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summary

Access to microgravity and space has given us humans considerable knowledge about our world and
has been driving many technological developments. Access to space is limited and crew time to do
experiments on board a space station is even more limited. We have therefore developed several other
ways in which we can simulate the effects of microgravity and expand our knowledge of the influence of
gravity on life. One of these is the Random Positioning Machine (RPM), which can simulate microgravity
by rotating two frames and thereby manipulating the gravity vector to point uniformly in all directions
and over time gravity will cancel out. This will create a state of simulated microgravity on a system
on the RPM if its reaction to gravity is slower than the change in direction of the gravity vector. Other
important aspects of the RPM is that it is able to simulate hypogravity levels, such as the Moon or Mars
gravity, which can be used in preparation for future manned missions, it can simulate long-duration
effects of microgravity, making it possible to conduct studies that alternative platforms might not be
able to support.

Even though the RPM has been around for more than 20 years and used across many disciplines,
there still exists no exact model to describe its motion and give information on its performance. This
thesis answers those questions and allows scientists to better understand the RPM and why it can be
said to simulate microgravity from a mathematical viewpoint.

When rotating, additional accelerations will appear and depending on your rotational rate of the two
frames and the position of the sample, these will be detrimental to your simulation of microgravity.
The expression for the acceleration at any given point P in the RPM can be seen in Equation 1. The
acceleration consists of five terms, which are the acceleration of the global frame, i.e. gravity on Earth,
the contributions of the centripetal, Coriolis and Euler acceleration terms, and the relative acceleration
between the point and the global frame, which can be found by applying the same equation again at
this new point. Only the final expression is shown and it depends on the rotational rates of the two
frames, the position of the sample and the change in rotational rate of the two frames. These terms
are all converted to be expressed in terms of the global static reference frame. This model is validated
through motion capture recordings and data from two sensors on the RPM.

gap = ag +¢ [owr X (owr xo Pp)lp +a lowr xo Pply
+cwo X (gwo xa Pr) +2 qgwo x¢g [owr xo Pplp +awo xa Pr (1)

There are many ways to control the two frames but it is shown that two poles are generated when the
outer frame crosses the vertical position. This limits the use of the RPM and can become problematic as
you want the highest quality of simulated microgravity by uniformly distributing gravity in all directions.
Instead of developing a very advanced algorithm that hinders the outer frame from moving through the
vertical position, it is suggested to add a third frame to the structure. This allows for more uniformly
distributed gravity and is a simple method to overcome pole bias. Following the same principles for the
two-framed RPM, the governing equations for the performance of the three-framed RPM can be seen
in Equation 2 to Equation 4.

This new dynamical model of the RPM can help utilise its full potential, making microgravity more
accessible to researchers, and allow them to understand some of the limitations of the RPM.
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Introduction

The next big step for human exploration is to again set foot on the Moon before going to Mars. Such
long travels affect human physiology and injure astronauts’ health even after returning to Earth. One ex-
ample of this is Spaceflight Associated Neuro-ocular Syndrome (SANS), which was reported in 2011 as
Visual Impairment and Intracranial Pressure (VIIP) syndrome [1] and is seen as a crucial research area
before sending humans to Mars [2]. Studies have since the discovery indicated that some damages to
the brain and eye structure induced during long-term spaceflight may only be partially reversible upon
return to Earth [3]-[5]. Research in SANS not only holds the promise of enabling manned missions
to Mars but also extends its benefits to our terrestrial lives. The development of visual assessment
techniques and machine learning algorithms within SANS research can be harnessed to enhance eye
screenings for individuals on Earth, presenting a more cost-effective approach. This holds tremen-
dous potential to improve early detection and enhance patient outcomes of conditions such as diabetic
retinopathy, glaucoma, or age-related macular degeneration [6]. By utilizing the mobile, cost-effective
assessment techniques developed for SANS, it can be possible to detect and prevent these vision im-
pairments that affect millions of people on Earth, leading to improved quality of life with better visual
health.

Leveraging the advancements made in SANS research paves the way for a healthier future, benefiting
both life on Earth and our ambitious explorations beyond our own planet’s boundaries. However, the
neuro-ocular system is not the only system affected by the lack of gravity. Astronauts experience
changes to a large variety of systems including the cardiovascular system, the immune system, the
musculoskeletal system, the hematologic system and the gastrointestinal system to name a few [7].
These changes can be related to diseases on Earth and studying them can help develop therapies
for bone-related diseases, rehabilitation techniques for muscle-related injuries and diseases, lead to
improved treatments of heart-related conditions and advancements in immunology for the benefit of
the people on Earth. The unique feature of space, that creates these exceptional opportunities, is
microgravity. Not only does it affect human physiology, but it actually seems to accelerate the ageing
of the human body [8]. This can be exploited to study age-related diseases at a much higher pace.

Technological developments constantly drive new and improved research, such as microphysiological
systems, also known as “organs-on-chips” or “tissue chips”, which offer some advantages to study
human physiology compared to 2D cell culture systems and animal models [9]. These systems are
developed specifically so diseases can be studied in space to improve life on Earth and are a manifes-
tation of the usefulness of microgravity for humans on Earth. The progression in organoid research and
stem cell cultures also serves as a good platform to study human physiology in reduced gravity. Access
to space is very limited and can be costly both regarding time and money. Hence, instead of looking
up towards space only, what if we used ground-based facilities to accommodate even more studies, in-
creasing the research sample size and research output through cheaper and more accessible options?
As global life expectancy continues to rise and the average age of the human population increases, the
significance of cardiovascular and age-related diseases is progressively amplified, as millions of lives



are restricted by these health conditions. Understanding how we can mimic the effects of gravity, and
the lack thereof, therefore becomes crucial not only in preparation for our next big adventure to the
Moon and beyond but also for our daily lives on Earth.

Conducting extensive studies on board the the International Space Station (ISS) faces significant con-
straints, primarily due to cost limitations and limited availability, but also due to the very small sample
size. In light of these challenges, it becomes imperative to explore alternative platforms for advancing
our knowledge of gravity’s effect on life.

Being able to perceive these effects and understanding our possibilities for manipulating gravity provide
an exceptional basis for studying a large variety of diseases and phenomena at a much higher pace than
ever before. This accelerated pace holds the promise of significantly expediting our pace of discovery
beyond what was previously achievable. It is therefore essential to understand which platforms are
available to study the effects of gravity and their potential contributions to future studies related to
gravity.

While certain platforms can provide access to microgravity, fewer still offer the capability to simulate
hypogravity levels akin to those found on the Moon or Mars. These few platforms therefore provide
immense importance as they not only support the safe exploration of the Moon and Mars but also sig-
nificantly enrich our understanding of the gravity dose-response relationship on terrestrial phenomena.
One of the most promising platforms remains the Random Positioning Machine (RPM), which can sim-
ulate required gravity levels and has a long history of use. Not only is it possible to study various gravity
levels, the RPM also allows for long-duration studies as its constant rotation improves the simulated
gravity level. In relation to long-duration studies, opportunities in real microgravity are especially scarce.
Limited crew time or costly satellite missions can stop experiments that otherwise could have revealed
interesting aspects of gravity.

In preparation for the Gateway space station orbiting the Moon, life support systems need testing.
During operation, astronauts will be present only in periods, whereas at other times there might not be
any humans on board and some life support systems can be switched off. Designing experiments to
evaluate the impact of extended periods of system inactivity is a challenge given the limited crew time
available on the ISS. In this regard, the RPM offers a practical solution for conducting initial tests on
these critical systems, ensuring their reliability and functionality even after long periods of inactivity of
the systems.

A different area where the RPM can also be used, is in cell-based therapy and tissue engineering.
The unique feature of dispersing gravity uniformly in all directions provided by the RPM has enormous
potential for new cell therapy developments and advancements in translational medicine. This has
already been shown for osteoarthritis therapy [10], where scaffold-free chondrocyte spheroids were
derived, but can potentially be extended to other cell-based therapies and scaled to be more commonly
used. The RPM has for example also been shown to be used for bone tissue [11] and holds the potential
for new techniques in translational regenerative medicine.

Yet, it remains unknown how the RPM can be scaled and there exists no dynamical model of the RPM
explaining its movement, and the related gravity level and trajectory of the gravity vector. These two
performance parameters are crucial to understanding how the use of the RPM can be expanded and
optimised to improve life on Earth. Considerable benefits can be achieved in preclinical trials either in
combination with organ-on-chips in pharmacology or through cell-based therapy in tissue engineering.
The utilization of the RPM can reduce the need for animal trials in the future. However, benefits can
also come from ongoing cancer research, where RPMs are already used, or through enhancing our
knowledge of the effects of gravity on human physiology. The work in this thesis will serve as a key to
unlock new possibilities for the utilization of the RPM, extending its applications beyond its traditional
role, and be the next step towards controlling gravity to enhance research on the surface of Earth. This
thesis introduces a range of novel perspectives on the RPM, aimed at broadening its capabilities and
facilitating its adoption across various scientific domains, thereby democratizing access to gravitational
research in the hypogravity regime.

Chapter 2 outlines the available platforms we have to perform gravitational research. This literature



study results in choosing to further study the RPM. A short introduction to its history is outlined together
with the research questions at the end of this chapter. The kinematic model of the RPM together with
information on the experimental setup are described in Chapter 3. The following chapter, Chapter 4
covers the analysis and validation of the model. It is then used to evaluate different control algorithms
in Chapter 5. This covers both previously used but also newly developed algorithms. In this chapter,
the problem of pole bias is discovered and suggestions on how to overcome this problem is suggested.
This is followed by the results on the sizing and lowest resulting g-levels in Chapter 6. Finally, this
thesis is completed with a discussion and conclusion in Chapter 7.



Platforms for Gravitational Research

Our world transformed with the launch of Sputnik 1. In an instant, our perspective on life shifted, extend-
ing far beyond Earth’s immediate surface. With this historic launch, we gained access to an entirely
unique environment, one we invested heavily in mastering over the ensuing years. Since then, our
presence in space has expanded, leading to significant research endeavours that have enriched life
on Earth. However, space exploration comes at a steep cost, and our capacity for it remains limited.
Therefore, it becomes increasingly beneficial to explore alternatives for simulating the effects of weight-
lessness. In the following pages, various methods will be explored for replicating the effects of weight-
lessness here on Earth and are divided into free fall environments in Section 2.1 and ground-based
simulations and analogues in Section 2.2.

2.1. Free Fall Environments

There are two distinct categories in which platforms for microgravity studies can be placed. The first
is within the free-fall environment and the second is ground-based analogues and simulations. As the
name implies, one will have actual free fall conditions while the other uses analogues and simulations
to achieve the effects of microgravity. The free fall environments cover orbital flights, suborbital flights,
sounding rockets, parabolic flights, drop towers and Unmanned Aerial Vehicles (UAVs), which are
presented in this order.

2.1.1. Orbital Flights

There are primarily two different types of orbital flights available for performing gravity-related research.
Automated experiments can be designed for use on satellites or experiments can be carried out on a
space station where there is a possibility of direct human interaction. There are very different restrictions
and requirements related to each of these platforms, and for some studies, one might be preferred over
the other.

Of the space stations, the ISS has proved to be a very important platform for research. Since 1999
more than 3600 scientific papers by more than 6000 researchers across the world have been published,
all emerging from the research conducted on board the ISS [12]. All this research has benefited both
life in space and on Earth, however, the availability and cost of sending experiments to space for the
crew to perform are limiting factors in many cases. Experiments meant for the space station need to
follow both mass and volume requirements, time constraints both before launch and regarding crew
time, environmental requirements and limited availability for returning of experiments [13], which makes
Earth analogues more attractive to many researchers.

There is a significant amount of hardware and facility-class payloads on board the ISS that can be
used for a wide range of research purposes. From the Minus Eighty Degree Laboratory Freezer for the
ISS to the Fluids and Combustion Facility and from the Window Observational Research Facility to the
Multi-use Variable-g Platform [14]. The latter can be used to study a variety of g-levels up to 2g, which
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allows to have control samples that experience the same loads and stresses during launch and landing.
Facilitating the generation of artificial gravity was implemented in the Mouse Habitat Cage Unit that can
be installed in the Centrifuge-Equipped Biological Experiment Facility. Here rodents can experience
artificially created 1¢ simultaneously with another group experiencing microgravity. That allows for both
groups to encounter the same stresses during launch and landing, and only differ between microgravity
and artificial 1g environment on board the 1SS [15], [16].

The second orbiting platform is based on satellites, where experiments must be automated to some
extent as human interaction is limited to the communication type of that specific satellite. There exist
different kinds of satellites that can be used for research from the Russian FOTON satellite to CubeSats.
Originally developed as a platform for technology demonstration and biological experiments, the Cube-
Sats offer a valuable asset when looking at future missions in deep space. Biological CubeSats have
been used since the GeneSat-1 in 2006 but the selection of the biological material can be limited by
the prelaunch procedures [17]. However, this platform is being considered as an option to go beyond
Low Earth Orbit (LEO), which is especially useful for research related to future manned missions to the
Moon and Mars [18]. The main difference going from LEO to deep space is the amount of radiation
present. In deep space, there will no longer be any protection generated by Earth’s magnetic field and
the van Allen belt but instead, experiments will be subjected to ionisation by high-energy particles. The
new BioSentinel 6U CubeSat is an attempt to go beyond LEO and investigate the frequency of DNA
double-strand breaks and the efficiency of their repair by studying the budding yeast Saccharomyces
cerevisiae [19]. Once leaving LEO, new perturbations become relevant for the overall acceleration
level in the vehicle. When increasing the orbit and moving further from the Earth, the solar radiation
stays almost constant whereas other perturbations to the acceleration level decrease such as the aero-
dynamic perturbations, the magnetic disturbances and the perturbations due to the gravity gradient.
This means the solar radiation pressure becomes the most dominant external perturbation already in
a geosynchronous orbit. The final value depends on the spacecraft and its area but on the European
Retrievable Carrier (EURECA) the solar radiation accounted for a disturbance of 2 - 10~8¢ [20]. Other
examples of satellites include the Russian FOTON satellites and their Bion satellite program, which
has sent both rats and monkeys into orbit [21]. The microgravity level of the FOTON satellites did not
exceed 10~5¢ [22].

With the growing interest in space tourism, another alternative platform for microgravity research could
be SpaceX’s orbital flights. This allows three days in microgravity, with the potential to include research
on the flight. This provides a longer duration of microgravity compared to suborbital flight but might be
more accessible in the future compared to the ISS.

2.1.2. Suborbital Flights

In recent years, there has been a development and increase in the options for suborbital flights due to
the interest in space tourism. The main use of manned suborbital flights is to allow people to experience
microgravity and see the Earth from an increased height however, it also opens up a platform for
new research related to microgravity. Companies such as Virgin Galactic and Blue Origin but also
companies like Masten Space Systems, Exos Aerospace and UP Aerospace can all provide operations
with suborbital flights based on rockets [23]. The benefits of Virgin Galactic and Blue Origin are that
they support humans on suborbital flights. This means it will be possible to access the experiment
during the flight, while they will also be retrievable shortly after landing, within 8 hours for Blue Origin’s
New Shephard [24]. However, it might be more cost-efficient to design an experiment that does not
need any interaction with people, which means that humans will not necessarily be on board these
flights. In that case, it is possible to use any of the aforementioned companies to reach microgravity
for several minutes. The flights reach a height of around 85 — 120 km above the surface of the Earth
before returning back to the surface. The maximum loads during a flight can be as low as 5g based on
a nominal New Shephard Flight Profile [24].

The increased duration of microgravity compared to parabolic flights can be useful in certain cases, for
example when an equilibrium in fluids takes longer than 35s. Other improvements are the reduced g-
jitter compared to parabolic flights through the atmosphere that causes minor variations in g-level, and
their relatively low cost making it an option for testing propellant components [25]. The components
can be placed on the booster and initiated after separation, which allows no interference towards the
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crew capsule while providing access to the ambient conditions. It is even possible to use the capsule
as a centrifuge to simulate lunar gravity [26]. The g-jitter term summarises the disturbing accelerations
that occur due to external or internal perturbations. These can arise due to the atmosphere, movement
of people inside, manoeuvers, or vibrations from instruments.

