap - rsph\/z) -CTE,y
CTchrp—per

deisf—pkin = (5.10]

5.5.2. ATHERMALIZATION BY STEERING TOWARDS CIRCULAR EXPANSION

The design described above has been made for the A-frame, before it was known what the final concept would
be. In the meantime a new support frame has been designed and the person in charge of the calibration
mechanism design has chosen a concept with preliminary dimensions. Before moving on with the improved
athermalization, it is useful to understand the basic workings of the calibration actuators. It has been decided
that a circular disk will stick out of the bottom of the mirror to connect it with the actuators. The disk will be
parallel to the support frame and its center will be aligned with the budget reference point (see fig. 4.9). Three
actuators will be connected as shown in fig. 5.48 [126]. Due to the flexures in the metering rod near the mirror
attachment, it does not matter if the actuators at the bottom move in radial direction from the thermal center
due to thermal expansion, as long as the three of them move point symmetrically around the center line of the
disk. As a first estimate it is expected that the line on which the actuators will be located is a circle of 150 mm.
The space required for the actuators is now estimated as a circle with a diameter of 30 mm. This can be seen
in fig. 5.49.

tangent arm with dual
universal joint flexures (3 pl.)

bracket attached
to structure (3 pl.)

metering
rod (3 pl.)

threaded attachment
tumbuckle to bracket (3 pl.)

adjustment
(3 pl)

thermal compensation
unit (3 pl.)

Figure 5.48: Sketch of chosen concept for M1 calibration mechanism [126]

With this knowledge one would expect to be able to apply the same athermalization mechanisms as used
before. One important element was however not taken along yet in this design: the support frame also expands
in X-direction. The X-direction is perpendicular to the optimized direction of the CFRP, meaning a CTE of 10
pm/(m— K) applies. Using the same principles of fig. 5.45 again, Ly now has a value of 130 mm, as measured
from the YZ-plane of the support frame reference system. This is already very close to the edge of the support
frame. It also means that Ly is 13/23 of L;, which has a value of 230 mm. According to these numbers the
thermal center would have to be located far outside of the support frame boundaries, which is unacceptable
with the provided dimensional constraints.
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Figure 5.49: Sketch showing the locations of the calibration actuators on the reference frame

Therefore a new strategy has been devised. It makes use of the property of the calibration mechanism that the
actuators are allowed to move in radial direction, as long as they are all spread with 120° angles on a circle with
the same center point as the original location. Figs. 5.50, 5.51, 5.52, and 5.53 show a series of drawings that
visualize the steps to come to the right thermal correction by steering towards a circular expansion around the
initial center point. The figures help for deriving equations that indicate the location of the thermal centers of
the aluminum plate kinematic interfaces. The first figure shows the initial situation. The second one visualizes
the thermal expansion. Fig. 5.52 describes the required correction in Y-direction to end up at the original Y-
location in a way similar to the previous design. This however leads to an angle of more than 120° between
the actuator locations near the root of the support frame. Fig. 5.53 finally shows what additional thermal
correction is required to solve this.

This method allows to solve the problems with the expansion in X-direction by only applying corrections in
Y-direction. By using the figures one can derive the equations that define the locations of the thermal centers.
They are described below in eqns. 5.11 and 5.12. Here dYj_,. and dY;,_. are the distances required between
the actuator locations and the thermal centers of the kinematic interface (L,) for the base plates (the ones
near the root of the support frame) and the nose plate, respectively. dY,_p,s and dY;,_p,s are the Y-distances
between the satellite bus, and the base actuators and nose actuator, respectively (Lg). dXj— yz is the distance
between the YZ-plane and the location of the base actuator in X-direction. The values of dYy,_pys, dYy—pus,
and de_yz can be derived from the values that created fig. 5.49 and are 160.49 mm, 385.49 mm, and 129.90
mm, respectively.

AYp—pus  CTE;trp-par + AXp— vz CTEg frp—per Lan(30)
dAYy_;c= “ efrp-par oTE v efrp-per =39.59mm (5.11]
alu

AYy pus- CTEcfrp-par — de—yz “CTEfrp-per!/cos(30)
CTEau

aY,_ic= =-48.46mm [5.12]

As one can see, the location of the thermal center of the nose plate is negative, meaning it should be place
between the root of the support frame and the nose actuator location. Here it actually pushes the actuator
location with an even bigger distance towards the tip when heated. Fig. 5.53 also visualizes the push outwards.
This can be explained by the fact that the thermal movement of the base actuators is mainly dictated by the
movement in X-direction, since the CTE is 10 times higher than in Y-direction. With the dimensions in use,
this means that the movement in X-direction is over 8 times bigger than the movement in Y-direction. The
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Figure 5.50: Circular athermalization 1/4: Initial state of the support frame with the location of the actuators and the center of the circle
they describe

Figure 5.51: Circular athermalization 2/4: Movement of actuator locations due to thermal expansion, leading to a new circle with its
center to the right of the starting point state
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Figure 5.52: Circular athermalization 3/4: Required movement for athermalization in Y-direction, until every actuator is at the original
Y-location. The point symmetry is lost now, because the indicated angle is larger than 120°

Figure 5.53: Circular athermalization 4/4: Required movement for additional thermal correction. The 120° angle is taken from the
original center to find where the angle lines intersect an Y-vector applied to the actuator locations. Finally the actuator location at the tip
is corrected for the new circle
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corrected actuator location will therefore be on a circle with a radius that the nose actuator cannot reach,
because it expands only in Y-direction where the low CTE applies.