Suborbital flights have been used to investigate how plant transcriptomes are affected in microgravity,
with different gravity profiles both leading up to microgravity and after. The different gravity profiles
resulted in different responses to stimuli, variations in light reaction and photosynthesis among other
things. However, also some similarities were spotted across the different flight types including e.g.
oxidative stress and regulation of central carbon [27]. For this a Virgin Galactic flight, a Blue Origin
flight, a parabolic flight and a flight with an F-104 Starfighter were compared, their flight profiles can be
seen in Figure 2.1. Suborbital flights can also serve as a step towards orbital flight for experiments. As
a way to progressively understand the challenges of a wax-based hybrid chemical propulsion system,
experiments were first performed at parabolic flights, then suborbital flights and finally on board the ISS
[28]. This illustrates the applicability of suborbital flights acting as a natural step towards orbital flight.

[Platform Flight Profile & Timeline

Virgin FLT
Galactic (T+31)J
(FLTvs GC) | ----- ——

Blue FLT

Origin (1)
(FLT vs GC)
Parabolic PO | P1 P3 P10

Flight L

(Pxvslevel) | L1 ¢ 0 ¢ 0 V0 0V U 0 L------
F-104 F1-2
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(FLTvs GO) |teoff ™= ~~°~

Hyperg |
g

21012345678 91011121314

Figure 2.1: Flight profiles of various free-fall flights [27].

2.1.3. Sounding Rockets

The first time sounding rockets were used in microgravity research was in the mid-1970s when the Na-
tional Aeronautics & Space Administration (NASA) started its Space Processing Applications Rocket
program. Around the same time, Germany initiated the TEXUS program, which European Space
Agency (ESA) has been using since the 1980s as a more cost-effective tool in developing and prepar-
ing experiments for orbital research laboratories. The TEXUS platform was used for material and fluid
sciences, and later also biological experiments [29]. Today, sounding rockets still make a valuable plat-
form for research with 18 launches in 2022 by NASA and 174 launches since 2012 [30]. A wide range
of rockets is available from ESA, NASA and Japan Aerospace Exploration Agency (JAXA) with NASA'’s
most powerful rocket being able to reach an altitude of around 1500 km with a 114 kg payload [31] to
ESA MAXUS that can reach 700 km with a 700 kg payload [32] and JAXA’s most powerful SS-520 that
can reach 800 km with a 140 kg payload [33].

Sounding research rockets are similar to suborbital flights however, they can reach longer durations of
microgravity of up to 20 min [34] but do not support humans. This impacts the safety requirements for
experiments, that are less stringent. The experiments can also be accessed up until 1 hr before launch,
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allowing more time-sensitive experiments to be performed with this platform. The experiments will also
be available around 1 hr after touchdown. However, during reentry 40 to 50g can be expected with the
German Aerospace Center (DLR) TEXUS and MAXUS sounding rockets, whereas this value is around
13g during launch [35]. This exceeds tolerable g-levels for human involvement, and generally sounding
rockets have a rougher landing than suborbital flights.

Gravity levels of < 10~%g can be achieved for a payload up to a size of 64 cm in diameter. The experi-
ments on board can be operated and monitored using the accompanying telemetry and telecommand
support. This makes it possible to e.g. add substances during an experiment. It is possible to con-
trol both the temperature and pressure in the experimental payload area. A time frame of around six
months to three years from the experiment has been approved to launch with an ESA rocket can be ex-
pected [35]. Sounding rockets can be a more cost-effective alternative to biosatellites and other orbital
flights [36], and open up for experiments with less stringent safety requirements. The specific missions
are designed in collaboration with the researcher’s goals, which leads to new possibilities and makes
sounding rockets a very agile platform [37].

2.1.4. Parabolic Flights

Experiencing weightlessness close to the surface of the Earth can be achieved by parabolic flights. After
pulling up in a hypergravity manoeuvre, the pilot can pull down to make the aircraft enter a parabolic tra-
jectory in which low levels of gravity are achieved. When pulling up, another parabola can be achieved.
Usually, 10 — 40 parabolic manoeuvres are completed during one flight. Each reduced gravity manoeu-
vre is preceded and followed by hypergravity of around 1.8¢. The reduced gravity environment lasts for
20— 30 s and allows verification of technological advancements as well as giving insight into some phys-
iological phenomena happening in this gravity regime [38]. The first 30 parabolic flight campaigns by
ESA can be divided into physical science experiments, combustion physics, cosmic and atmospheric
physics, plasma crystal physics, material science experiments, life science experiments and technol-
ogy tests [39]. From this list, it is clear that parabolic flights are a diverse platform which allows research
in a reduced gravity environment of many different disciplines.

Aircraft of various sizes can be used for parabolic flight manoeuvres as shown in Table 2.1, which con-
tains a list of operators and their platforms. The acceleration levels in parabolic flights are not entirely
zero due to turbulence and vibrations, but it shows a microgravity environment close to real micrograv-
ity. In a parabolic flight, gravity levels of about 10~2g can be achieved for experiments attached to the
floor, whereas free-floating experiments experience 10~3g [40]. However, it is also possible to change
the inclination of the aircraft during the parabolic movement and thereby reach Moon or Mars gravity
levels. This has been done to, for example, evaluate the traction of planetary rovers [41].

Table 2.1: Parabolic flight operators [42], [43].

Maximum
Operator Platform altitude (ft)
Canadian Space Agency/National Research Council Falcon-20 20,000
Egr:edonan Civilian Space Agency/Ecuadorian Air T-39 Sabreliner 16,000
European Space Agency/CNES/Novespace Airbus A310 28,000
(France)
Roscosmos (Russia) llyushin 1I-76 30,000

Universitat Politecnica de Catalunya/Aero Club

Barcelona Sabadell (Spain) Mudry CAP 108 3,800

Zero Gravity Corporation (USA) Boeing 727 32,000
Swiss Air Force F-5E Tiger Il 27,000
Cessna Grand Car-

Pauls Parabelfliige (Austria) avan )

Delft University of Technology/the Dutch National o
Aerospace Laboratory (the Netherlands) Cessna Citation Il 42,000
Diamond Air Services (Japan) MU-300 -




2.1. Free Fall Environments 8

Three pilots operate Novespace’s parabolic flights concurrently. One is in charge of the pitch of the
aircraft to control the parabolic trajectory, the second pilot keeps the aircraft level by focusing on the
roll angle. The job of the third pilot is to regulate the throttles and monitor flight parameters [44].

A great advantage of parabolic flights is the ability for researchers to be on board and being able to
make small adjustments to the experimental set-up between parabolas. This is also one of the reasons
it is useful for physiological studies, as test subjects can take part in the flight campaign. Typically, a
flight campaign stretches over three days with around 30-40 parabolas over the course of 4 hours. After
a few parabolas, there is a break of 4-8 min with a constant 1¢g to evaluate the experiment and make
corrections, then more parabolas will be performed [22]. These breaks can be adjusted to match certain
experimental requirements. Integration of the experiments begins up to two weeks prior to the test days
and includes safety meetings. The test area depends on the aircraft but can be significant on the bigger
ones such as the A310. ESA, DLR and the French space agency Centre National d’Etudes Spatiales
(CNES) support up to six flight campaigns per year, and usually it takes 8 months from proposal to
flight.

2.1.5. Drop Tower

The last research platform to generate the sensation of weightlessness through a free-fall environment
is the drop tower. Several towers around the world exist, which can be used to achieve weightlessness
for a short duration. The Bremen Drop Tower can provide 4.7 s of weightlessness a maximum of three
times a day. Using the catapult mode, which launches the experiment upward before it falls back down,
allows for weightlessness for 9.3 s [45]. The capsule in the tower is 800 mm in diameter and 2.4 m tall
and can support more than 200 kg [22]. The experiment can be accessed up until two hours before
the drop and is available 45 min after the drop. NASA’s Zero Gravity Research Facility can provide
5.18 s of weightlessness during a 132 m fall no more than twice every day [46]. The number of drops
per day is limited by the time it takes to prepare the test tube or shaft to the correct pressure. In order
to achieve gravity levels in the order of 10~¢¢ the tubes or shafts have very low pressures to minimise
aerodynamic forces. Increasing the height of a drop tower is not the best way to increase the time of
weightlessness. Doubling the height of the fall will increase the time in weightlessness by only a factor
of v/2, whereas using the catapult mode will double the time in weightlessness [47].

At the Bremen drop tower, 20 experiments per year are achievable with around 400 drops in total. It
takes between 4 weeks and 12 months from contact with the drop tower to run the experiment and the
experiments must be able to handle 100g during the deceleration phase. Launching with the catapult
system generates around 30g, whereas a simple drop manoeuvre only goes from 1g to 0g [35]. Two
various approaches are taken to reach low gravity levels. Either the tube/shaft can be evacuated, which
is a significant time constraint or a capsule in a capsule approach can be adopted. This last approach
allows the inner capsule to fall relative to the outer and experience fewer aerodynamic forces in a
low-pressure environment.

However, the limited number of drops per day has led to the development of the new GraviTower at the
Center of Applied Space Technology and Microgravity (ZARM) at the location of the Bremen drop tower.
This new drop tower was inaugurated in 2022 and does not require a vacuum chamber as it utilises an
airtight slider accelerated by a hydraulic winch, enabling a significant increase in the number of drops
in a day. With only 45 s between flights, up to 1000 flights can be achieved in one day. This allows more
repetitions of experiments at a faster time scale, leading to larger data sets. Microgravity is achieved for
a couple of seconds, but the acceleration and deceleration can be adjusted to the experimental set-up
and can be as low as 2g. Unlike the Bremen tower, it is possible to access an experiment immediately
after the drop [48]. The GraviTower can also be programmed to simulate hypogravity levels such as
those encountered on the Moon or Mars. The gravity levels can vary from 0.1 to 0.4¢ [49]. As mentioned,
several drop towers exist across the world. A small list of drop towers is presented in Table 2.2. The
number of operating drop towers changes as some universities or research institutes build their own
while others decommission theirs. These are typically smaller in size and provide microgravity in a
duration of less than 2.5 s. A newly built drop tower at Leibniz University Hannover uses a linear electric
drive and brake system to control the acceleration level of a vertically movable vacuum chamber, which
contains the experiment in a partial vacuum inside. This yields high repetition rates and very low gravity
levels of 10~%¢ [50]. Automatic adjustment of the experiment between runs allows for optimised use,
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as the evacuation of the vacuum chamber is not required. If manual changes of the experimental set-
up are needed between two runs on the drop tower, 1-2 hr for evacuation is required [51], which is in
contrast to the drop tower at ZARM, which readily allows to perform changes to the experimental set-up
between drops. This method, featuring a linear electric drive and brake system, has inspired NASA
to improve their drop towers with the new Electro-Motive Drop Tower, utilising this new technique to
increase the number of runs per day and accommodate hypergravity levels. Once completed, the new
drop tower should provide microgravity for up to 10s at 10~°g, support gravity levels up to 0.5¢g and
increase the number of runs to 20 runs per day [52].

Table 2.2: Drop tower facilities.

Microgravity Microgravity Tests per

Operator Country duration quality [g] day
Bremen Drop Tower (ZARM) Germany 9.3s 10-¢ 3
GraviTower (ZARM) Germany 2.58 106 1000
Leibniz University Hannover [53]  Germany 4s 1076 300
Zero Gravity Research Facility _5

(NASA) [46] USA 5.18s <10 2
[252] Second Drop Tower (NASA) USA 995 10-3 12
Portland State University [55] USA 2.1s <2.74 -
Queensland University of Technol- Australia 90s <10-4 10-15
ogy [56]

Hokkaido Aerospace Science and

Technology Incubation Center Japan 2.3s 1073 -
[57]

National Microgravity Laboratory,

Chinese Academy of Science China 3.5s <2-107% 2-4
(NMLC) [58], [59]

NCCRD [60] India 2.5s <1074 8-10

2.1.6. Unmanned Aerial Vehicle

Finally, it can be mentioned that very recent developments have been made in developing a new sys-
tem that utilises the abilities of UAV. Using a drone to raise a platform for microgravity research, and
releasing the platform, will generate 5-12 s of microgravity and can be performed multiple times every
day. This is a new platform to simulate microgravity that is expected to be introduced commercially in
2023 [61]. It is not reported what gravity levels are achieved during operation or if hypogravity levels
can be established for experiments.

Another method is to use the UAVs themselves as a platform with a small payload containing the
experiment. The UAVs follow a flight path inducing a microgravity environment on an experiment aboard
based on the same steps as a drop tower. An initial period is used to accelerate the UAV, and then
a microgravity period occurs where the UAV enters a parabolic movement while counteracting the
aerodynamic forces to ensure microgravity level, this is followed by the braking phase and landing.
UAVs can be used in more places than drop towers, making them more flexible, however, this method
is still in its early stages and has not been used to successfully generate a microgravity environment for
research purposes yet. The size of an experiment is very limited by the size of the UAV and the payload
it can bring. Together with the controls only being able to control one direction, allowing disturbances
such as wind gusts and aerodynamic forces to affect the overall quality of the gravity level, which
can reach around 10~2g for 1.6s [62]. Further work is needed before this method can be used for
microgravity research.

An overview of the discussed free-fall platforms and their microgravity quality and duration can be seen
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in Figure 2.2.
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Figure 2.2: Overview of the various platforms to experience free-fall.

2.2. Ground Based Simulations

The ground-based simulations all have in common, that gravity is not removed, rather it is manipulated
in a way that simulates certain effects similarly to true microgravity. This can either be done through
analogues or by simulating microgravity through rotation or the use of magnets. There can be great ben-
efits in these methods as experiment duration can be longer while using more accessible technologies
at a lower cost.

2.2.1. Head Down Tilt Bed Rest

Bed rest studies are associated with the simulation of the inactivity of the muscles during microgravity.
The studies can be extended by introducing a head-down tilt of 6° in order to simulate the cephalad
fluid shifts seen in space, which is visualised in Figure 2.3. Human adult subjects are used for up
to one year to study the musculoskeletal and cardiovascular systems. This includes studies on bone
loss, muscle and cardiac atrophy, orthostatic intolerance, and reduced muscle strength and exercise
capacity. Depending on what is being studied and the duration of the study, it can take 1 or even up to
2 years to fully recover [63].

The head-down tilt bed rest is however not an ideal simulating platform. The arterial pressures and
fluid shifts are similar to those in space due to the head tilt, but gravity will still affect the body on Earth.
This means that there will be compression on the surface of the skin where the person lies down, as
well as the inside of the body will still experience the weight from the chest pressing towards the back,
introducing compression over a large part of the body tissue, which will not naturally occur in space.

In a study on the effects of spaceflight on the brain structure using grey matter maps, 27 astronauts
were scanned with T2-weighted MRI scans [64]. These results were compared to a bed rest study. In
general, the findings were similar in terms of the distribution of grey matter in the brain scans but there
were also differences in the observed grey matter changes in the cerebellum. This indicates that some
effects might be similar between real spaceflight and bed rests on the brain structure, whereas the two
methods also impose unique changes that the other one does not introduce.

Changes in optical coherence tomography caused by the cephalad fluid shifts, in relation to a study on
SANS, have been spotted in head-down tilt bed rest studies as well as in spaceflight studies [4]. This
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indicates that head-down tilt studies are reasonable analogues to studying cephalad fluid shift-induced
changes.

Although it is a reasonable simulator for bone loss, muscle and cardiac atrophy, orthostatic intolerance,
and reduced muscle strength and exercise capacity, previous studies have contributed to many de-
velopments and testing of countermeasures for maintaining the health of astronauts in space. This
method has proven to be a less reliant simulator for other long-term spaceflight-induced changes when
it comes to spinal dysfunction and radiation hazards [63].

A Astronaut models B Bed rest models
Pre-Flight (1G,) Microgravity
70 mmHg Facial 100 mmHg Horizontal
100 mmHg 100 mmHg 100 100 e 100
mmHg mmHg mmHg

6° HDT Bed Rest

P —

- - mmH,
105 100 R L6 ¢

mmHg
mmHg

Bird Legs
200 mmHg 100 mmHg

Figure 2.3: Hypothetical blood pressures in the human body of A: astronauts on ground and in space and B: participants of a
bed rest experiment [63].

2.2.2. Wet and Dry Immersion

Wet and dry immersion build on the same principle: the former was developed in the early days of
human spaceflight but it proved uncomfortable to stay in the water for extended periods of time [65].
Based on this fact, wet immersion is mainly used for short-duration studies of less than 24 hrs. For
longer-duration studies, dry immersion is used. This is a method developed in Russia where the test
subjects are immersed in thermoneutral water covered with an elastic waterproof fabric [66]. Both wet
and dry immersions are depicted in Figure 2.4. It is furthermore mentioned that immersion analogues
do not act as a supporting structure for the body, unlike the bed rest analogues, which is one of the
most important differences between these analogues. This means the compression of the body skin
mentioned earlier does not appear here. The duration of the two types of studies also differ. The longest
dry immersion has been 56 days whereas the longest bed rest study lasted 370 days. Some of the
same effects can be seen in both head-down tilt bed rests and dry immersions, however, the intensity
and rate of neuromuscular changes are much more rapid in the dry immersion analogue compared to
the bed rest analogue [66].

At the beginning of the experiments in dry immersion, the subject feels comfortable but after 2-3 days
their heads start feeling heavy and nasal congestion may be observed and is suggested to be caused by
cephalad fluid shift [68]. Countermeasures studied with dry immersions are generally passive, whereas
countermeasures studied in bed rest studies are more related to diet or fluid shift [69] and exercise
countermeasures.

When looking at the reviews, dry immersion is a reasonable analogue to simulate microgravity, however,
most of the studies have historically been conducted by Russians or in Russia, and only men have been
used in the studies due to the difficulty of urination for women under these conditions [66]. This might
be due to the fact that it is significantly easier to perform bed rest studies, which can be a reason for
these studies being preferred over dry immersion. It is also possible to have a larger test group at a
lower cost as more space is needed for dry immersion and the energy to keep the water at the correct
temperature is more substantial.
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Figure 2.4: Depiction of wet and dry immersion [67].

2.2.3. Clinostat

The clinostat is a simple option to mimic microgravity on Earth: it does not eliminate nor alter gravity, but
by constant rotation, the effects of gravity are thought to be neglectable for specific phenomena. How-
ever, the results depend on the orientation of the rotation in the three-dimensional space [70]. Clinostats
support long-duration experiments on the ground and are generally used to study plants. Clinostats
come with different rotational speeds and axes: classical slow-rotating ones have 1-2 revolutions per
minute whereas the fast-rotating ones can reach 50-100 revolutions per minute, each with their own
benefits. The samples are rotated either around one axis (1-D or 2-D clinostats) or two axes (3-D clino-
stat) [71]. The 3-D clinostats are similar to the RPMs as both are based on rotation around two axes,
however, the rotational rates are different as the clinostat uses constant rotation rates whereas RPMs
can vary in their rotation. The 1 and 2-D clinostat are shown in the following chapter in Figure 2.10.
The 3-D clinostats will be covered more in the following section on the RPM.

The slow rotation allows to establish a region where centrifugal forces are below a certain threshold
but the slow rotation might cause mechanostimuli in the biological samples, which plants can react
to. In such cases, it can be better to increase the rotational rate. The fast-rotating clinostats can be
used to look into sedimentation in a e.g. fluid or semisolid culture medium. During the fast rotation, the
medium will achieve a stable state of rotation around the sample, where the sedimentation of the cell or
plant sample becomes smaller than the movement of the medium. In this case, the medium stabilises
around the rotating sample and will effectively eliminate gravity [72]. When rotating quickly, the system
will no longer perceive the gravity vector and will not experience the same stresses that might affect
the same biological sample in a slow-rotating clinostat.

Positioning the axis of rotation of a single-axis clinostat allows control of the experienced gravity and
makes it possible to introduce hypogravity levels. The experienced gravity is equal to g sin «,, where
a is the angle between the rotation axis and the horizontal and g is the gravitational acceleration. By
tilting the axis 10°, one achieves the gravity of the Moon, and with a bigger tilt one can achieve the
gravity level at the surface of Mars. The single-axis clinostat has the advantage of being very simple
and straightforward to use with its constant rotation while also minimising the expenses of setting up
an experiment.

Despite the similarities generated in aspects of some biological samples grown on a clinostat, there
are spotted great differences between biological samples on a clinostat and in true microgravity [36].
Hence the use of the clinostat is limited and it is very important to evaluate whether a system can and
should be examined on the clinostat or if the system will show a different response compared to true
microgravity.
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Concerns about the rotation direction’s effect on the test sample in a clinostat led to the development
of the RPM, which is made exclusively to not impose any constant force in any certain direction [72].

2.2.4. Random Positioning Machine

The RPM is an advancement from the clinostat using the same principle of rotation as a multiple axes
rotating clinostat. However, the goal of the RPM is to negate the effects of gravity over time by ma-
nipulating the gravity vector tip to point in all directions of the sample, so the resulting gravity level
approaches microgravity. This is done using algorithms that change rotation rates or direction ran-
domly to avoid the effects of always turning in the same direction [73]. The RPM are shown in several
figures in later chapters but is a small machine with two individually rotating frames and a platform at
the centre to support experiments.

The clinostat can rotate both too slowly and cause a dynamic stimulation in the plants, or too fast and
cause unwanted effects due to the increased centrifugal force [74, and references herein]. In a compari-
son of the clinostat with the RPM and real spaceflight experiments, the plastid position in columella cells
in Arabidopsis of the spaceflight flown specimens were more similar to the RPM experiment than the
clinostat experiment [36]. Indicating that the RPM is better for studying gravitational effects in flowering
plants compared to the clinostat.

The RPM also generally has the advantage that it can be used as a clinostat as well. In case rotation
is only desired in one axis, the other one can simply remain static, in which case it will work as a
clinostat. One of the most widely studied cell models for gravity sensing and growth in plants is the
Chara rhizoid, which has been studied on sounding rockets, the space shuttle and on clinostats. In an
effort to evaluate the simulated microgravity quality of the different operating modes of the RPM, the
Chara rhizoid was placed at different operating modes of the RPM, which includes clinostatic operations
as well as on the sounding rocket MAXUS. The experiment showed that fast rotation of the RPM was
necessary in order to achieve results similar to those obtained in the sounding rockets. The rotation
rates both in 2-D and 3-D mode should be around 60 rpm [75]. This study on Chara rhizoids indicates
that the vibrations generated due to the rotation impacted the growth in the 3-D rotation and therefore
the 2-D option would be better for simulating microgravity. From this, one needs to carefully evaluate
the biological system before choosing a platform for simulating microgravity. There might be unwanted
effects for specific biological systems during certain experimental configurations.

There have also been studies giving organism-specific recommendations to the use of ground-based
platforms, which here is limited to consider clinostats, RPMs and magnetic levitation. It was shown
that for several cell types, either a clinostat or RPM would be the preferred platform, whereas magnetic
levitation only proved to be a better simulator of microgravity for Drosophila behaviour [76].

The gravity level of a run on the RPM is, depending on the settings, within the range of parabolic flights
and sounding rockets at around 10~3¢ but the RPM can be used for an extended time period. The
longer the run on the RPM, the less prone the average g-level is to change due to variation of the
rotation. One important thing to note is, however, that the biological response time to changes in the
gravity vector should be longer than the rotation of the gravity vector. If this is not the case, then gravity
will affect the sample and although it still reaches a mean gravity level close to zero over a long period
of time, the effects of this simulation will be misleading as the biological system will react to the gravity
vector before its direction is updated. This can for example be a combustion system. It would not make
sense to put such an experiment on the RPM and expect it to simulate microgravity.

2.2.5. Rotating Wall Vessel

Rotating Wall Vessels (RWVs) also known as rotating bioreactors or rotating cell culture system was
developed at NASA and designed for cell cultures or aquatic organisms [76]. Cells are kept in suspen-
sion in a medium in the RWV and through the rotation, they experience a constant free fall and thereby
simulated microgravity while oxygen is delivered along an axial oxygenator [77], [78]. It utilises the
same principles as a clinostat by rotating around one axis but the RWV creates a very low shear stress
environment [79]. The RWV can be seen in Figure 2.5.

There are three fundamental aspects, thatimpact the use of the RWV and should be followed to optimise
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its use. The first is to minimise the terminal velocity by selecting microcarrier beads and culture media
that have almost the same density. Secondly, the rotation introduces both Coriolis and centrifugal
forces that depend on the terminal velocity. These are minimised when the velocity is minimised. The
last aspect is the mass transportation of nutrients to the cell in suspension [78]: if the RWYV is rotated
too slowly, the cell will be constantly at the bottom of the medium close to the wall, whereas a too fast
rotation forces the cell to stay close to the outer wall due to the centrifugal force. These two situations
set a physical limitation to the rotational rates, as the cell should not hit the wall.

Figure 2.5: A Rotating Wall Vessel by NASA [80].

The use of RWVs covers a large variety of mainly cells and tissues [81] but also zebrafish [82]. They
have been used for several decades in biological research and are readily available from Synthecon.
Although the RWVs are similar to clinostats, they act as specialized clinostats based on the idea to
ideally create a mixed fluid environment with low shear to suspend cell cultures or allow tissue growth
[77].

2.2.6. Magnetic Levitation

Gravity can be compensated magnetically at the molecular scale by creating a magnetic force that
counteracts it. This has some great advantages as it has unlimited experimentation time, it is ground-
based and it is easy to adjust the gravity level [83]. However, there are fundamental constraints related
to the use of magnetic fields. It is impossible to compensate for gravity at all points in space, even
though the space is small, but it is possible to compensate for gravity at several points within that
space. That could be a horizontal plane or a vertical line where gravity is perfectly balanced by the
counteracting magnetic force.

To create the magnetic field for levitation, one would need a strong source such as the Bitter solenoid
or a superconducting solenoid magnet. When it comes to levitating biological material, a vertical bore
magnet is needed [76]: this is placed inside the solenoid, and where the bore passes through the
solenoid centre, the magnetic field will be the strongest. At the top of the bore, the magnetic field will
push the material away, which can result in simulated microgravity when the magnetic force matches
the gravitational force. The magnetic force then decreases gradually while moving towards the bottom
of the bore. At the bottom, it will pull the sample towards the surface of Earth and the experienced force
will be 2¢g as seen in Figure 2.6. This figure is based only on one type of magnetic field, but in reality,
there can be more than one point where near Og is achieved. The interesting aspect of diamagnetic
levitation is its ability to counteract gravity throughout the volume of a specimen, similar to how gravity is
counteracted when orbiting Earth [76]. The gravitational-induced phenomena that occur inside the body
are better replicated by the diamagnetic levitation and there are no stresses inside the test volume that
are caused by gravity. Moving away from 0g point, the gravitational level typically increases by 0.01g
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per millimeter. An example of a drawback with levitation is when looking at Arabidopsis seedlings:
although the plant levitates, the root is bent in the direction of gravity, unlike what is seen in spaceflight.
This indicates that although biological samples are similar to those of water, there are processes that
need a stronger magnetic field to study simulated microgravity. It is simply not enough to be able to
levitate the biological sample.
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Figure 2.6: Gravitational level generated by magnetic levitation inside a magnetic bore on water [76].

An effort has been made to improve magnetic levitation by increasing the area where low g-level is
achieved [84]. It proved possible to make a volume of 4004 uL where the net force resulted in a gravity
level less than 1% of Earth’s. This can be achieved when superimposing a strong uniform magnetic field
By with a weak field B; that has an almost constant field-gradient A B;. That way one achieves an
approximately uniform field B = By + B =~ By with a fairly constant field-gradient AB ~ AB;. The
strong uniform field can be generated in the traditional way with a superconducting solenoid magnet,
whereas the improvement comes from combining this with a gradient-field Maxwell coil to produce
the desired field properties. The volume, however, is still relatively small and limits the samples that
can levitate at the centre of the coil. The achieved volume of low gravitational pull is furthermore
more isotropic than using regular methods. When using this approach to create a Mars gravity level
of 0.38¢, the volume increases to around 20000 yL. This indicates that once this technology matures
and experiences further developments, the test area might increase, making it possible to study the
long-term effects of simulated microgravity in larger test samples.

Although this method has been used previously to levitate a mouse, or at least partially levitate a mouse
as seenin Figure 2.7 [85], the gradually changing levitating force will become a problem as the magnetic
field needs to be strong enough to fully levitate a larger sample in the zero-g environment at the top of
the bore. In Figure 2.6 shown earlier, it can be seen that the bore is only able to simulate microgravity
for a small area around 2.6 cm from the top. Moving away from this area results in an increase in g-
level of 0.01¢g per millimetre and does not indicate a good use for larger samples. There are also other
complexities related to the use of magnetic levitation including the requirement to cool magnets to keep
the test area around room temperature, to provide light as well as the cost of operating these types
of systems [86]. Combining this with the relatively large space it requires to set up this platform, this
platform still needs some development to fully reach its potential.
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This should also be seen in the light of the previously mentioned study, which showed that gravitational
effects in the included cell types are better studied using clinostats and RPMs rather than a magnetic
levitator. Another study also showed that magnetic fields cannot be used to mimic the effects of mi-
crogravity in gravitactic unicellular organisms due to the magnetic field itself [87]. Having very strong
magnetic fields affects the biological sample and can invalidate the results, thus it can be problematic
for a large range of systems to be studied on ground using this platform due to the strong effects the
magnetic field introduces.

Figure 2.7: A mouse inside the cage of the magnet in A and the mouse levitated without the cage in B [85].

2.2.7. Hindlimb Unloading

Hindlimb Unloading (HU) has been around for a long time and relates to simulating microgravity in
rodents, especially rats. The HU model is used for various purposes that originate from studying mus-
culoskeletal responses to a simulated space environment but are now also used for other purposes,
e.g. to study muscle atrophy [88] or the effects of cephalad fluid shifts on the rat’s eyes [89], [90].
This model has proven to resemble the loss of muscles as seen in space, hence it seems like a good
alternative to study the skeletal muscle system of rodents on Earth when experimentation in space is
not available [91]. The principle of HU is to lift the rat mechanically by the rear parts, such that the
experienced gravity is reduced compared to normal. A sketch of how the HU is done can be seen in
Figure 2.8.

HU does not eliminate the presence of gravity and the inner organs still exert pressure on each other
in HU unlike when in space, where the organs flow around freely. However, some of the important
advantages are that experiments can be scheduled without considering certain crew schedules and
modifications to the experiments can be done easily and with low cost. Furthermore, experiments can
be repeated and extended on a routine basis, there exist no further safety aspects as there would be
in space, and finally, the tissue can be taken from the anaesthetised animal at any time during the
experiment [92]. These are some of the most important aspects of why ground-based analogues are
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Figure 2.8: Hindlimb unloading of rats [13].

advantageous in relation to studying the effects of space and being able to precisely design experi-
mentation in space. The development of the HU model considered various physiological responses
including differential muscle atrophy, cephalad fluid shift, freedom to move, eat, and groom using the
forelimbs, unloading the hindlimbs without paralysis to ensure recovery was possible, and the final as-
pect is a regular weight gain in growing rats or minimal weight loss in adults during the experiments
[92]. It was found that unloading the hindlimbs of a rat leading to a head-down tilt of 30° proved to be
a good model for spaceflight effects in rats. Even though it is a good model for certain aspects, the
normal weight gain and reduced weight loss are not met by this model when using a harness to unload
the rats, instead, it was sought to use traction tape for the tail, which proved to have an improved effect
on the weight during a two-week experiment [93] and is the method that is widely used today.

2.3. Platform Overview

Looking across the variety of platforms, some clear limitations apply to the individual platforms. Both
when it comes to sizing of experiments, duration or accessibility. Each platform can be used for certain
studies and depending on the system, some platforms might be preferred over others either due to
limited crew time on the ISS, cost or restrictions of the experiment. The free-fall environments are
summarised in Table 2.3 and the ground-based platforms are summarised in Table 2.4.

Table 2.3: Summary of the free fall environments.

UAV Drop Parabolic Sounding Suborbital Orbital
Tower Flight Rockets Flight Flight
Microgravity s 10~ 102 <104 <105 106
level [g] -
Duration <12s <10s 20-30s Upto20min- o iites Days
utes months

Hypog_rawty Yes Yes Yes No Yes Yes
potential
Hypergravity No No Yes No No Yes

potential
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Table 2.4: Summary of the ground-based microgravity platforms.