Taking the results into account, new pockets, aluminum plates, and kinematic interfaces have been made.
This leads to the design as shown in fig. 5.54. Note that the circular shapes on top of the aluminum plates are
an indication of the actuator location. These circles where created by cutting away a thin layer of the plate,
and so the top of this circle represents the top of the actual aluminum plate.

Figure 5.54: Figure of assembly with final athermalization design

5.5.3. REMAINING CONSIDERATIONS AND RECOMMENDATIONS FOR ATHERMALIZATION

With the described design changes, some factors arise that require a deeper look. The most important one
relates to the kinematic interface between the support frame and the aluminum plates. A kinematic interface
only works if a preload is applied to keep the interface together. The most suitable location to add a preload
device is at the thermal center of the kinematic interface, because the support frame and aluminum plate will
only move in a direction perpendicular to the interface at this location. Two options to consider as preload
devices are a preloaded spring and a bolt with a CTE over its length that is equal to the CTE of the support
frame in the direction perpendicular to the optimized direction. To make the right choice one should consider
the required precision and the launch environment.

During launch high loads and high frequency vibrations occur. By applying a high enough preload one can
prevent vibration damage that leads to loss in precision. The easiest way to apply a high preload is by using
the option with the bolt. It can keep the interface sides pressed together during launch. Besides it will keep
the preload constant when enduring thermal effects, because the expansion behaviour is equal to that of the
interface ifit has a CTE equal to CTE¢f;p— per. On the other hand it holds that precision at interfaces is acquired
by using low stiffness devices. Based on this consideration one would prefer using a spring. This however may
form a risk during launch, because applying a high preload on a low stiffness spring requires a relatively long
stretch length for which there is probably too little room.

At the moment no analyses have been performed to find the right solution. It is therefore recommended to
look into preload devices for the kinematic interfaces of the actuator plates. It should be taken into account
that this also depends on the choices that will be made regarding the HDRMs of the complete M1 subsystem.
An initial choice has been made for the attachment of the mirror to the satellite bus, but as recommended in
section 5.3, one still needs to find out how to attach the support frame to the satellite bus. A separate HDRM for
the support frame is required to protect its kinematic interface with the top hinge. If the support frame and the
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primary mirror are separately connected to the satellite bus during launch, it is preferred that the connection
between them, formed by the calibration actuator and its actuator plates, has a low stiffness to prevent high
launch stresses.

Two other recommendations for further research relate to the parts of the support frame surrounding the
athermalization pockets. First, the thickness of the support frame between its bottom and the kinematic in-
terfaces is only 1.12 mm. It should be investigated whether this is thick enough to not bend under the preload.
Otherwise the support frame should be locally stiffened. Second, one can see in fig. 5.54 that the pockets cur-
rently are surrounded by a wall of at least 5 mm thick. Since the preload applied to the support frame by the
ribbon cannot propagate through the pockets, it should be investigated whether this thickness is sufficient to
prevent bending of the support frame. It is advised to optimize the thickness if this proves to be the case.

5.6. SUMMARY OF M1 SUBSYSTEM PROPERTIES

In this chapter a lot of detailed information is provided about the design features of the M1 deployment mech-
anism. The information is scattered and therefore the most important properties of the design are summarized
in this section.

First a list of components is provided in tab. 5.3. For each component a mass estimate is provided. If applica-
ble/known the material, manufacturer, and product code is provided as well. In the current design stage it is
decided that a 20% margin should be added to the mass estimates. Therefore the total estimated system mass
is25 kg.

With materials assigned, the components in Catia are colored appropriately. This leads to the renders shown
in figs. 5.55 and 5.56, where the different design feature can clearly be distinguished.
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Table 5.3: Table listing the components of the M1 deployment mechanism with some of their properties

Component  Amount Discussed Supplier Product code Material Mass single Total mass[g] Comments
name in component [g]
Support 4 Sec.5.3 TBD (Mitsubishi NA (DIALEAD 320 CFRP 3728 14912 Little mass optimization
frame Chemical assumed assumed for refer- applied. Still much to gain
for reference) ence)
Support 4 TBD (Mitsubishi NA (DIALEAD 320 CFRP 277 1108
hinge Chemical assumed assumed for refer-
for reference) ence)
Athermalization 8 Sec.5.5 TBD NA Aluminum 49 392
base plate
Athermalization 4 Sec.55 TBD NA Aluminum 54 216
nose plate
Stepper mo- 8 Subsec. CDA InterCorp 12-2P6-06 NA 37 296
tor 5.4.2
Worm 8 Subsec. Ondrives PSWO0.5-1 817M40T 26 208 Mass not provided, esti-
5.4.2 Steel mated from dimensions
Worm wheel 8 Subsec. Ondrives ABPWG0.5-150-1 Bronze 276 2208
5.4.2 CAl04
Worm wheel 8 Subsec. TBD NA Bronze 23 184 Bronze assumed for mat-
axis 5.4.2 CA105 ing with worm wheel
Winch tube 8 Subsec. TBD NA Bronze 19 152 Bronze assumed for mat-
54.2 CA106 ing with worm wheel
Winch mount 8 Subsec. TBD NA Titanium 108 864 Shape probably too com-
5.4.2 plex for CFRP, therefore ti-
tanium assumed for now
Bearing 16 Subsec. TBD (SKF assumed NA (W 61701 NA 3 48 Notdiscussed in detail, al-
worm wheel 5.4.2 for reference) assumed for refer- though space is left for
axis ence) bearings in design
Bearing 8 Subsec. TBD (SKF assumed NA (DW RI168 1 8 Notdiscussed in detail, al-
worm 5.4.2 for reference) assumed for refer- though space is left for
ence) bearings in design
Ribbon 8 Subsec. TBD NA Kevlar 40 320
5.4.2 49
Total 100 20,916
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Figure 5.56: Render of a bottom view that clearly shows the design features discussed in this thesis. Courtesy André Krikken
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UPCOMING DESIGN STEPS