HDT . -
Wet and Dry . Magnetic  Hindlimb
Bed Immersion Clinostat  RPM RWV Levitation Unloading
Rest
Simulated
microgravity Analog Analog <1073g <1073g N/A <10~2%g Analog
level
Duration ;’:arto 1 <omonths  Unlimited Unlimited Unlimited Unlimited ~ Months
Hypog'rawty Yes No Yes Yes Yes Yes No
potential
Hypergrawty No No Yes Yes No Yes No
potential

Choosing the correct platform depends heavily on the situation. However, there is a large potential in
utilising ground-based platforms, which exceeds just the benefit towards space applications. One such
platform is the RPM, which very little is known about when it comes to its performance. This causes
many people to use it suboptimally and can affect the outcome of studies and lead to misunderstandings
of real processes happening in microgravity. It is furthermore one of the few platforms that can simulate
both microgravity and hypogravity over a long duration and offers great opportunities if used correctly.
Up until today no complete model of the RPM existed to help answer questions on how the RPM can
be used in research. Typical questions would be how big a payload can be, how big the RPM can
be built and at what rates a sample should be rotating. These are some of the questions that will be
answered in this thesis, whereas the initial research questions for the thesis are listed at the end of
the following section. The mathematical model developed is used to find the limitations of the RPM
while also showing new possibilities that can enable studies in the gravity dose response of biological
samples. This is highly relevant for future missions to the Moon and Mars but can also be directly
beneficial to life on Earth through the accelerated ageing processes occurring in microgravity. In the
following section, more information on the RPM will follow before the model is developed.

2.4. History of the Random Positioning Machine

Gravity has always been a constant factor throughout the development of life on Earth however, for a
long time there has also been an interest in understanding its influence and how it affects life to change
the effective gravity. Back in 1806, Thomas Andrew Knight [94] placed plant seeds on a water wheel
to study the effects on the growth of the resulting gravity. He managed to show that the plants orient
themselves in the direction of the resulting gravity, and not solely by Earth’s gravity. His experiment
can be seen in Figure 2.9.

Figure 2.9: The set-up of Thomas A. Knight's waterwheel experiment taken from Davy [95].
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Since then a lot has happened, and with the space missions in the 1950s and '60s, new interest in
studying the effects of gravity rose. In 1958 Muller [96] suggested that rotational devices should be
used to study the effects of microgravity on humans. The interest in altering gravity kept increasing,
and today there are several platforms to study the effects of altering gravity across the entire gravity
spectrum e.g. centrifuges, drop towers and parabolic flights to name just a few.

After these early attempts to understand the effect of gravity, the clinostat was developed. Itis a device
that can rotate around one axis at a fixed rotational rate and simulate some specific effects of micro-
gravity. There exist different types of clinostats as seen in Figure 2.10, and they can come at different
rotational speeds ranging from 1-2 rotations per minute up to 50-100 rotations per minute [71]. These
are generally referred to as the slow and fast rotating clinostats, each good for its own application. The
slow rotation allows to establish a region where centrifugal forces are below a certain threshold but the
slow rotation might cause mechanostimuli in the biological samples, which the plants can react to. In
such cases, it can be better to increase the rotational rate. The fast-rotating clinostats can be used
to look into sedimentation in an e.g. fluid or semisolid culture medium. During the fast rotation, the
medium will achieve a stable state of rotation around the sample, where the sedimentation of the cell
or plant sample becomes smaller than the movement of the medium. In this case, the medium sta-
bilises around the rotating sample and will effectively eliminate gravity [72]. When rotating quickly the
system will no longer perceive the gravity vector, and will not experience the same stresses that might
affect the same biological sample in a slow rotating clinostat. However, there can also exist 3-D cli-
nostats, that rotate around two axes. Generally, clinostats have been used to study plant gravitropism
and what effect simulated microgravity has on plants. Despite the similarities generated in aspects of
some biological samples grown on a clinostat, there are spotted great differences between biological
samples on a clinostat and in true microgravity [36].
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Figure 2.10: Examples of 1-D clinostat to the left and 2-D clinostat to the right [13].

In the 1990’s however, some more advanced controls of the 3-D clinostats were introduced in Japan.
Here Hoson and colleagues proposed to randomly change the rotational direction ranging from 2 to -2
revolutions per minute with a change in rotation rate every 30-60 s [74], [97]. This was the first time,
the random aspect was introduced into the clinostat. This improved the trajectory of the gravity vector,
forcing it to point in more directions as seen in Figure 2.11. One problem encountered here was the
large acceleration leading to damaging torques on the O-rings. As Hoson et al. proposed, this could
be solved by gradually changing the rotational rates.

At Fokker Space in the Netherlands a few years later, another type of RPM was built, based on a purely
random algorithm. The movement would change at random time steps to random rotational rates in
order to generate simulated microgravity. This RPM was converted into a desktop-sized version to allow
it to be used in an incubator, where the environment can be carefully controlled [98]. The environment
has a significant impact on the cells that would be the payload of the RPM, which is why there was
a need to control variables such as temperature and humidity for studies on cells. Currently, it is the
only one still commercially available, however now it is available through Yuri gmbh, which acquired it
from Airbus Defence and Space Netherlands B.V. This RPM has been widely used in gravity-related
research and has been validated through several studies comparing simulated microgravity with true
microgravity. Not only have the RPM proven useful for space-related research, but other fields have
also used the RPM as a versatile tool. This includes studies on cancer research and tissue engineering
[10], [81], [99].
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Figure 2.11: Motion of a sample on the 3-D clinostat during 3 hours [74].

In more recent years, a new approach was developed by Wuest et al. [100], [101]. Here they used a
constant rotational rate with the direction being inverted at random time steps. This was shown as a
new way to control the RPM, and this could be used to simulate microgravity effects in some systems.
As will be shown later, it is very important to be careful when selecting the rotational speed, especially
in this case as the resulting gravity level varies significantly between different rates.

Yet another control algorithm was developed by Wubshet et al. [102]: this is based on a surjective map
comprised of the two angles that describe the orientation of the gravity vector based on the rotating
frames. The orientation of the gravity vector will cover a sphere, and in order to have a uniformly
distributed orientation, a non-uniform distribution of angles is needed. This can be achieved by the use
of Archimedes’ theory [103]. Rather Wubshet et al. create a reference trajectory of all points in the
sphere that have an equal likelihood of being visited. Then it follows that random points are taken and
projected onto the surface of the unit sphere. Here neighbouring points are being merged to form a
trajectory. The geodesic curvature and distance between points on this trajectory determine the angular
velocity and acceleration that the RPM is following. To limit the angular acceleration only points close
to the current point of the trajectory are included as possibilities for the next point. An example of a
trajectory created by the algorithm is shown below in Figure 2.12.
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Figure 2.12: RPM trajectory design presented by Wubshet et al. Wubshet, Arreguin-Martinez, Nail, et al. [102].
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These various methods show that there exists not just one algorithm to control the movement of the
frames and manipulate the gravity vector to eliminate the effects of microgravity but several different
approaches have already been demonstrated. The best approach to take is difficult to determine,
and there exist many other unexplored approaches that might improve the experiments. The various
algorithms may have their own strengths and weaknesses and might only work for certain systems, so
the correct controls depend heavily on the payload. Depending on the size, for example, additional
accelerations may be introduced further from the centre of rotation, resulting in a suboptimal simulated
microgravity environment. When developing a control algorithm, these aspects must be considered
to achieve a good environment on the RPM. With future missions to Mars and the Moon, where the
gravity level is different and not easily accessible, it can prove useful to use RPMs to simulate these
hypogravity levels for research purposes. Developing a customized RPM in-house can offer much
greater control of the movement of the RPM and can be (re)-designed for multiple systems. Scientists
can benefit from understanding the limitations of the RPM, which can be used to better design research
on the RPM.

This chapter gives only a brief overview of the RPM, many studies have been done using the RPM and
there also exist some, which look into more technical aspects of the RPM. However, understanding
where the RPM comes from, and how it was developed can help in the following chapter, which covers
more technical aspects of the RPM. The following research questions were established to guide the
work and further expand our knowledge of how the RPM can be used.

» How can the rotational rates for predicting the resulting g-level be modelled?

— What are the best combinations of rotational rates for an RPM to simulate microgravity using
constant velocities?

* How do the combinations of rotational rates relate to g-level?
* To what extent can the g-level be improved using alternative control algorithms?
— How would the model change when considering Moon and Mars gravity levels?
— To what extent are the optimal combinations useful in a real experiment on the RPM?
» What effect does moving away from the centre of rotation have on the residual g-level?
— At what point will the residual forces be so significant that microgravity is no longer achieved?
— How would the RPM be scaled if multiple g-levels should be simulated during the same?

» To what extent does the experimental data match the theoretical model?



Materials and Methods

This chapter aims to outline the governing equations for modelling the motion of the RPM. This includes
the kinematics of the two individual rotating frames in Section 3.1 where velocities and accelerations
are included. Section 3.2 covers miscellaneous aspects of the model and an explanation of how to track
the gravity vector tip. Changing the position of the sample on the RPM is briefly considered in Section
3.3. To validate the model, a motion capture system and two Inertial Measurement Units (IMUs) are
used on the RPM. The experimental setup concludes this chapter in Section 3.4.

3.1. Kinematics of the RPM

The RPM is built by having two individually rotating frames connected to a platform, that can support
experiments. An example of a typical RPM is the only commercially available RPM from Yuri gmbh,
this can be seen in Figure 3.1. The frames are controlled by an algorithm that, by rotation, allows the
distribution of the gravity vector in all directions. Doing this over time can make the sample on the
experimental platform experience a state of simulated microgravity, as long as the rotation is faster
than the sample’s response time to gravity [104]. With careful control, it is also possible to simulate
hypogravity levels, such as the Moon’s or Mars’ gravity. This is particularly useful for studies related
to future human space missions, as these include sending humans to the surface of the Moon and
Mars. This section covers the kinematics of the RPM and results in a mathematical expression for its
performance.

3.1.1. Initial Considerations

Considering the two axes freely rotate as shown in Figure 3.2, it is clear, that the outer frame rotates
with wo around the local xo - axis, which is coincident with the static global x¢ -axis. The inner frame
rotates with w; around the local y; -axis that is the same as the yo -axis (not ys -axis). The origins
of all reference frames are in the centre of rotation but are drawn at a distance for clarity. With the
reference frames defined, it is possible to look at the kinematics of the two frames and relate this to
the rotation. This will yield some governing equations for the movement, that can be used to generate
a model of the RPM that can predict the performance of RPMs. This will prove to be a valuable tool in
outlining the limitations for ground-based studies using RPMs. As there will be rotating axes, the first
step is to show the rotational matrices relevant to the model. Throughout, subscript O is used for the
outer frame’s reference frame, G indicates the global, stationary reference frame and finally, / marks
the reference frame of the inner frame. Subscript P emphasises the point P in the inner frame. As
seen in Equation 3.1 and 3.2, the rotation is dependent on the angle, the sample makes with the global
reference frame. Below, o indicates the angle of rotation of the outer frame about x and 6 indicates the
angle of the inner frame in relation to the outer frame. These two equations are valid when performing
a positive (counterclockwise) rotation around the respective axis. This can be visualised by taking the
right hand and holding the thumb in the positive direction of the axis of rotation, then curling the other
fingers towards the palm will reveal the positive rotational direction. That means, for the x-axis, that
one would curl the fingers from the z towards the y-axis, showing the positive rotation. However, when

22
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Figure 3.1: RPM from Yuri.

it is necessary to rotate the opposite way, the sign of the angles can be switched, allowing rotation
from the inner frame to the global reference frame. These equations are shown in Equation 3.3 and
Equation 3.4. This is equivalent to switching the signs of the sines.

1 0 0
R, =10 cosoc —sino 3.1)
|0 sino  coso
[ cosf® 0 sinf
R, = 0 1 0 (3.2)
|—sinf 0 cosf
(1 0 0 1 0 0
R,,,, = |0 cos(—-0) —sin(—o)| = |0 coso sino (3.3)
|0 sin (—o) cos (—0) 0 —sino coso
[ cos (=) 0 sin (—0) cos® 0 —sinb
Ry, = 0 10 |[=]0o 1 o (3.4)
| —sin (—=0) 0 cos (—0) sinf 0 cosf
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Yi=Yo

Figure 3.2: Reference frame for the RPM.

3.1.2. Angular Velocity

With the coordinate system defined, the next step is to define the motion of the frames. The angular
velocity can be written as shown in Equation 3.5 to 3.7. There will be a contribution from both frames
and as the model should support non-constant rotational rates, the rotation matrix is needed to ensure
the correct contribution of the rotation of both frames at any instant. This means that the angles ¢ and
0 are modelled as functions of time, to be used in the model.

wg=wo+ Ry, W (3.5)
[wo ] (1 0 0 0

wg=|0]4+ |0 cosoc sino| |wr (3.6)
| 0] |0 —sino coso 0
_wo_ I 0 wo

weg=|0 |+ | wrcoso | = | wrcoso (3.7)
i 0 ] | —wrI sinao —wy sino

The frames will rotate at a constant rate during the validation process due to the control limitations of
the current RPM, however, this is not always the case when using a different algorithm. Therefore, the
rate of change of the angular velocity is defined as the difference between two subsequent angular
velocities divided by the time step as defined in Equation 3.8. This equation holds for both the inner
and outer frame. In the model, the last element of the array is noted as zero, thereby assuming no
change in velocity between the second to last and last element. This will have no consequence for the
results of the model, which has several thousands of elements.

vy wii)—w(i—1)
w(z)—T (3.8)

3.1.3. Angular Acceleration

The next step is to define the angular accelerations during rotation. To determine these, the angular
velocities and rate of change of the angular velocities are important aspects. From the perspective of
a static xg, Yg, zg reference frame, any time derivative of vector A can be described by the rate of
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change of A observed in the rotating xp, yo, zo frame plus the contribution caused by the rotating
frame itself. A can be defined in the three axes as shown below in Equation 3.9, where 2, 5 and k are
the unit vectors.

A=A+ A5+ Ak (3.9)

The time derivative of A needs to account for both the change in magnitude but also the change in
direction. Taken from the static frame, the direction of the vector only changes due to the rotation €2,
which leads to the following expression for the derivative of A in Equation 3.10.

A=Ayi+ Ayj+ Ak + Ai+ Ayj + Ak (3.10)

The time derivative of the unit vector only displays a change in direction due to €2 and not in its magni-
tude, hence ¢ = % becomes an indication of the change in direction. Rotating the axis by 2 dt yields
a change in direction dz perpendicular to the initial direction as shown in Figure 3.3.

The directional change can then be described by the three
expressions shown in Equation 3.11.

i=Qxi j=Qxj k=Qxk  (3.11) 'gg
Completing the derivative considering both the magnitude @

and direction of the vector leads to the expression shown in
Equation 3.12. The derivative is the sum of the derivatives
observed from the rotating xp, Yo, Zo frame and the cross
product of 2 and the vector A.

i at time t+dt

A=(A +OxA (3.12)
( )woyozo iattimet {jdi

This equation states that the derivative of a vector A ob- X
served from the static xg, yg, zg reference frame can be
described by the derivative of the same vector in the xo, Figure 3.3: Change in direction of unit vector i
Yo, Zo frame plus the contribution caused by changing the due to rotation €2.
direction. When there is no rotation present, the equation
simply boils down to the time derivative of the vector in the given frame.

This result can be used to evaluate the angular acceleration of the frames. The angular acceleration
of the outer frame is shown in Equation 3.13, and the inner frame is shown in Equation 3.14. For the
outer frame, the change of direction of wp always occurs in the same direction about the global x&
-axis, which means that Q = 0 as the second term in Equation 3.12 yields wo x wo = 0. For the inner
frame, the rotation will be equal to the outer frame’s rotation, i.e. 2 = wp.

((;JO)‘TC%yG”ZG = (wo)xo,yo,zo + wO x UJO = (d)O)l‘anO7Z() (313)
wo
=10
0
(GJI)InyG-,ZG = Rzopp . ("bl)mo.,yo,zo + wo X (Rzopp -w[) (314)
0 wWo 0
= | wrcoso | + | 0| x| wrecoso
_7(1)[ sino 0 —Wr Sino
[ 0
= |wowysino + wycoso
|wowrcoso — wr stno

The angular acceleration « for the sample connected to the inner frame is defined in Equation 3.15.

ac = ":)G - ((‘bo)wcyymzc + (‘b[)wc,yc,zc (315)



3.1. Kinematics of the RPM 26

3.1.4. Definition of a Point P

As the intention is to include a point P, that lies at a certain distance away from the centre of rotation, at
which a sample can be placed, this point needs to be defined and supported by the model. The vector
P is given in terms of the x;,y7,z; frame, and needs to be converted to the global frame as shown
in Equation 3.16 before moving to the following steps. This is done by using the rotational matrices
previously shown, to allow for constant determination of the vector P at any instant.

rp rp
zZp a zZp I

3.1.5. Velocity at Point P

With the point P established, it is now possible to look at the velocities and accelerations of this point
during the operation of the RPM. This is done by setting up all the components related to the velocity
and acceleration expressed in terms of the global frame. In any given dynamical system the velocity
can be defined as shown in Equation 3.17. In order not to mix the general expression up with the
specific notation of the RPM, A and B will be used as two points in C, the original coordinate system.
A small sketch is shown in Figure 3.4. A rod connecting the origin and point A rotates with angular
velocity w4 and the same goes for a rod from point A to B, that independently rotates by wg. In the
equation, the component for the translational velocity of the reference frame -V 4 will be found, as
well as the relative velocity of point B with respect to A observed from the rotating frame i.e. like there
was no rotation. This is explicitly stressed out in the equation. The final contribution comes from the
cross-product of the angular velocity and the vector P describing point B from the origin.

y
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Figure 3.4: Sketch of a general system with two rotating frames.

The first term in the equation reads “velocity of B in C”, and this notation is used throughout. Setting up
the equations shows that the velocity «V 4 has to be determined by applying the same equation again
at point A. Hence, Equation 3.18 show the equation for the relative velocity of oV 4. In this equation,
lowercase c¢ describes the rotating frame of x4 and y 4, which rotates together with the rod going from
the origin to point A. If one had more rotating systems at the end of B, the same equations should be
applied again to find the correct velocity.

cVe=cVa+a VBle:O+CwB x4 Pp (317)
cVa=cVet+eValo=o+owa x.Pa (3.18)

Combining these two equations yields the final result for the system. Inthiscase ¢ V. =0, .V 4|w=0 =0,
AV Blws=0 = 0, hence the equation can be simplified to Equation 3.19.

cVp=cwpXaPpt+cwax.Pay (3.19)
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The same approach can be used when looking at the RPM. The velocity of point P in the global reference
frame and all its components can be seen in Equation 3.20. This includes the translational velocity of
the global frame (which is sV o = 0), as well as contributions from the two rotating frames following
the steps shown in the above equations.

cVrp=c¢Vo+oVp+tcwo xc Pp (3.20)

Here the relative velocity oV p can be determined by applying the same equation again at this new
point. This leads to the following equations in Equation 3.21. There is no translational velocity of the
inner frame, or of point P with respect to the rotating inner frame, hence the equation can be simplified
to a cross-product. This is implemented to Equation 3.20 which leads to the final expression shown in
Equation 3.22.

oVp=0Vi+1Vp+owp xo Pp (3.21)
cVrp=agVo+oVi+r1Vp+owp xo Pp+gwp Xg Pp
cVp=0404+040owp xo Pp+gwp Xg Pp= owp Xo Pp+gwp Xg Pp (3.22)

To use these equations in the model, the individual components are transformed using the rotation
matrices, so they are all expressed in terms of the x¢, yg, z¢ frame. The velocity of the moving
frame used to find the Coriolis acceleration is Equation 3.21, which is reduced to Equation 3.23 where
owp =pwj as every point on the experimental platform rotate with the same angular velocity.

V|movingframe =0 VP =0 VI +7 VP +o wp Xo PP =0+0 +owp Xo PP (323)

V|moving frame =0 Wp X0 Pp

3.1.6. Acceleration at Point P

When it comes to acceleration, there are several factors contributing to the overall acceleration of point
P. These include the centripetal acceleration, Coriolis acceleration, the Euler acceleration, the relative
acceleration due to the rotation of the frames, and finally, the acceleration of the global reference frame
as outlined in Equation 3.24. The general definition of the centripetal, Coriolis and Euler accelerations
are shown below. As the RPM is placed on the surface of Earth, the acceleration of the G-frame ag is
constant and also shown below.

gap =ag toap+ (Gap)(:entripetal + (GaP)Coriolis + (GaP)Euler (3.24)
0
ag = 0 ACoriolis = 2 W X V|moving frame
-9
Qcentripetal = W X (w X P) Apyler = wx P

The relative acceleration is, like the velocity, noted as pa p and is again taken with respect to an observer
in the moving frame. This relative acceleration consists of the same five elements for the next frame
and is shown in Equation 3.25.

oap =ar+yap -+ (OaP)centripetal + (OaP)Co’r'iolis + (OaP)EuleT (325)

OaP:aI+IaP+WX(OJXP)“V‘QWXV|movingf’rame+(b><P

The translational acceleration of the inner frame is a; = 0, the relative velocity V|,,oving frame iS zero,
making the Coriolis contribution zero, finally the relative acceleration ;ap is also zero. This makes
it possible to simplify the expression to just two terms comprising the Euler term and the centripetal
acceleration contribution as seen in Equation 3.26.

oap =0 wa(owI Xopp) +owr xpo Pp (326)
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Now it is possible to set up the equation for the resulting acceleration at point P in the inner frame. To
find the relative velocity for the Coriolis contribution, the correct velocity was defined in Equation 3.21,
with only the term pwp x; P p contributing. The complete expression for the acceleration can be seen
in Equation 3.28. The subscripts outside of the parentheses indicate that the entire term is calculated
in one frame and rotated, such that all components are expressed in terms of the x¢, yg, zg frame.

gap=agt+oapt+wXx (wWxP)+2wxpoVp+wxP (3.27)

gap = ag +¢ [owr X (owr xo Pp)|y +a [owr xo Pp),
+6 wo X (gwo xXg Pr) +2 gwo xg [owr X0 Pply +a wo xa Pr (3.28)

With the acceleration defined, all the necessary equations are available to generate a model describing
the kinematics of the RPM. This can be used to investigate the resulting gravity level and other aspects
of the moving RPM. However, before the model is complete, several more aspects need to be covered,
such as the trajectory and control algorithms of the RPM.

3.2. Modelling the Movement

It is very important to understand the kinematics of the frames, as well as their motion with respect to
the gravity vector. It should ideally point equally in all directions and result in a very low residual g-level
but in reality, this is very difficult to achieve. When changing the rotational rates of the two frames, not
only does the trajectory of the gravity vector change but also the resulting gravity level. However, a
more “complete” trajectory of the gravity vector, covering more directions, is not necessarily equivalent
to a lower g-level. This is why it is so important to understand the kinematics and their results before
using an RPM for scientific research. Different experimental systems may require different controls,
here systems refers to the various natures of samples being placed on the RPM e.g. plant cells, cancer
cells, tissue or organoids. Some control algorithms work better than others, but only at certain rotational
rates. This is why the kinematics of the RPM can be difficult to understand.

Even small changes to the rotational rate of either frame can result in completely different results when
using constant rotational rates of both frames. However, it is also possible to adjust the controls using
more advanced algorithms: this could be randomly changing rotational rates at random time steps, or
using any more advanced continuous function to control the frames, one might even want to use a mix
of algorithms to control the two frames individually. Only the imagination sets the limit on how to control
the RPM, yet each control algorithm might have its own advantages and disadvantages depending on
the system. As the RPM does not immediately reach the rotational rates but needs to accelerate at
the beginning, the model is adapted accordingly, this is covered in Subsection 3.2.1. Details on the
trajectory of the gravity vector are covered in Subsection 3.2.2. These trajectories are visualised with
the unit sphere throughout this thesis.

3.2.1. Modelling Aspects

When the RPM starts a run, it accelerates to the required rotational rates. This can take a few seconds,
which has an effect on the model, especially in the beginning, where the resulting g-level becomes more
accurate when incorporating time for the acceleration compared to having the RPM instantly rotating
at the correct rates. This acceleration is assumed to be constant and linear from rest to the required
rotational rate. The time it takes to accelerate the frames varies between the different rates, however,
to reach 120°s~! the modelled acceleration time is 5s. The acceleration is modelled equally for the
inner and outer frames. Although they might vary a little bit when having two different rotational rates,
if the rates are reasonably close, this difference is not important to the results. The main effect of the
acceleration is within the first couple of minutes, after which both approaches, incorporating the accel-
eration or having instant rotation, average out about the same value. The difference between the two
approaches is shown in Figure 3.5 and 3.6 for the start and end of a run, respectively. The measure-
ments from the two sensors, that will be used for validation, are included to show the improvement at
the beginning of a run when including the acceleration time. Looking towards the end, only the phase
between the two approaches is slightly different. Hence, averaging the resulting g-level over a short
time will lead to the same result for both methods. The sensors and their corresponding results are
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discussed later.
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Figure 3.5: Difference between the models and sensors when using instant rotational rate compared to allowing the frames to
linearly accelerate to the required rates. The dotted lines are the result of the two different sensors, and the solid lines are the
respective approaches. Point P is taken to be in the corner of the experimental platform.
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Figure 3.6: Difference between the models and sensors when using instant rotational rate compared to allowing the frames to
linearly accelerate to the required rates. The dotted lines are the result of the two different sensors, and the solid lines are the
respective approaches. Point P is taken to be in the corner of the experimental platform.

The second consideration regarding the modelling aspects concerns the way the accelerations are
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implemented in the model. To gain insight into the RPM, they are calculated at each time step, and the
average value of the current and all previous values generates the time-averaged acceleration. This
value is used to address the behaviour a sample on the RPM would experience. The acceleration
is calculated for each direction individually and combined to a mean acceleration n,. Mathematically,
this is defined in Equation 3.29 and Equation 3.30 for the N’th time step. To ensure consistency, this
method is applicable to all data, both from the model and the experimental data.

aﬂ?mﬂme average 1 N
Qtime average(IN) = | Qypime average | = N E a; (3.29)
Qztime average i=1
— 2 2 2
,Ua - \/amtime average + aytime average + aztirne average (330)

Finally, it should be mentioned that Matlab is used throughout this thesis to make the model as well as
to analyse all the data gathered. The actual rotation of the RPM is in the negative direction for both
rotations based on the adopted coordinates system shown in Figure 3.2.

3.2.2. Trajectory of the Gravity Vector Tip

The trajectory of the gravity vector tip can be computed using the rotational matrices from earlier. Gravity
is constant, always pointing in the negative z5-direction of the global reference frame. The angles of
the outer and inner frames are therefore crucial when tracking the trajectory, as these are used to
move from the global frame to the inner frame. Here, it is possible to draw the orientation of gravity
with respect to a sample in the centre of rotation. For visualisation, the unit sphere is used with 1g on
the axes, which corresponds to the orientation of the gravity vector with respect to the sample.

The angles are needed at every time step and are calculated by taking the angular velocity w and
multiplying it with the time ¢. However, as introduced above, the velocity is not constant at all times as
the RPM needs to accelerate the frames first. To accommodate this in the case of constant rotational
rates, the covered angle is calculated at each time step for that particular velocity and added to the
previous result. Once the required rotational rates are reached, it becomes trivial to calculate the angle.
As the velocity is constant, wt can simply be added for every future time step, providing continuous
knowledge of the angle.

As will be discussed later on, certain control algorithms can have different accelerations and can change
the angular acceleration during a run. Hence, in these cases, it is important to implement the angles
correspondingly to that algorithm. This will be done by calculating the angle as w ¢ for each time step
and adding it to the previous value. This also ensures that, when the rotation is reversed, the angle is
subtracted from the previous value for negative values of w. This provides a continuous and accurate
method for tracking the trajectory of the gravity vector.

Having defined the angles continuously makes it very easy to track the trajectory during a run. Simply
applying the rotational matrices to the gravity vector and scaling it into a unit sphere of 1g will lead to
the correct result. This is shown in Equation 3.31 where [ indicates points on the trajectory and «a, is
the gravitational acceleration with constant contribution in the global z-axis.

Cg

I=Ry Rao g

(3.31)

3.3. Changing the Position of the Sample

Moving the sample away from the centre of rotation leads to imperfections in the rotation, as it can
no longer be considered as a single point at the centre. This leads to new accelerations and forces
acting on the sample. Until now there has been no precise formulation of the gravity level at certain
distances away from the centre of rotation. The only indication scientists have is shown in Figure 3.7.
This figure gives a simple overview of the resulting g-level and the most commonly used settings in the
bottom left, in the grey area. However, the g-level depends on the control algorithm, and the individual
angular velocities of the two frames individually, and the correlation is more complex than shown. A
simplification like this, which does not contain the more complex aspects of the RPM, can potentially
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result in completely different and invalid results in research. It can therefore be interesting to see how
a change in the position actually affects the resulting g-level based on an actual control algorithm.
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Figure 3.7: Residual g-level based on rotational speed and distance from the centre of rotation in an RPM [105].

However, it is not only just to evaluate how large an experiment or sample can be, it can also show
new opportunities or limitations for sizing an RPM. When it comes to gravitational research, especially
within biological samples, it is interesting to test the gravity dose response of certain biological mate-
rials. That means seeing how this material behaves at various gravitational levels as a step towards
better understanding the influence of gravity. As it is possible to scale the RPM and introduce other
g-levels away from the centre of rotation, it is interesting to evaluate how big an RPM need to be to
simulate multiple g-levels in one run. Moving further and further away from the centre introduces larger
accelerations, which at some point will equal the Moon’s or Mars’s gravity level. Biological materials
develop over time, which is one of the reasons the RPM can be used to evaluate the effects of micro-
gravity, as the sample’s response to gravity is slower than the rotation. However, it also means that
some systems need considerable time on the RPM to study the long-term effects of different g-levels.
If it is possible to simulate multiple gravity levels at the same time, the required time it takes to perform
the experiments can be reduced and it is possible to use a larger test sample in the results. Some
systems need one month or longer on the RPM, hence studies can span for a very long time when
investigating several g-levels.

This is the reason why a proper model for the RPM is needed, which takes into consideration the
placement of a sample on the RPM itself. In the above kinematics, such a model is achieved and the
placement can easily be adjusted to test the g-level at various locations.

3.4. Experimental Setup

Experiments are needed for validating the model of the RPM, these will be described in this section.
Two different experimental setups have been used, firstly the use of motion capture to validate the
movement of the RPM is discussed in Subsection 3.4.1. The second type of experiment contains IMUs
and is explained in Subsection 3.4.2. For both tests, the Yuri RPM is being used at constant rotational
rates. The controls of this RPM are pre-programmed, however, it is possible to choose individual
constant rotational rates, which is the reason these are used to validate the model. The experiments
were performed at various rotational rates to give a complete picture of the behaviour, compared to
testing only one set of rotational rates. The RPM itself has the possibility to track the resulting gravity
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level using its software, the results from this will be discussed in Subsection 3.4.3. The three ways
to collect data require individual approaches for processing. However, they are converted into similar
data using the same approach as outlined in Subsection 3.2.1, which will be used in the analysis. This
ensures consistency between the data and the ability to compare the data.

3.4.1. Motion Capture

The motion capture system uses an OptiTrack V120 Trio camera, consisting of three cameras placed at
different locations on the same line and a built-in license for the Motive software. This software allows
tracking of markers on the RPM, which can be used for collecting data to analyse the movement of the
RPM. The tests are done with the lights turned off in the room and the shades pulled down, to minimise
the unwanted reflections of anything but the markers. The camera works best at a distance of around
60 cm or more from the markers, which means it should not be placed too close to the RPM. To hold
the camera steady, a tripod is used as seen in the setup in Figure 3.8. To minimise the angle between
the camera and the RPM, they are placed on two different tables with different heights. In case the
camera is placed differently, this can be accommodated in the post-processing of the data by rotating
the data according to the angles between the RPM and cameras.