Throughout this thesis it is indicated per component where the design activities stopped. Based on this rec-
ommendations are provided, which are summarized in tabs. 7.3, 7.4, and 7.5. As explained in section 2.5, the
main short term goal regarding the M1 deployment mechanism is to work towards a breadboard design. The
current design is almost at a point where a breadboard design can be derived, but a couple of steps still need
to be made. Rather than providing detailed and specific steps as provided in the recommendation tables, the
general outline of the steps up to the breadboard design are discussed in 6.1. Before a breadboard design can
be made, a risk assessment needs to be performed to indicate what one wants to test for. Since the full scale
M1 deployment mechanism is not designed to a level where a breadboard prototype can be derived, the risk
assessment is not conducted yet. Some potential risks are however identified and discussed in section 6.2.

6.1. NEXT DESIGN STEPS FOR FULL SCALE M1 DEPLOYMENT MECHANISM

There are two major design steps that need to performed before one can move towards a well informed risk
assessment. First a vibration and static structural analysis should be performed where the M2 booms are not
moving. This way one can find the optimal combination of preload and ribbon stiffness to ensure that the
kinematic interface stays connected and that the vibration stability budgets (requirement M1-MEC-07) are
met. Furthermore the support frame can now be optimized for mass such that it can just carry the preload
without deflecting to an unacceptable level. This provides the knowledge required to make a well considered
trade-off between the preload and stiffness values desired for the M1 subsystem on the one hand and the M2
subsystem on the other hand. Now two processes can be started in parallel. The first process is to analyze the
combined M1 and M2 subsystems for vibrations. This is a time-consuming task that requires an ANSYS license
without node limits and a powerful computer.

The second process is the next major design improvement: both the kinematic interfaces of the support hinge
and the athermalization plates, discussed in sections 5.3 and 5.5 respectively, need to be designed in detail.
Only then it can be estimated how precise the deployment is. One can afterwards also think of how to apply
shimming to compensate for errors due to manufacturing tolerances. A more detailed design approach for the
described steps is provided in separate subsections below.

6.1.1. STATIC STRUCTURAL AND VIBRATION ANALYSES

Static structural and vibration analyses are crucial to make a design that can handle vibrations and the preload
provided by the ribbon. Furthermore the results of the analyses are a first step to verify compliance with the
requirements. Unfortunately it was not possible to include an analysis of the final design in the research due
to time constraints. A first vibration model has however been made for the first iteration design of the support
frame of the current deployment mechanism concept (fig. 5.14). At the moment it became clear that none of
the initial concepts worked, a search for external help started. In the time between this moment and the first
conversations with professor Just Herder, the author started to familiarize himself with ANSYS to apply the
gained knowledge to the first iteration design of the new concept. Although the model does not work properly,
it is recommended to look into this model before building one yourself, because some lessons can be learned.
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ANSYS is able to perform different kinds of analyses. A modal analysis is for example used to determine the
eigenfrequencies of a structure, while a random vibration or response spectrum is used to find a structure’s
response to vibrations. As shown in fig. 6.1, these analyses can be coupled. In the case of fig. 6.1 it was even
necessary, because the eigenfrequencies calculated in the modal analysis are required as an input to calculate
the response to random vibrations. The model made for these analyses is shown in fig. 6.2. Here one sees
that the ribbons are represented by springs of which the stiffness and preload can be provided as input. There
was however one problem that could not be fixed in the model: not all edges of materials were detected as
interfering. This results in deformations as shown in fig. 6.3. In the meantime a vibration model for the M2
mechanism has been build and there it was found that this is a problem specific to the modal analysis. The
bore in the support frame is not fixed to the axis of the support hinge. Their connection is determined by the
ribbon preload, while the ribbon is vibrating in this analysis. A. Krikken found that if first a static structural
analysis is performed, the output provides the relation between preload and the interfacing of the frame with
the hinge. This output should be inserted in the modal analysis to yield better results. This approach is stated
in recommendation Rec-61-01.

- A - B

: :

2 @ Engineering Data Vg2 Q Engineering Data v

3 g Geometry Vo a3 Geometry v 4

4 @ Model v g———m4 @ Model v .,

5 @ setup /‘_/45 @ setwp ?,

6 |§§ Solution v 4 6 | @5 Solution 7 4

7 @ Results v 4 7 @ Results 7 4

Modal Random Vibration

Figure 6.1: ANSYS workbench with coupled modal and random Figure 6.2: Model used for modal analysis of M1 deployment

vibration analyses mechanism. The ribbons are represented by preloaded springs

Figure 6.3: Exaggerated deformation of the third eigenmode. ANSYS is unable to detect interference between the support hing and
support frame
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Once the modal analysis is performed it is suggested to analyze the effect of the vibrations induced by the
reaction wheels. Since the reaction wheels are not yet selected, a model has been made by A. Krikken that is
based on the frequency spectrum of a reaction wheel used in a satellite with a size comparable to the DST.
This model should be applied to find if the eigenfrequency of the structure is high enough and to find whether
the amplitude of the vibrations meets the budgets. One should investigate how different preloads and spring
stiffnesses affect the results. These results should be compared with the effects they have on the M2 design to
find a preload and ribbon stiffness that suit both subsystems.

Next a static structural analysis will have to show how the chosen preload bends the support frame. Bending
of the extensions around the Y-axis will lead to a lower preload, but will not cause other problems. Bending
around the X-axis however leads to errors in the locations of the calibration actuators. There is no requirement
telling what bending is acceptable, but deviations due to this bending fall in the 'Deployment and Coarse
Alignment Tolerances’ budget. This means that a smaller error is allowed for misalignments in the kinematic
interfaces. It is relatively easy to increase the stiffness of the support frame, but this leads to additional mass.
Once the kinematic interfaces are designed, it is expected that several iterations are required to find the optimal
balance.

6.1.2. DETAILED KINEMATIC INTERFACE DESIGN OF THE SUPPORT HINGE

As explained in section 3.3 a kinematic interface is exactly constraint by making use of non-conforming inter-
faces (point contacts). This however leads to very low stiffness and local deformations at the interface. Since
precision is required this could mean that overconstraining the design might by needed to counteract the lo-
cal deformations. This can only be assessed once the preload has been determined. As defined in the DST
requirements document [21], a safety factor of 1.25 should be applied to the preload. ANSYS can then calcu-
late the stresses at the kinematic interfaces to find out if they are below the yield stress. If not, a first step to
increase the stiffness is to replace the point contacts with line contacts. The interface is then referred to as
semi-kinematic. The current design actually already contains line contacts between the support hinge axis
and the support frame V-grooves. As discussed in section 5.3 this is however illustrative, because it is preferred
to make the connection non-conforming. If line contacts do not provide the required stiffness as well, it is
recommended to create more non-conforming interfaces that distribute the loads.

Once the interface is designed such that no stresses above the yield stress occur, one should analyze how
large the local deformations are. This information can then be combined with the manufacturing tolerances,
provided by a supplier, to calculate the expected positioning errors of the calibration actuators. If these errors
exceed the budget one can estimate the amount of shimming that is required and think about convenient ways
to apply shims.

6.1.3. DETAILED KINEMATIC INTERFACE DESIGN OF THE ATHERMALIZATION PLATES

For the design of the athermalization plates the same principles hold as discussed in previous subsection.
There is however a big difference in the applied loads. Depending on the choice whether the mirror will hold
down the whole stowed M1 subsystem or whether the support frame and mirror will have separate HDRMs,
the athermalization plates may need to transmit launch loads. In the first case the plates form the connection
between the mirror and the other M1 subsystem components. The connection would then need to be very
stiff. Considering the size of the plates it seems unlikely that six point contacts can handle all these loads. At
this point an alternative solution should be found to connect the mirror and the support frame, because the
kinematic interface of the plates is required to ensure precise athermalization.

During operation the vibrations and loads from the calibration actuators should be considered next to the
vibrations induced by the reaction wheel. Once these are known, the optimization strategy is equal to the one
described in previous subsection.
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6.2. RISK IDENTIFICATION

Even though no extensive risk assessment has been performed, some risks have been identified during the
design process. A property of the design is indicated as a risk if there is a certain likelihood that it endangers
the systems capability to meet the requirements. A lot of assumption are made throughout this work. Some
are based on theory from literature, some are based on an engineering gut feeling, and some assumptions are
taken out of convenience (mostly the negligence of certain phenomena), because the information to define a
somewhat reliable assumption is not available. The four major foreseeable risks are described below:

* Viscoelastic creep is an effect that forms a major risk for achieving the required deployment precision
over the entire course of the mission. Other than for materials that are subjected to other forms of creep,
there is no database with properties of viscoelastic creep for different materials, because the properties
are very design specific. Therefore creep in CFRP components can only be characterized by testing.
Especially if it turns out that a high ribbon preload is required, there is a high risk of a deformation in the
support frame that slowly exceeds the budgets.

* Ithas been decided to control the temperature up to +-1 K accurate from the nominal temperature. This
is great, but there is still a major concern once gradients occur. The design will lose its symmetry and
since the M1 and M2 subsystems are connected, it is hard to predict the impact of a gradient on the
complete system. It is recommended to test for gradients and their impact on the system performance
as a whole.

* The conflicting preferences of the M1 and M2 subsystems concerning the ribbon properties form are
another risk. For the M1 subsystem a low stiffness and high preload is preferred, while the M2 subsystem
prefers a high stiffness. For the M2 mechanism the preload is less of a concern, as long as it allows
the booms to deploy. Since the whole structural integrity of the current design is based on the ribbon
connections, the impact will be catastrophic if it turns out that no ribbon can be made such that its
properties satisfy the requirements of both subsystems. For the M1 mechanism there is an alternative
concept to apply the required preload (fig. 4.18), but the design of the M2 mechanism will be set back to
a conceptual brainstorm stage.

* The current mass estimate leads to a M1 deployment mechanism mass of 25 kg, including a 20% margin.
Requirement M1-MEC-11 allows for a combined system mass of this mechanism and the calibration
system of 16 kg. This means the mass of the calibration system should be added before it is known how
far the budget is exceeded. 75% of the 25 kg comes from the support frames, it is expected that their mass
will become significantly lower once the two optimization strategies, described in recommendations
Rec-53-02 and Rec-53-03 (tab. 7.3), are applied. A support frame mass reduction of roughly 50% is
however needed to meet the budgets and it is unlikely that this will be the result of the suggested mass
optimization. Therefore there is a high likelihood that requirement M1-MEC-11 cannot be met, but the
technical impact is very low. The impact is mostly a financial concern and since there is no customer
yet, it cannot be estimated how critical the additional costs are.
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CONCLUSIONS AND RECOMMENDATIONS

In this chapter, the results of this thesis research are discussed to draw the main conclusions. This is described
in section 7.1. During the thesis some questions arose to which an answer could not be provided yet. Fur-
thermore some design tasks are not completely finished. Section 7.2 presents the remaining questions and
suggests how to proceed with the uncompleted tasks in the form of recommendations.