Figure 3.8: Experimental setup of the motion capture at the Aerospace Physiology Laboratory.

The markers on the RPM can be labelled in Motive, so they are easy to find in the data afterwards. Since
the license of the camera only allows tracking of markers, not objects, and the three individual cameras
are on the same line, it is critical how the markers are placed. At first, it can seem smart to place
markers on both the top and bottom of the platform on the RPM and based on these markers, track the
orientation of the experimental platform. This however, is not a feasible setup as only one side of the
platform can be tracked at any instant, and since it is not possible to create an object with the software
licence, the top and bottom would be converted into two distinct parts. To overcome this, markers are
placed on various locations of the inner frame, such that the cameras can almost continuously track the
orientation of the inner frame. Whereas it is not possible to create objects, markers can be combined
into forming rigid bodies, with the centre of the body being at the centre of the markers. These rigid
bodies can be tracked by the software, which is a way of getting the orientation of the RPM without
making an object. The view from the cameras can be seen in Figure 3.9. The top part shows the
rigid body of the inner frame in blue together with its orientation. The markers on the RPM can be
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seen as dots, with an extra dot in the centre marking the centre of the rigid body, the placement of the
cameras is indicated by the orange objects. The three views at the bottom are the views directly from
the individual cameras. The markers are here marked by white dots, and the red areas are masking
implemented through the Motive software to ignore areas whose reflections are similar to the markers
but do not contain any markers. In this case, the middle camera noticed the edge of the table the RPM
stood on, whereas the left side camera detected a reflection on the wall. It is very clear that the markers
would never be in these areas, making it valid to mask these areas, so the cameras would not detect
anything here. The cameras have their individual views with different angles, making one camera catch
reflections the others might not catch. However, the markers are easily caught by all three cameras
making them more distinct and easier to track compared to random reflections.
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Figure 3.9: View of the Motive software while tracking the RPM.

To work properly, the cameras need at least 3 markers for identifying the rigid body of the RPM. This is
not always possible to achieve during a run, as the markers would be hidden behind the bottom part of
the frame at certain times during the rotation. Placing the markers strategically will ease the tracking,
as any three markers can be used to track the orientation. Having the markers form unsymmetrical
and easily separable patterns can improve the tracking when only a few of the markers are visible. The
cameras do not realize how the RPM moves, meaning that if the markers are placed symmetrically, the
orientation of the RPM could technically be one of multiple options, whereas unsymmetrical placement
offers greater precision in recognizing the orientation.

The next step in the process is to realize that the bottom of the inner frame follows a distinct path
around the unit sphere exactly opposite, mathematically, to the path of the gravity vector. The RPM
furthermore has three holes in the inner frame, making it possible to place a marker exactly at the centre
of the bottom of the inner frame. To let this marker be visible almost continuously, the biggest possible
marker is set here, such that it extends beyond the upper and lower part of the hole as much as possible.
The cameras cannot always track this marker, but as the data will show later, at almost all times will
the placement of this marker be known. This is a way to simplify the tracking and easily extract the
orientation data at a higher quality, compared to using the orientation generated by the software. As
seen in the videos linked in Figure 3.10 and Figure 3.11, jittering occurs occasionally in the orientation,
which makes this method for tracking less precise. On the other hand, the one marker at the bottom is
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tracked very smoothly at almost all times, which is why this is a good option for tracking the RPM.

The trajectory of the inner frame in the global reference frame, which is tracked by the motion capture
system, can be described mathematically by following the point located at -1 on the z-axis of the inner
frame. To convert this to the global frame this point needs to be rotated first around the local y-axis, and
then the x-axis. This is shown in Equation 3.32 and is opposite to the rotation of the gravity vector tip,
which was shown in Equation 3.31 and is listed again below in a slightly different form in Equation 3.33.
Here the rotation is taken from a point located at -1 on the z-axis in the global frame. This point was
then rotated around the x-axis and then the y-axis to show how the gravity vector would point inside a
sample placed on the RPM following the orientation of the inner frame.

0
lgiobal frame = Bz - Ry - | 0 (3.32)
__1_ inner frame
.
linner frame = Ry - Rg - | 0 (3.33)
1] global frame

There are therefore two distinct trajectories presented throughout this work. One shows the trajectory of
the gravity vector in a sample, and the other shows the trajectory of the inner frame, which is comparable
to the motion capture data. It can be noted, that switching the rotational rates of the two frames is
equivalent to switching the order of rotation about the x and y-axes. In every applicable figure, it will be
indicated if the trajectory is of the inner frame or the gravity vector, which corresponds to either of the
above two approaches to visualise the trajectory. The trajectory of the inner frame will only be used in
relation to the motion capture results.

Figure 3.10: Motion capture recording of the RPM at Figure 3.11: Motion capture recording of the RPM at
wy =18°/s and wp = 24°/s. https: wr =18°/s and wp = 24°/s.
//mitprod-my.sharepoint.com/:v:/g/personal/ https://mitprod-my.sharepoint.com/:v:
lbruun_mit_edu/ES1KfbyHJc1IkbR4akSuP_ /g/personal/lbruun_mit_edu/
IBc11Ytrs7hHJ10nnq1H1ERg?e=1p46iL EY30TECEDjJI1q3rLWqYSQcBfyDQWYonQAFDBTNj-aM_
gQ7e=yUiOmm

One problem, however, is the surfaces of the RPM reflecting light similarly to the markers, especially the
grey and silver parts of the RPM, i.e. the structural frame, the screws and the gears. To accommodate
for this, black tape is used to cover these surfaces to minimise the number of unidentified markers in the
data. It is not possible to eliminate all unidentified markers during a run, as even the black tape would
occasionally reflect light in a way the cameras would detect. However, having defined the markers on
the RPM as a rigid body makes it very easy to clean up the data of unidentified markers, as they are
automatically separated by the software. These markers will generally only be recorded for a couple
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of frames, which means they are distinctly different from the labelled markers, which have continuous
data at all times they are visible. An example of how these unidentified markers are seen from the
cameras is shown in Figure 3.12. Usually, the reflection will be visible at only one camera, however in
the figure there is also the example of two cameras spotting the same reflection. When the unidentified
markers are small, it can be more difficult to state whether or not they are one of the markers, however,
as mentioned, the software automatically categorises the labelled and unlabelled markers making it
easy to distinguish between them.

Figure 3.12: Example of unidentified markers seen from the cameras during recording.

The experiments were not all run on the same day, and two slightly different setups for the placement
of the markers were used. At first, 10 markers were used on the RPM. These were placed to cover
most parts of the inner frame, to ensure that at least three markers would be visible at most times.
The markers were indeed visible most times, however, the software had difficulty figuring out exactly
which markers were visible at any time. Due to the many markers, the different markers did not make
distinct enough patterns for the tracking software, which caused this challenge. During these runs,
the orientation had jumps and irregularities when the software thought it was a certain three markers
it could see, then it turned out next frame or a few frames later, that it was actually not those three
markers. This leads back to the importance of the placement of the markers on the RPM. To minimise
the irregularities, the markers were replaced and reduced in number, so only 7 markers were used.
They were also placed at various locations to make distinct patterns, so the software more easily could
track the orientation. This setup is shown in Figure 3.13, where 6 of the 7 markers are visible. While
they needed to be placed to improve the tracking ability, they also needed to be placed such that the
centre of the rigid body they form in the software, would be very close to the centre of rotation. This
ensures that the orientation is tracked correctly. Despite the two different approaches, the best tracking
data was gathered from only one marker, which was placed at the same place during all runs, therefore
having two different approaches will not affect the final result. This specific marker can also be seen in
the centre hole of the inner frame in Figure 3.13. The recordings capture 120 fps which is enough to
study the movement of the RPM.

Postprocessing of the Motion Capture Recordings

Now the experiment has been described, the focus will be on the post-processing of the data. This is
an equally important aspect required for validation. The first step in the Motive software is to remove
all the unidentified markers from the data. Once this is done, it is possible to export the data containing
only information on the markers and the rigid body formed by the markers. Each marker is labelled
together with its values in x, y and z-coordinates and the values are given at each frame for all markers.
When a marker is not visible to the cameras, it can be that the values for that marker are left blank for
the specific frames. The marker placement inside the exported document is not the same throughout
the runs, not even runs taken sequentially. Therefore, the specific marker number used to generate the
tracking data is noted down for each run. When extracting the data into Matlab, each marker’s specific
placement should be entered manually.

With the correct marker and its corresponding data imported, data is aligned to match the coordinate
system of the model: this was shown earlier in Figure 3.2, and it requires the x, y and z-direction of the
motion capture system to actually be changed, such that the new x-values are the negative z-values of
the motion capture system, then the new y-values becomes the old x-values and the new z-values will
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Figure 3.13: Experimental setup at the Aerospace Physiology Laboratory.

be the old negative y-values. This is shown in Equation 3.34 for clarity. However, the axes do not yet
correspond correctly, as the motion capture cameras have a certain angle with respect to the RPM and
its coordinate system. The next step is therefore to rotate the coordinates accordingly. This is simply
done using rotational matrices. The last step is to rescale the data from the motion capture system to
that of the RPM. The data points in the motion capture system do not automatically fit the sphere of
movement generated by the model as the data points are taken at a different scale.

X —Z
y = |z (3.34)
inner frame -y Motion Capture

With these small steps and correct scaling, it is possible to plot the trajectory of the RPM, both the
theoretical one and the recorded trajectory from the motion capture system. The results from this will
be discussed later in Section 4.2.

3.4.2. Inertial Measurement Units

There are two different parameters to be changed throughout the experiments with the IMUs, that is
the individual rotational rates of the frames and the distance from the centre of rotation to the sensors.
The rotational rates are chosen in a wide range so they cover various ratios of the inner and outer
frame rates while also allowing a variety in rotational rates to uncover details related to the increase
or decrease in rotational rate. Covering various ratios between the inner and outer frame rates allows
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uncovering how the trajectory changes and which effects this has on the resulting g-level.

To gather the data, two IMUs are used. The first one is the BWT61CL accelerometer from WitMotion,
and the second one is the Delsys Electromyography (EMG) sensor. However, it is clear that for this
purpose not all the capabilities of the EMG is used, instead it is used solely as an IMU to measure
accelerations. Having two distinct sensors can help to evaluate their performance while also allowing
more data to be gathered in less time. When running the RPM, it takes at least 30 min until the resulting
gravity level stabilises. All of the performed runs were longer than 30 min and generally a run would be
recorded for around 45 min to ensure the resulting gravity level had stabilised. Some of the runs are
longer, however. Overall, it means that using an extra sensor significantly reduces the time used for
performing experiments while also providing a way to directly evaluate the sensor quality by comparing
data from the two sensors.

The IMUs are placed such that their coordinate system is aligned with that of the model and the RPM.
Generally, the accelerometer sensor is significantly smaller than the casing of the IMUs. For the Delsys
sensor, it is assumed that the accelerometer is in the centre of the casing. For the WIT sensor, this
is not the case. Pictures provided by the company show that it is slightly off-centre towards one side,
however, the exact distance could not be provided. It is estimated that this off-centre distance was
around 10 mm, which seems reasonable based on the picture. The dimensions of the Delsys casing
were 24x36x13 mm in width, length and height respectively. For the WIT sensor casing, these values
were 36x46x15 mm. When run simultaneously, the two sensors are placed diagonally from each other,
at the same distances from the corner. Both dimensions of 36 mm align with each other, and since
the sensor was off-centre towards the edge of the RPM, it is very easy to place them as they are then
placed exactly the same distance from the corner. The accelerometer component of the WIT sensor
might be a couple of mm from the actual modelled spot, however, as the results will show, one or two
mm are not significant. At the very edge, moving the sensor 1 mm further away from the centre will
theoretically affect the results by 4 - 10~%¢ at the highest operational speeds of wo = 120°s~! and wy
=103°s~1. This is less than 0.9% of the resulting gravity level at this location. For this purpose, it is
therefore a reasonable assumption.

A limitation of this method is that the actual sensor placement can vary. Multiple runs are made with
the sensor at the same location but on different days, such that the placement of the sensor may have
several actual locations, that vary a little bit. This is done to see the influence of placing the sensor,
while it also gives more data points to be analysed. This can help understand the impact of placing the
sensors this way.

The WIT sensor is calibrated before each run, this includes calibration of its acceleration measurements
and aligning its reference frame with the starting position of the RPM. The Delsys sensor cannot be
calibrated manually and will need some time from the measurement starts until it reaches a stable
measurement. This is in the order of 15s. Each of the two sensors is discussed individually in the
subsections below. Details on post-processing and data handling for each of the two sensors are also
included. As the output data is collected in different formats, two different methods are adopted to
convert the data to be able to analyse it. In the text and corresponding data files, IMU refers to the
Delsys sensor, whereas WIT refers to the WitMotion sensor. This is the notation adopted throughout
this thesis.

IMU Sensor

Due to the IMU from Delsys needing at least 15 s to 20 s before reaching a steady state, as well as its
need for correction of bias, the data will need postprocessing before it can be analysed. Data is exported
through Delsys software to a .csv file, that contains all the measurements of all the parameters. Since
the IMU collects a vast amount of data and significantly more than what is required, some of the data
is removed. To be specific, the IMU collects data at approximately 1111 Hz, whereas around 10 Hz
would be sufficient to generate a continuous function of the gravity level similar to the model. To have
a smooth function from the IMU measurements, every 20th line in the data set is rewritten into a .txt
file, that can be used for the analysis. This gives around 8-10 data points every second, meaning the
sensor does not collect at 1111 Hz as stated by the settings but slightly lower. However, it leads to a
continuous function similar to the model of around 10 Hz. As the IMU is an EMG, it measures additional
variables and not just the acceleration. In the .txt file, only the relevant variables are included. Taking



3.4. Experimental Setup 38

these two steps allows the processing time to be minimised, as the file has significantly fewer data
points.

The start time of each run is noted, making it possible to remove data points of the IMU before the
starting point. Not all the data points will be removed, however. As there is bias in the measurements,
the measured values of around a second before the start will be used to correct this bias. At this point,
the IMU has reached a steady state in its measurements and the bias can be taken from the data just
before the start. The data points before the start are averaged out, and subtracted for the relevant
direction. When this has been done, the time-averaged acceleration is computed and plotted, such
that the result can be compared with the model.

WIT sensor

When used for the same runs, the WIT sensor is placed diagonally opposite of the IMU sensor. The
only difference here is that the point P, where the sensor is, now has a different x and y-coordinate.
Instead of being negative, they are now positive but have the same value. Unlike the IMU, the WIT
sensor uses all data points and with the calibration before each run, it is only rarely needed to correct
for bias. The data is measured in ms~2 with gravity defined as 10 ms~2, which means that this data
is divided by 10 to get values in g for this specific sensor. It is very easy to decide when the run starts
for this data, the sensor is started after the IMU and it has a very clear jump from zero to new values
at the beginning of a run. With this clear jump, the data before the start can be removed.

The results are computed and plotted in Matlab similarly to the IMU sensor and can be compared to
the model. The accuracy of the sensor is 0.01¢g and a stability of 0.005g.

It is important that the data files only consist of data points from the beginning, as the time-averaged
acceleration is calculated. If all the data before the start are kept in the files, these will be included in
the calculations, making the time-averaged acceleration less sensitive to the actual changes in gravity
during a run.

The measurements of the sensor do not show any bias prior to testing, however, the results do contain
some bias and small drifting which is revealed when plotting the data. To evaluate these discrepancies,
runs were made where the sensor after a run was brought back to the initial starting position to quantify
the changes in acceleration measurements compared to the start. Applying this did not result in any
conclusive outcome, as the differences after a run were small and in the order of 0.008¢ in only the
y-direction, which had no significant effect on the overall result when accounted for. This was the case
both when it was modelled as a drift occurring over the duration of the run and when it was modelled
as bias. Itis expected there will be some inaccuracy in the WIT sensor’s measurements but by making
multiple runs at the same settings it will be possible to evaluate the range of its measurements. This is
done in the following chapter when presenting the validation of the model.

3.4.3. Recorded Gravity Level from the RPM

The last and most important component of the experiments is the RPM. The only commercial available
RPM is from Yuri and is being used for the experiments. This RPM was developed in 2000 to fit inside
a standard-sized incubator. The platform, which can support experiments, is 15.9 x 14.6 cm. This
platform is very limited when trying to validate the accelerations when moving away from the centre of
rotation, which means that higher rotational rates are required to make the accelerations substantial.
The RPM is straightforward to use, however, there are several options for controlling it. The first option
is to generate a completely random movement. This movement can be changed from run to run and
will not necessarily cover the same path. It is possible to choose the maximum and minimum rotational
rate for the two frames individually and then start the run. The change in rotational rate occurs at
random times as well. The next option is to use one of the pre-programmed g-levels. They range from
0g to 0.9¢ in increments of 0.1g, as well as specific options for Moon and Mars g-levels. Using these
pre-defined paths means, that it is possible to run that specific path again. The paths are defined for
24 hrs, after which they start over, running the same path again for the next 24 hrs. The third option is to
run the RPM at constant rotational rates between 0 and 120°s~!. The rates can be chosen individually
for both frames. This also yields the possibility to use the RPM as a clinostat, simply by keeping one
frame from moving. The starting positions of the frames will determine how the clinostat rotates and
whether it simulates microgravity horizontally or vertically. Finally, it is possible to turn the frames at a
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specific angle, after which they stop. The RPM can in the other three modes be stopped at any time,
and if no input is given, it will continue to rotate.

As mentioned earlier, the experiments will use constant rotational rates, as these can be controlled by
the user to specific values. The other options will not allow comparison to the model as the algorithms
are proprietary. It is also not possible to write custom algorithms and export those to the RPM, which
limits the algorithms discussed later in Chapter 5 to be tested on the model only. The slowest set of
rotational rates for the frames is w; = 12°s~! and wo = 24°s~! and the fastest is w; = 103°s~! and wo
= 120°s~ L. Various sets resulting in different ratios between the rates of the inner and outer frame will
be used to validate the model.

Before an experiment is started, it is important to align the home position of the RPM such that gravity
points vertically down on the platform. This will give the correct results, as the RPM is designed such
that the required g-level is only valid from this starting position. It is an easy process to define the home
position by simply releasing the frames, placing them correctly and defining that as the home position
in the software. Using a wrong home position will lead to wrong results: this is especially critical for
partial-g modes. It should be clear that the resulting g-level should not be at an angle compared to the
sample.

During a run on the RPM, it is possible to track the resulting g-level based on a model included in the
software. It should be said that the movement of the RPM is defined by lines of text in the path files,
which define the sequence of positions of the frames. These lines define waypoints of the RPM, which
is used to model and track the resulting g-level. The average g-level is calculated by the software as
shown in Equation 3.35, where X, y and z indicate the acceleration level in the corresponding direction.
This average value only applies at the centre of rotation and cannot be translated to different places
on the RPM. Since its development more than 20 years ago, the RPM has been validated including its
output of the gravity level. This was done when Airbus still had the rights to the RPM using sensors but
currently, no sensors are included on the RPM.

Jav = V x?w + ygq; + Zgu (3.35)

Certain jumps can be seen in the resulting g-level using the software. This is shown in Figure 3.14,
where there is a clear and sudden jump in the average acceleration in the y-direction. Due to these
jumps, there will be expected to be some deviations between the model and the RPM data, especially
on runs less than one hour long, where these jumps affect the overall g-level. This is easily seen in
Figure 3.15. Over very long durations, it is assumed these jumps will average out, as they also occur in
the opposite direction. They will therefore be less and less noticeable as it takes an increasing amount
of data to affect the average g-level due to the increasing amount of data collected as time progresses.

There are five slots on the RPM in which the platform that holds the experiments can fit. These range at
23 mm when it is closest to the rotation axis to 75 mm when it is placed furthest away from the rotational
axis. The intermediate steps are placed at the same distance between each other of 13mm. This
means, that the sensors are not placed directly at the axis of rotation, as they are less than 23 mm
tall. In reality, the sensors are placed 16.5 mm from the rotational axis in the z-direction, assuming the
sensors are located in the middle of the cases. At slow rotations, this small discrepancy does not affect
the results making it possible to compare measurements from the sensors to the model and the average
g-level modelled by the RPM. However, at faster rotations, this small distance affects the results and
the RPM’s predictions should not be included in the analysis and validation.

It should also be noted that the rotational rates implemented do not exactly match the chosen rate but
can vary slightly. This is the case in certain experiments and can be seen as a shift in the phase of the
model compared to both the RPM and the sensor data. Modelling at a rotation that is 0.1° lower can
visibly improve the results, leading to the model and the data having the same phase. The amplitude
of the resulting g-level is unaffected by this and will stay between the same maximum and minimum
values. This can explain why the model has a slightly faster frequency in each direction during an
experiment.

The RPM also has counterweights installed but these are not changed or actively used during exper-



3.4. Experimental Setup

40

Time-averaged acceleration at the centre of rotation

1078 wo=24 Is,ul=18 /s
6 -
Y-Direction model
\ ; | — - — - Y-Direction RPM data
‘ il It A A
] | ol I K A / A
‘ I I: ! 1 . / " A
° I ‘l', i f1-| AT
B A e N
2 NI A I ]
54 L ' ; | ‘ “ ! | |
g O A T R
(7] '
3 T T T I O O O L O N
Q | I | | ! i | .
<3t l l \ ‘ 1 . ‘ I
kel | ‘ | \ | | ‘
o] | 1 I . | . : |
g LT T A O O A OO
2 | 1 . : | ‘ | i
©,L | \ 1 I | ' ‘ |
g : | l \ i | 1 ; ' | |
= T A T A A A O A
HRIT TR T
" ¥ A Y A Y R ¥ O A
! ¥ \ | " | ] Vi Y
T & I B R O A )0
fl
ok Y
| | | | | | | | | |
860 880 900 920 940 960 980 1000 1020 1040
Time (s)

Figure 3.14: Jump in the y-direction in the modelling of the resulting g-level by the RPM software. This jump is not seen in the

model.
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Figure 3.15: Jumps in the RPM data affect the overall time-averaged g-level noticeably.

iments. When using the counterweights, it is important to tighten them, so they do not slide around

when the RPM is rotating. This can introduce vibrations and shocks in the experiment.



Validation

Itis crucial to validate the model and ensure that it shows the correct accelerations before it can be used
for anything else. Therefore, this chapter will look at the data from the experiments and compare it to the
model predictions. The first step is to compare the accelerations experienced during a run in Section
4.1. This includes evaluating the accelerations at different rotational rates and various distances from
the centre of rotation. This is followed in Section 4.2 by an assessment of the trajectory of the RPM
and the motion capture system recordings. It will then be shown that the RPM is actually drifting at
certain rotational rates in Section 4.3 as the frames do not reach the precise rotational rates. The
velocities of the measurements and model are shown in Section 4.4. This is followed by an evaluation
of existing alternative models in literature in Section 4.5. To end this chapter, a few conclusive notes
on the validation are presented in Section 4.6.

4.1. Comparison of Accelerations

There are two variables in the experiments, the rotational rates of the frames of the RPM and the dis-
tance from the centre of rotation to the sensors. At the centre, no other acceleration than gravity will
affect the samples, which makes this a trivial case to solve. This can be done using the rotational
matrices and Earth’s gravity. Interesting aspects appear when one tries to move away from the centre
of rotation, where multiple sources of acceleration are present and can become dominant. The results
from varying locations on the RPM are discussed in Subsection 4.1.2. Here, both the case when mea-
suring the acceleration at the centre of rotation, at an intermediate distance from the centre, and at the
corner of the platform are shown. Since the RPM has a rather small platform, the rotational rates need
to increase in order to measure significantly different acceleration levels between the centre and the
corner location. This leads to the next important element that affects the resulting accelerations, namely
the rotational rates of the two frames. By changing the rates individually, it is possible to achieve differ-
ent acceleration levels and different trajectories of the gravity vector tip. This is outlined in Subsection
4.1.3. First, the sensitivity of the sensor measurements will be discussed in Subsection 4.1.1. This is
done to see how the sensors behave using the same settings during different runs.

4.1.1. Sensitivity of the Measurements

The measurements of the sensors can differ both due to slight variations in the locations they are placed
as well as due to bias or drift in their measurements. For the IMU sensor, this bias is automatically
found by averaging the measurements one second before the RPM starts rotating. The bias cannot be
determined this way for the WIT sensor, hence the measurements by the WIT sensor generally include
potential bias. To understand how sensitive the measurements are, several runs are performed with
the same settings to display potential errors.

The measurements of the WIT sensor are generally not spread as much as the IMU data. There is
more noise in the IMU data whereas it also contains extreme outliers occasionally. The measurements
vary between 0.85 to 1.15¢ with the outliers lying at 0.04g. The WIT sensor varies in measurements
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between 0.9 to 1.1¢g and very clearly has a similar periodic shape to the model, this shape is far less
distinct for the IMU sensor. This can be seen in Figure 4.1.

Acceleration measured by the IMU sensor at point P
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Figure 4.1: Data from three runs at w; = 103°s~! and wo = 120°s~ . Figure a shows the IMU sensor and figure b shows the
WIT sensor

Whereas the WIT sensor has less noisy data, its bias changes during each run, resulting in some more
different overall results each time. Unless considering the model or the IMU data to be true, there is
no way of determining this bias correctly as it does not show up when the sensor is static. Throughout



4.1. Comparison of Accelerations 43

the runs, it consistently underestimates the acceleration in the x-direction while overestimating the
acceleration in the y-direction compared to the IMU sensor. When looking at the IMU sensor, the
results are very similar across the three different runs and only vary by 0.002g¢, this is so low that the
result is not shown here. For the WIT sensor, the variation is 0.015¢ but the shape also differs as shown
in Figure 4.2. This different shape is caused by an overestimation of the acceleration in the y-direction,
which has a higher frequency compared to the other directions. When this becomes more dominant it
affects the shape of the time-averaged acceleration. The difference between the tests can be a result
of a difference in the bias of the respective runs and exceeds the accuracy of the sensor of 0.01¢, that
was claimed by the producer.

Combined time-averaged acceleration of multiple runs with the WIT sensor
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Figure 4.2: Time-averaged acceleration measure by the WIT sensor after 40 min at w; = 103°s~! and wo = 120°s~ 1.

The IMU sensor shows very consistent results, whereas the WIT sensor shows less noise in the data.
However, for this purpose, small errors and differences in the measurements become very obvious as
the resulting g-level tends to be very small and approach 0g as the RPM comes close to simulating
microgravity. To get rid of this uncertainty, one would need a very accurate accelerometer that can be
spun around connected to the RPM. This is outside the scope of this thesis and the results from the
two sensors will be used to evaluate the model validity.

4.1.2. Varying Distances from the Centre of Rotation

At the very centre of rotation, the only data collected is from the RPM itself. As the highest slot for the
platform is placed 23 mm below the axis of rotation of the inner frame, it is not possible to place the
sensors accurately at the centre of rotation without additional hardware. At very low rotational rates,
the additional accelerations are very small and not the main source of the error between the model and
the data. In Figure 4.3 and Figure 4.4 the beginning and end of arun atw; = 18°s~! and wp =24°s~ ! is
shown, respectively. The sensors were placed at the corner, whereas the RPM data is modelled at the
centre of rotation. In all plots, the acceleration is on the vertical axis and time is on the horizontal axis.
In these figures, the modelling has been done at the corner of the platform and thereby at the sensor
location. Overall, there is a very good coherence between the model and the sensor data. Towards the
end, some small discrepancies between the model and the other data can be seen, which is interesting
to look closer at even though the resulting g-level is similar.

In this specific example, the bias from the WIT sensor is removed by using a theoretical value, as it is
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supposed to be close to zero. The RPM data has been validated throughout the years by Airbus and
used to have a sensor on to measure the acceleration level. This means that at low rotational rates
where the main contribution is from Earth’s gravity, it is possible to find the theoretical bias. It is not
possible to do this when the RPM rotates faster and for these results the bias is not accounted for. The
WIT data can be seen in Figure A.1. The WIT data has a time-averaged acceleration of 0.028¢g, an
order of magnitude above the rest of the data induced by the bias.

Combined time-averaged acceleration at the point P
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Figure 4.3: First 120's of a run with the time-averaged acceleration on the vertical axis and time on the horizontal axis. The
model and the two sensor data are taken at the corner of the platform, whereas the RPM data is taken from the centre of
rotation.

As mentioned earlier, the additional accelerations are not yet significant for this case of low rotational
rates, however, there are still some very interesting points to make based on the discrepancies. For
the first point, it is interesting to look at the measured g-level in each individual direction. In Figure 4.5
it is clear that very small deviations to the actual rotational rate result in different measurements. The
resulting g-level will reach the same level, however, the phase of the measurement is very different. The
model is ideal and will always be based on the exact rotational rates, the sensors will, however, not be
measuring at the ideal rotational rates, as the RPM is just not accurate enough. Again, this only causes
phase shifts and does not significantly affect the overall resulting g-level, the effect is in the order of
10~*g. The phase shift is only shown in the x-direction but it is also valid in both y and z-direction. As
it is very difficult and time-consuming to find the exact rotational rates of the RPM, it will not be done
at other rotational rates. This can explain potential phase shifts in future graphs. This is mentioned
where it is relevant. Both Figure 4.5 and Figure 4.6 show how the modelled and measured acceleration
for the individual directions match each other. The results are similar in the z-direction, indicating that
the model is very good at predicting the acceleration levels in each direction. The differences in the
time-averaged acceleration appear due to the very small differences which are in the order of 10~3g.

When adjusting the model to be at the centre of rotation, it fits the pattern better with the other data.
In Figure 4.7 the result is shown with only the RPM and the model. This improved correlation makes
sense as the additional accelerations do not come into play now and generate the more trivial case
where only the gravitational acceleration should be considered. Based on this, it would be expected
that the sensors show a better correlation to the model when measuring from the corner of the platform,
rather than the RPM data that is taken from the centre of rotation. This is not the case, however. The
sensors seem to be closer to the RPM data compared to the model, however, at these slow rates the
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Figure 4.4: The time-averaged acceleration after 38 min of a run in the RPM. The model and the two sensor data are taken at
the corner of the platform, whereas the RPM data is taken from the centre of rotation.
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Figure 4.5: Phase shift in the x-direction due to very small inaccuracies in the actual rotational rates of the frames. Figure a
shows the actual rotational rates of the RPM, whereas figure b shows the ideal rotational rates.

additional accelerations are not very dominant and looking closer into the values of these can reveal
some of the underlying reasons for the slightly different sensor data. It can be seen in Figure 4.4, that
the difference is in the order of 10~3g, which is very small. Looking at the Euler acceleration, it can
be concluded that this does not affect the results at so slow rotational rates with minimal changes in
angular velocity during the start, however, when looking at the relative acceleration, the centrifugal
acceleration and the Coriolis acceleration the story is different. The last two are periodic and reach
values up to 1.6 - 10~3g, whereas the relative acceleration reaches 0.6 - 10~3g. These small values
exceed the accuracy of the sensors, the WIT sensor has an accuracy of 0.01g. This can explain why
there is a difference between the model and the sensor data, as the accelerations are too small for
the sensors to detect. This causes to some extent the slightly different patterns in Figure 4.4, and the
variations are in the order of 10~3g over time, which is the same order of magnitude as the additional
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Figure 4.6: The measured and modelled acceleration in the y-direction after 40 min run on the RPM.
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Figure 4.7: The time-averaged acceleration after 38 min of a run in the RPM. The model and the RPM data are taken from the
centre of rotation.

accelerations at these rotational rates.

The last thing to consider before continuing is the overall measured acceleration in Figure 4.8. The
RPM data is as expected constantly 1g as it is in the centre of rotation. The model is shown for the
corner where there are some effects of the additional sources of acceleration. The two sensors vary
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more in their measurements but stay close around 1¢g and are taken at the corner just like the model.
Only a small part of the run is shown to give an indication of the data.
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Figure 4.8: The measured acceleration 34 min into a run on the RPM. The model and the IMU and WIT sensors are measured
at the corner of the platform. The RPM data is measured at the centre of rotation.