7.1. CONCLUSIONS

Looking back to the research objective, research questions, and research framework presented in section 2.5,
it becomes clear that not all of the planned research activities are executed. This is shown in fig. 7.1.

MSc-thesis research framework

Design of a primary mirror deployment mechanism for a deployable space telescope

Breadboard design

Breadboard design

proposal with
model of expected
behavior

Identify critical
cai components for

expected behavior meeting the

requirements

Model indicating
expected behavior

Set of requirements
for breadboard
design

Test setup design

Delivery time and
costs of optional
components

Legend

Delivery time and Task partly finished Task not executed
costs of test during thesis during thesis
equipment and research research
4 available test rooms i 4

Figure 7.1: Thesis framework of fig. 2.26, but now with a color scheme indicating the tasks finalized during this thesis

The major reason for not being able to execute the complete research framework is that halfway the research
it had to be concluded that none of the proposed concepts would lead to a feasible design. It was planned that
the three orange blocks of fig. 7.1 would take half the time of the thesis research. The other, smaller tasks would
follow in the second half. This means that the unfortunate conclusion was drawn almost halfway the research.
The concept phase had to start all over and additional literature research was required for implementing the
recommended design practices in the new concept.
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Figure 7.2: Render of the most recent DST design. Courtesy André Krikken

In the end the design efforts led to the system of fig. 7.2. In literature no example has been found of a concept
like this that has flown in space. Satellites of which both the primary mirror and secondary mirror unfold
do exist, but none of them use lines with the dual functionality to provide stability to the secondary mirror,
while providing a preload to mate the kinematic interface of the primary mirror. With this design only the first
research question can be partially answered. It is stated below:

Central research question 1
What improvements of the primary mirror deployment mechanism are needed to meet the requirements?

With the conclusion that the concepts presented in chapter 4 all lead to unfeasible designs, one can start the
answer to the research question by mentioning that an 'improvement’ is an euphemism for what was needed
to get to the current design, since a completely new concept had to be developed. The favourable answer to
the research question would be to say that the current design allows to meet most of the requirements. The
other requirements have not been designed for yet, but feasibility is expected.

However, until the performance of a component is verified by testing, one cannot know for sure whether a
component meets the requirements, unless the requirement imposes a design feature that is inherent to the
design (e.g. a dimension). With (mathematical) reasoning one can however qualitatively argue why feasibility
is assumed. Therefore the reasoning behind the feasibility of each subsystem requirement (see appendix A) is
provided below:

M1-MEC-01, M1-MEC-02, and M1-MEC-03

These three requirements relate to the deployment and coarse alignment tolerance budget of the deployment
mechanism and the calibration system, as presented in tab. 7.1. In this table, the daughter requirements of M 1-
MEC-01 correspond to the first six columns, M1-MEC-02 corresponds to the seventh column, and M1-MEC-
03 corresponds to the last column. Currently it is not possible to calculate a first estimate of the deployment
precision, since there are too many unknowns. It is described in section 6.1 what steps are required to be able
to make this estimate. For now it is expected that the requirements can be met as long as the ribbon preload
can be kept constant, since kinematic interfaces with the required precision have been made in the past.
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Table 7.1: Budgets for the primary mirror as defined in the requirements (copy of tab. 4.2) [21]

Position [um] Tilt [urad] Radius [%] | Shape Error [nm]
X [ Y | z X [ Y | z
Deployment and Coarse Alignment Tolerances
2 | 2 | 2 [ 2 | 4 ] 50 | 17107 | 50
In-Orbit Drifts
27107 [ 2°10% | 2107 | 1*10% [2*10* [ 5 | 110" | 5
Stability Budget
5107 | 5*107 | 5*107 [ 25*107 [ 1*10* [ 510" [  n/a | n/a

M1-MEC-04, M1-MEC-05, and M1-MEC-06

These three requirements relate to the in-orbit drift budget due to temperature changes, as presented in tab.
7.1. In this table the daughter requirements of M1-MEC-04 correspond to the first six columns, M1-MEC-05
corresponds to the seventh column, and M1-MEC-06 corresponds to the last column. Since it initially turned
out that these requirements formed the toughest challenge, a lot of effort has been put in passive athermal-
ization of the design. The calculations described in section 5.5 provide confidence that the requirements will
be met as long as the thermal design team creates an environment according to M1-MEC-15 with negligible
gradients.

M1-MEC-07

The daughters of this requirement correspond with the values in the bottom row of tab. 7.1 and form the vibra-
tional stability budget. At the moment it cannot be determined whether this budget is met, but as explained
in section 6.1, it will be an iterative optimization process to find the ribbon preload and stiffness that allow for
meeting the requirement. It is expected that a feasible solution exists.

M1-MEC-08
Requirement rejected

M1-MEC-09

This requirement demands that the stowed deployment mechanism survives launch. Its daughter require-
ments define the assumed loads and vibrations that occur during the launch event. In this thesis little effort
has been put in optimizing the deployment mechanism for this phase, because it is assumed that meeting this
requirement is much less of a challenge than meeting M1-MEC-01 to M1-MEC-07, and therefore more time
has been spent in accomplishing the latter. Some considerations are described in subsections 5.3.3 and 5.5.3.
Although it is necessary to make a serious design effort to comply with this requirement, it is a design prac-
tise for which a lot of solutions are available, since every component that goes into space needs to meet this
requirement. Therefore there are at the moment no reasons to assume it cannot be met.

M1-MEC-10

This requirement states: The stowed mechanism shall conform with Guiana Space Centre safety regulations.
This is a concern for a later design stage. As long as the components are not potentially hazardous to people
in the direct environment, there is no reason to assume this requirement cannot be met.

M1-MEC-11

This requirement states: The combined mass of the primary mirror deployment and active optics systems shall
be no more than 16 kg. This requirement forms a major challenge, since the current mass estimate of the
deployment mechanism without the active optics is already 25 kg (including a 20% margin). Although the
mechanism currently exists out of 100 components (tab. 5.3), the support frames account for 75% of the mass.
Itis expected that a significant amount of support frame mass can be saved by rounding the edges and corners
and by optimizing the mass and shape to just achieve the required bending stiffness. It is however disputable
whether this would result in half the current support frame mass, which is roughly needed to meet the require-
ment. A way to save additional support frame mass is to move the extensions closer to the root, meaning the
length becomes shorter. It is however important to involve the M2 subsystem engineer, because this has a
negative impact on the stability of the booms.

If it turns out unfeasible to comply with this requirement, there is still hope. The mother requirement of M1-
MEC-11 is MIS-REQ-08, stating that the mass of the instrument shall be lower than 100 kg. The mass require-
ments of the subsystems are a distribution of this 100 kg. Possibly one of the subsystems turns out lighter than
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required. It can then be discussed whether the unused mass can be added to the M1 deployment mechanism
mass budget. For now it is expected that meeting the requirement is unfeasible. It is recommended to discuss
revision of the mass distribution over the subsystems.

M1-MEC-12

This requirement states that the M1 subsystem shall have an operational life of at least five years. Since the
deployment mechanism is protected by a baffle, no material degradation by UV radiation or thermal cycling
is expected. Furthermore the ribbon preloads are assumed to be constant, meaning that fatigue is not likely
to cause failure. Outgassing and viscoelastic creep however potentially limit the operational lifetime of the
subsystem by gradually introducing a deployment error that grows outside of the budgets. Especially during
the first months in space outgassing occurs. Next to the risk of contaminating the mirror surfaces, the shape
of the support frame will slightly change when it loses mass, possibly resulting in unacceptable deformations.
Over a much longer time span, viscoelastic creep may result from the preload of the ribbons, leading to unac-
ceptable bending deformation. Both phenomena are discussed in subsection 5.3.1, where it is explained that
especially creep forms a potential risk. Tests will have to verify whether this requirement can be met. Since
creep will reduce with lower preloads and different materials have different sensitivities to creep, it is expected
that meeting this requirement is feasible, although some optimization may be required.

M1-MEC-13
This requirement specifies that four mirror segments shall be used. This is an inherent design future and is
therefore per definition feasible.

M1-MEC-14

This requirement specifies the distance between the M1 plane and the M2 plane, which is 1.6 m. It is again an
inherent design feature, so it is certain the requirement can be met. On the other hand, large changes in this
dimension will impact the compliance of the design with other requirements.

M1-MEC-15

This requirement defines that the M1 system shall be able to operate in a thermal environment of 298 K +- 1
K. Although it was not possible for the initially proposed concepts to operate within the drift budgets in such
a thermal environment, the current design is athermalized and insensitive to the small temperature changes.
This however only holds for bulk temperature changes, since gradients may result in unacceptable deforma-
tions. It is advised to model what gradients are acceptable and provide a requirement to the thermal design
team to control the gradients within these bounds. There are multiple design options to improve the control
on gradients and it is therefore expected this requirement will be met.

Table 7.2: Summary of expected feasibility to meet the subsystem requirements

Requirement(s) Feasible?

ﬁi:xﬁgg; Likely. Condition is that tl'le .ribbon'preload is constant. Argumentation

MI-MEC-03 based on performance existing designs.

ﬁi:xiggg Very likely. Argun?entation Pgseq on calculatiops that lead to an

M1-MEC-06 athermalized design. Condition is that no gradients are present.

M1-MEC-07 Likely. Based on assumption that a suitable combination of ribbon preload
and stiffness exists that also allows compliance with other requirements.

M1-MEC-09 Likely. Argumentation based on availability of many design solutions.

M1-MEC-10 Very likely. More of a bureaucratic challenge than a design challenge.

M1-MEC-11 Unlikely. Argumentation based on calculations.

M1-MEC-12 Likely. Based on assumption that the ribbon preload can be lowered to a
level where creep does not pose a threat.

M1-MEC-13 Certain. Inherent design feature.

M1-MEC-14 Certain. Inherent design feature.

M1-MEC-15 Likely. Condition is that no gradients are present.
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The likelihood of the feasibility and the argumentation, conditions, and assumptions that hold to assume this
likelihood are summarized in tab. 7.2. Coming back at the research question, tab. 7.2 clearly shows that for
the current design it is likely that meeting all requirements is feasible, except for the one defining the mass
budget. With this design, the compliance to the requirements is improved with respect to the design of Van
Putten. The most favourable answer to the research question, that it is feasible to meet all requirements can
unfortunately not be given. This conclusion can change if requirement M1-MEC-11 allows a higher mass. It is
therefore recommended to apply the suggested mass optimization of the support frame as a next design step
to determine how far the budget will actually be exceeded. Then the mass distribution over the subsystems
can be evaluated to see if the M1 deployment mechanism mass budget can be increased, by decreasing the
mass budgets of other subsystems.

7.2. RECOMMENDATIONS

As explained in previous section, there is still a lot of work to do to complete the design of the M1 deployment
mechanism. The major upcoming design steps are discussed in detail in chapter 6, but throughout the report
a lot of small recommendations are provided as well. Often they relate to questions that arise from interme-
diate results or to specific design details that could not be incorporated anymore due to time constraints. All
these recommendations are summarized in tabs. 7.3, 7.4, and 7.5. Often a reference can be found to sections
explaining the recommendation, but some relate to topics that have not been discussed in detail in this report.
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Table 7.3: Table listing all recommendations resulting from this thesis research part 1/3

Relevant Code Recommendation
section
5.2 Rec-52-01 Calculate the positioning of the stowed M2 boom and visualize this in a Catia
model
Rec-52-02 Make a triangular connection to the extensions of the support frame directly from

the root. This provides a higher structural stiffness than the current triangle near
the tip. This was done because it was wrongly assumed this was necessary to
avoid conflicts with the stowed M2 boom.

Rec-52-03 Make a support frame that moves closer to the mirror near the tip (out of plane).
One can now make the extensions wider as shown in fig. 5.5.
5.3 Rec-53-01 Request more information about CFRPs from suppliers. Especially the following
data is relevant:
Rec-53-01-a -Properties such as Young’s modulus, CTE, and thermal conductivity in all di-
rections. Suppliers mostly only provide data for the optimized direction.
Rec-53-01-b -Information with respect to outgassing. Ask specifically about deformations

due to outgassing, because it is more common to request data about the amount
of material that is outgassed.

Rec-53-01-c -Information with respect to creep. This data is crucial, because it may lead to
the conclusion that only a slight amount of ribbon preload is allowed. This may
conflict with what is required to achieve the required precision at the kinematic
interface of the support frame hinge.

Rec-53-01-d -Information about the allowed complexity of the component to be able to
manufacture it.

Rec-53-02 Optimize the width of the linkages of the support frame. All linkages currently
have a width of 20 mm. This is chosen quite arbitrarily. One should perform a
vibration analysis to find the optimal preload of the ribbon. Then one should
perform a static force analysis to see how the support frame bends under this
preload. If this is within the limits, one can optimize the design by making the
linkages smaller. Note that not only bending around the X-axis (tip bends up-
wards), but also symmetrical bending around the Y-axis (extensions bent towards
each other) is a concern.

Rec-53-03 All edges of the support frame are currently sharp, because it was initially un-
known whether the appropriate production methods allow for round edges. By
now it is known round edges are possible. It is highly recommended to imple-
ment them in the design, because it will save mass and because round edges lead
to lower stress concentrations.

Rec-53-04 The precision of the kinematic interface cannot be estimated yet. It is explained
in section 6.1 what the next recommended steps are to make this estimate.

Rec-53-05 Investigate whether it is possible from a load handling perspective to drop two
of the support frame hinge axes. Only if this can be done the interface becomes
semi-kinematic.

Rec-53-06 Look into suitable lubricants for the hinge components. Once the friction coef-
ficient is known, a method described in [85] should be used to find whether the
ribbon points in the allowed preload direction.

Rec-53-07 Look into a way to hold down the support frame such that it survives launch.

5.4 Rec-54-01 Model the relation between the ribbon tensional stiffness and the variation in
preload when enduring vibrations. This way one will find what ribbon stiffness is
preferred for the M1 mechanism, since the selected stiffness is now mostly based
on the desires of the M2 mechanism.

Rec-54-02 Find information about the coupling of vibrations for components connected by
a preloaded cable. It has not yet been researched if this phenomenon occurs and
what the result would be.
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Table 7.4: Table listing all recommendations resulting from this thesis research part 2/3

Relevant Code
section

Recommendation

5.4

Rec-54-03

Rec-54-04

Rec-54-05

Rec-54-06

Rec-54-07

Rec-54-08

Rec-54-09

Look into the design of the ribbon hole edge on the mirror side of the support
frame. The angle between the ribbon section that comes from the M2 boom and
the round edge of the ribbon hole, will slightly change during retraction. It is
advised to find out whether this is a problem. If it is, it is suggested to look into
gimballing a roller that replaces the edge.

Similar to the point above, one should find out whether gimballing of the ribbon
wedge on the winch side of the support frame is required.

Either get rid of the flanges of the wedge or redesign the wedge such that it be-
comes a zero-constraint web support. The flanges lead to an overconstraint de-
sign. If no solution can be found to keep the ribbon on track without flanges, a de-
sign can only become exactly constraint if the flanges are part of a zero-constraint
web support.

Evaluate the selected winch motor. The current motor is the weakest, but also the
lightest of the available options. The other options are provide in tab. 5.2.

Design a connection between the worm wheel and its axis. Currently it is just a
cylinder in a bore. A connection between the worm wheel and the winch tube is
required as well.

Select bearings for the top and bottom of the worm wheel axis, and for the end
of the worm. The suggested types of tab. 5.3 were just quick selections based on
the bore diameters, because a mass estimate was needed. In reality one should
contact the supplier to see if their bearings can run dry in a vacuum or contain
lubricants that are space proven.

After completing recommendation Rec-54-08 the bearings should be imple-
mented in the design. Circular spaces around the worm and worm wheel axis
are incorporated as indication, but the dimensions are not based on any refer-
ence bearing. Only the bottom of the worm wheel axis does not show where the
bearing should be placed. This is because it should be mounted into the support
frame as well and this feature is not yet present in the support frame design.

5.5

Rec-55-01

Rec-55-02

Rec-55-03

Rec-55-04

Optimize the design of the aluminum athermalization plates and their kinematic
interface with the support frame. All dimensions were chosen arbitrarily in a way
they fitted in the available space. The performance should be analyzed and opti-
mization should be applied.

Design an appropriate preload device for the kinematic interfaces of the alu-
minum plates. The relevant considerations are discussed in subsection 5.5.3.
One should analyze whether the 1.12 mm bottom thickness of the support frame
at the kinematic interfaces is enough. Otherwise the structure should be locally
stiffened.

The pockets for the athermalization plates currently have edges of at least 5 mm.
Since these edges should carry the loads, one needs to find out whether this thick-
ness is sufficient.
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Rec-61-01

Rec-62-02

Rec-62-03

Before assessing the eigenfrequencies in a modal analysis in ANSYS, one should
perform a static structural analysis to provide as input to the model analysis.
Investigate what the effect of thermal gradients (within the required temperature
range) will be. First do this on a subsystem level, but also make a model for the
combined M1 and M2 mechanisms, since the coupled effect may be even worse.
If required, discuss strategies with the thermal team to lower the gradients.
Perform the two mass optimization strategies proposed in recommendations
Rec-53-02 and Rec-53-03 to determine how far the M1 subsystem mass budget
will actually be exceeded. Evaluate the mass distribution and discuss whether
requirement M1-MEC-11 can be loosened to a feasible value.
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Table 7.5: Table listing all recommendations resulting from this thesis research part 3/3

Relevant Code Recommendation
section
7.1 Rec-71-01 It is recommended to continue the development by completing the unfinished
research activities of the research framework presented in fig. 7.1.
NA Rec-misc-01 Currently the vibration response spectrum of a reference reaction wheel is used

Rec-misc-02

Rec-misc-03

to directly model the expected vibrations. The vibrations will however propa-
gate through the satellite structure, so damping will occur. Therefore the cur-
rent method is an extreme worst case scenario, leading to the recommendation
to model how the vibrations of the reaction wheels will propagate through the
satellite structure.

The current concept has never been build before. This novel technology is possi-
bly patentable and therefore it is recommended to investigate whether this is the
case.

To build on top of the previous recommendation, it is advised to mark every thesis
resulting from this project as confidential. Furthermore it is the task of the whole
team to make sure the information is not made available in the public domain,
since Intellectual Property (IP) cannot be patented anymore once it has been de-
scribed in the public space. This also means that no in depth details can be shared
with companies until there is a signed NDA and that taking pictures should not
be allowed during thesis presentations
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A. REQUIREMENT TABLES

REQUIREMENT TABLES

The tables presented in this appendix come out of the project requirements document. The meaning of most
columns do not need an explanation, but there are two that should be discussed. The first column is called
'Old ID’. Some of the requirements were provided in old thesis reports. Back then each researcher came up
with his own ID tag system. This document was made, because there is a need for a uniform system. To be
able to easily find the reasoning behind certain requirements that were described in the old thesis reports, the
’0Old ID’ column provides a way to find them quickly. If a requirement originates from an old thesis report, the
source is stated in the ’'Comment’ column.

As one can see in the tables, discarded requirements are not deleted out of the tables, but are crossed out. This
way it is easier to reconstruct when major design changes happened and what change in the requirements led
to this decision.

Table A.1 provides the objectives and top level requirements. The subsystem requirements of the primary
mirror deployment mechanism are split over tables A.2 and A.3.
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RESULTS SENSITIVITY ANALYSIS FOR CONCEPTUAL
TRADE-OFF

The two sensitivity analyses described in section4.2 determine the sensitivity of the system to certain com-
ponent errors and to certain temperature changes with or without gradients, respectively. The analyses are
performed with two models, the mid-hinge (MH) model and the slider (SL) model. The MH model applies to
the tape spring hinge and actuated latch concepts and the SL model applies only to the slider concept.

The graphical results of the first analysis show the relation between certain component errors and the resulting
system errors, which are the Y-error, Z-error, the RMS of the Y- and Z-error, and the a-error. This is then done
for the MH model on the left and the SL model on the right. The relation between the component errors and
the Y-error has been shown in fig. 4.15. The relation between the component errors and the Z-error, RMS-error,
and a-error are shown below in figs. B.1, B.2, and B.3, respectively.

The second analysis found what happens when heating single components (gradients) or the whole structure
(no gradient) by 15 K. This has been done for cases where the structure was made out of (mixes of) different
materials. The resulting figures show only the Y-error, Z-error, and a-error that result from the temperature
changes. The results for a case where every component is made out of CFRP and a case where mixes of different
material components are used, were already provided in figs. 4.16 and 4.17, respectively. The results for a
structure made out of only steel and a structure made out of only titanium are provided in figs. B.4 and B.5,
respectively.
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Figure B.1: Graphs showing the system error in Z-direction as a result of different component errors, for the MH (left) and SL (right)

concepts
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Figure B.2: Graphs showing the RMS system error of the system errors in Y- and Z-direction as a result of different component errors, for

the MH (left) and SL (right) concepts
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Figure B.3: Graphs showing the system error in a-angle as a result of different component errors, for the MH (left) and SL (right) concepts
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Figure B.4: Graph showing the system errors in Y-direction, Z-direction, and a-angle due to gradients (represented as component errors)

or a complete rise in temperature of 15 K. The structure is made completely out of steel in this analysis.
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Figure B.5: Graph showing the system errors in Y-direction, Z-direction, and a-angle due to gradients (represented as component errors)

or a complete rise in temperature of 15 K. The structure is made completely out of titanium in this analysis.
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