In order to evaluate the model correctly, other locations of the sensors should also be included. For this,
it can be beneficial to increase the rotational rates, such that the accelerations become detectable when
moving away from the centre of rotation. Itis very hard to determine the exact bias of the measurements,
which can have an impact on the results. This is especially true when looking at the time-averaged
acceleration, where a small bias in any direction can make a noticeable difference. To show the different
measurements of varying the location, rotational rates of w; = 73°s~! and wo = 96°s~! are used. Three
distinct locations are measured, namely at the centre of rotation, where the RPM data is expected to
be the most accurate, at a middle distance between the centre and the corner, and lastly at the corner
of the platform. Instead of trying to precisely place a sensor at the axis of rotation, it is placed in the
centre of the platform and below the axis of rotation. This will yield a theoretical error of 3.5-103¢ based
on the results from the model. The data from the RPM should be sufficient to compare the model at
the centre of rotation. It has a long history of use and has previously been validated and thoroughly
tested, which is why it can be used to validate this model. The two sensors are inaccurate partly due
to them being placed below the axis of rotation but also due to their bias and the uncertainty in placing
the sensors. At the very centre, there should be no additional accelerations to Earth’s gravity, which
means that a bias has a large effect on the overall result but a small misalignment can also alter the
results to a certain degree. These are the reasons, why the RPM data is considered to be the most
accurate at the centre of rotation. The results from the centre are shown in Figure 4.9, where the model
is included in both the centre of rotation and the sensor location. Neither of the two sensors comes
really close to the expected g-level, but the WIT sensor measurements are significantly off compared
to the others. Applying a constant bias in the individual directions is able to account for this difference.
A bias of 0.0295¢ in the x-direction, 0.015¢ in the y-direction and 0.013g in the z-direction is enough
to align the WIT data with the model. This cannot be explained solely by the accuracy of the sensor
that is 0.01g, there will have to be other aspects at play. However, it is not possible to extract this bias
from the measurements, which is why it is not included for validation purposes. Looking at the medium
distance from the centre, the measured g-level actually decreases, which is the opposite of what would
be expected. This shows that there definitely is some uncertainty in the measurements that affects the
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results.
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Figure 4.9: Time-averaged acceleration close to the centre of rotation. The WIT and IMU sensors have been placed 1.6 cm
below the centre of rotation.

Moving away from the centre of rotation invalidates the results of the RPM and provides a more suitable
case for the sensors, which are used to evaluate the results of the model. The intermediate distance
of the sensors is taken 3.3 cm from the centre in the x-direction, 3.8 cm in the y-direction and 1.65cm
below the centre of rotation due to the vertical distance to the first slot for the platform. Generally,
the results improve as the sensors now show more accordance with the model. Three different sets
of rotational rates have been tested and analysed at this intermediate distance and two distinct runs
have been made to test the reliability of placing the sensors at this distance. The two runs show no
difference between each other, meaning the placement of the sensors is performed accurately. The
three sets of rotational rates are w; = 73°s~! and wp = 96°s~ 1, w; =120°s~ ! and wp = 103°s~ !, and w;
=100°s~! and wo = 50°s~ L. For the third set, the IMU sensor and model coincide at the exact same
level, whereas the WIT sensor is still overestimating the g-level compared to the model. The results
from w; = 73°s~! and wp = 96°s~! can be seen in Figure 4.10. This result is similar to the final set of
rotational rates at the medium distance. All three examples show that the WIT sensor overestimates
the g-level, whereas the IMU sensor is reasonably close to the model but slightly underestimates the
g-level. None of the differences seen between the model and the measurements can be claimed to
be significant and beyond the uncertainty. Placed in between the two sensors, the model still makes a
very probable solution for determining the accelerations present during a run as well as the resulting
g-level at a point located arbitrarily outside the centre of rotation.

The final location is at the corner of the platform, placed 6.1 cm from the centre in the x-direction, 6.15cm
in the y-direction and still 1.65 cm below the centre of rotation. Here, the measurements show good
accordance with the model as seen in Figure 4.11. The previously mentioned drifting of the WIT sensor
becomes very evident in this run and shows that the measurements are not perfect. The drifting occurs
naturally in the sensor and there is no way to change it prior to the runs, one could try to adjust the
results afterwards by correcting the data for the drift. However, this showed no improvement overall
and it should be accepted that there occasionally is drifting in the sensors as long as it is known that
this is a possibility. During a 40min run, this drifting of the sensor is not substantial and will not lead
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Figure 4.10: Time-averaged acceleration at an intermediate distance from the centre of rotation.

to a poor conclusion as other factors have larger impacts on the measurements. The results display a
certain affirmation of the model at the corner of the platform. The inaccuracies of the sensors cannot be
completely removed, however, when looking at a different set of rotational rates the story is the same.
At the corner location, several rotational rates have been used, which are shown in the following section
below. This is done to evaluate the model in more detail across several sets of rotational rates. Overall,
the model is within the uncertainty of the measurements, which indicates the model’s validity at different
distances. It is not possible to increase the distance further on the available RPM, which sets the limit
in this case but at the available distances, the model shows reasonable agreement with the sensors.
For this run, the time-averaged contribution of the individual directions can be seen in Figure A.2 to
Figure A.4 and the acceleration measured in each direction can be seen in Figure A.5 to Figure A.7.
There is a small shift in phase in the measured accelerations compared to the model, which can be
explained by the motors not necessarily reaching the correct rotational rates as previously shown, it
can also be that the modelled time to reach the steady rotational rates is not accurate. Overall, the
acceleration of the individual directions is as expected by the model. The time-averaged accelerations
vary a little more, and one sensor underestimates the averaged acceleration in the x-direction, whereas
the other sensor does it for the y-direction. The drifting of the WIT sensor is not immediately clear
when looking at the directions individually, which indicates it might be an overall drift of the sensor not
applicable to just one direction.

4.1.3. Varying Rotational Rates

The results for this section are very similar to the previously shown results, therefore a table summarises
the main results in Table 4.1. All the measurements included here are taken at the corner of the platform
to maximise the additional accelerations. Furthermore, the final 300 data points for each run have been
averaged to give the results as the RPM movement and measurements have a periodic nature. The
runs are of at least 40min but some of them are longer. The main consideration is to use various
ratios of rotational rates, as these determine the pattern taken by the gravity vector. However, it is also
interesting to evaluate similar ratios but at faster and slower rotational rates to more clearly see the
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Figure 4.11: Time-averaged acceleration at the corner of the platform on the RPM.

impact on the resulting accelerations when changing the rotational rates. Clearly, the WIT sensor is not
very accurate at low rotational rates where the resulting g-level is below the accuracy of this sensor. At
faster rotational rates its measurements are closer to the IMU sensor and seem more realistic. Overall,
the model follows the sensor measurements well and at higher rates, the resulting g-level increases as
expected.

When looking at the numbers, it may seem that there is a large deviation in the results, however, at such
small g-levels, even small discrepancies can lead to a large percentage error. Looking at the results
of the measurements in each direction shown previously in Figure 4.5, the measurements actually
coincide very well with the model and here it is the small errors in the order of 10~3¢ that can explain
some of the discrepancies. These can come from the placement of the sensors, the actual location of
the sensors inside the casing, bias, drifting, the accuracy of the sensors or inaccurate rotational rates.

The inaccurate rotational rates can be detrimental to the results at specific ratios. In this case, it is
when the two frames have the same rotational rates. This setting is not suitable for the RPM as one
cannot be sure it actually reaches the exact same rotational rate for each frame. Slight inaccuracies in
the motor speeds result in a continuous drift that grows bigger over time. This will be explained in detail
in Section 4.3 when considering the drifting of the RPM itself, which is caused by inaccurate rotational
rates. Hence, this ratio is not included in the table below.
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Table 4.1: Summary of the time-averaged g-level for the measurements and the model at varying rotational rates and ratios.
The time of the runs is at least 40 minutes but can be longer. The g-level displayed is an average of the final 300 data points to
account for its periodic nature.

Inner frame Outer frame Ratio Model WIT sensor IMU sensor
°s'] [°s'] [-] [g] [] [g]

12 24 0.5 0.0023 0.0272 0.0028
18 24 0.75 0.0031 0.0273 0.0027
30 40 0.75 0.0045 0.0155 0.0019
40 30 1.33 0.0059 0.0294 0.0053
50 75 0.67 0.0150 0.0101 0.0107
50 100 0.5 0.0243 0.0178 0.0186
73 96 0.76 0.0263 0.0252 0.0227
75 50 1.5 0.0150 0.0092 0.0123
100 50 2.0 0.0230 0.0176 0.0215
100 75 1.33 0.0281 0.0118 0.0250
103 120 0.86 0.0443 0.0455 0.0411

4.2. Trajectory

Different ratios of rotational rates of the frames yield distinct patterns in the trajectory of the gravity
vector or, equivalently, the inner frame. These patterns will be the same whether fast or slow rotation
is used. Looking at the trajectories, it quickly becomes evident that some ratios cover more of the unit
sphere than others. Depending on the system of interest, one might prefer a more evenly distributed
trajectory or maybe the trajectory is not of importance. Whether it is one or the other, it is interesting
to look at how the gravity vector is dispersed throughout a run. To do this, runs were recorded using
a motion capture system to track the trajectory of the inner frame. This is compared to the theoretical
trajectory, which can be modelled using the rotational matrices. The motion capture recordings can
be used to validate this approach and determine the orientation of the RPM. A result from this can be
seen in Figure 4.12. The model and the recorded motion correspond very well and it can be seen that
the trajectory forms a very distinct pattern that is repeated throughout the run. This specific run lasted
close to 10min but the trajectory repeats the same pattern due to the constant rotational rates of both
frames. On the sides of the plot, the pattern of the model is projected in 2D to give a better feeling of
the results.

The pattern of the trajectory can be simpler at certain ratios, which makes it easier to compare the
model with the recordings. In this section both the ratio of 0.5 and 0.75 are being used as they clearly
show two distinct patterns but still allow easy exploration of any differences between the recordings
and the model. In Figure 4.13 it becomes very clear that there is a discrepancy between the model and
the recordings. Theoretically, the trajectory should follow the same pattern during a run, however, the
RPM seems to be drifting, resulting in a pattern that deviates from the theoretical result.

The rotational rates of w; = 24°s~! and wp = 18°s~! were also considered earlier. Here it was shown
that the motors do not fully reach the correct rotational rates resulting in a shift of the phase of the
measurements. This shift is correlated to the drifting of the RPM. Applying the rotational rates used
earlier explains the drifting in the pattern. The interesting aspect is that this drifting only occurs at certain
rotational rates and not all. The pattern is repeated as expected in Figure 4.12 but increasing the rate
of the inner frame to 18°s~! leads to small inaccuracies. Rotating the frames at w; = 24°s~! and wp =
12°s~! was the only case that did not show any drifting but a repeat of the pattern as expected. When
the ratios were chosen to cover more of the unit sphere with a more complex pattern, it was not possible
to distinguish the data sufficiently to determine whether there was any drifting or not.
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Figure 4.12: Trajectory of the inner frame at w; = 24°s~! and wp = 12°s~ 1. The 2D shapes of the model are shown as
shadows on the sides.

It should be noted that the drifting is seen when using the RPM at constant rotational rates. Using one
of the predetermined trajectories is not expected to result in drifting, as the movement is determined by
reading specific lines of the code, that is used to determine the orientation of the RPM. These should be
correctly implemented and follow the correct path, which also changes in direction and rotational rates,
which makes it impossible to determine any drifting without knowing the exact movement determined
by the code.

As mentioned, the motors are not truly accurate, which will result in a drift that is clearly visible in the
trajectory. Earlier, the example of rotational rates at w; = 23.98°s~! and wp = 17.966°s~! were used,
and these will be used again here, to show the drifting that will occur in the model as a result of small
inaccuracies. In Figure 4.14 these rotational rates have been adopted and it clearly follows the recorded
trajectory very well. It is not given that these rotational rates are the exact rates that the RPM uses but
it can be concluded that they are a potential match and that the RPM at least do not necessarily follow
the theoretical trajectory for a given set of rotational rates. In most cases, this drifting behaviour was
not spotted in the data as it equals out in all directions when covering more of the unit sphere. However,
at a specific ratio, this drifting was also visible in the data, which will be explained in Section 4.3 below.
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Figure 4.13: Trajectory of the inner frame after 14 min of a run with the model showing the theoretically correct path.

Inner frame trajectory
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Figure 4.14: Trajectory of the inner frame after 14 min of a run using imprecise rates.

Considering the orientation of the RPM can be important for certain experiments and generally it is
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preferred to have the gravity vector spread out in more directions to improve the quality of the simulated
microgravity on a sample. The trajectories can balance out each outer in the model, providing a low
microgravity level by taking a simple pattern. This is not ideal as gravity should point equally in all
directions while also providing low g-levels. One thing that is evident when plotting the trajectories
for different rotational rates, is that this trajectory contains pole bias. No matter which rate is chosen,
the constant rotational rates will always result in pole bias due to the nature of the movement. When
the outer frame is aligned vertically, which happens twice during each rotation, the gravity vector is
bound to point in the same direction on a sample, resulting in two poles being generated. To avoid this,
one would need more complex controls that avoid the outer frame moving through the vertical position.
Examining the trajectory while also looking at the resulting g-level can be used to gain insights when
determining the rotational rates of the RPM for experiments. When developing new control algorithms,
this model can also be used to evaluate these control algorithms before they are implemented into the
hardware. Different control algorithms will be explained further in Chapter 5.

It can be noted that the scaling of the motion capture data differs slightly from reaching the perfect unit
sphere. In Figure 4.14, the scaling in the x-direction does not generally go to —1 or 1. This is likely due to
one data point during the movement being recorded to be slightly further, as well as one slightly closer,
to the camera than the general data points. This causes a slight offset in the recording compared to
the model, which can be seen if looking closely around the two poles. This offset is further highlighted
on the far side by the perspective of the plot. The offset is not very significant and the pattern is clearly
still very close to the expected pattern indicated by the model, which adds to accepting the model to
describe the RPM.

4.3. Drifting of the RPM

It does not matter significantly that the RPM motors do not accurately reach the correct rotational
rates for most results. However, there are occasions where it is absolutely critical to the results and
yields some results that are completely wrong to the intention. The drifting was noticed easily when
looking at the trajectory, however, with the data not showing this drift, it will cancel out over time as
the drifting occurs equally in all directions. Rotating the frames at the same rate should yield a result
where the time-averaged acceleration reaches a constant level similar to the other rotational rates. In
the measurements, it is seen that the is a drift of the acceleration. Interestingly, the RPM data also
show this drift indicating that their model is using the actual orientation and rotational rates of the RPM
and not the desired ones. This is the case for all the three sets of same rotational rates at wp = w;
for 40°s~!, 60°s~! and 100°s~!, which were tested on the RPM. In Figure 4.15 one of these runs is
shown, where it is clear to see the drifting of the sensors and the RPM data. The IMU sensor does not
follow the expected shape, as it should be similar to the WIT sensor and the RPM data in its shape. In
the measurements, it is the x-direction and z-direction where the drift occurs. This drifting has tried to
be modelled into the model by adjusting the rotational rate of one of the frames to be 0.01°s~!, which
can be seen in Figure 4.16. This figure also shows the result from rotating the frames at 60°s~!, where
both sensors show the same drifting, which is expected when the motors do not operate at the exact
same rates.
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Figure 4.15: Time-averaged acceleration when the frames are supposed to run at the same rotational rates. The IMU sensor
is inaccurate compared to the other data sets. The drift of the sensors is clearly visible and is caused by deviations in the motor
speeds.
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Figure 4.16: Time-averaged acceleration when the rates are deviating by 0.01°s~1. This can explain the drifting seen in the
measurements.
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The reason for the drifting to show in the measurements when the two frames rotate at the same rate
but not in any of the other ratios tested, can be explained by looking at the trajectory of the gravity
vector for this case. The trajectory will not cover the entire unit sphere and therefore, it will not cancel
out but rather result in the drifting observed. In Figure 4.17 the theoretically correct trajectory is shown
alongside the trajectory for drifting. It is clear that only a very small part of the unit sphere is covered,
and only on the bottom side of the unit sphere. Hence, when drifting, the trajectory moves towards
completely new angles closer to the x = -1 axis in a clockwise rotation about the y-axis forx =0 and z =
0. This can explain the drifting in the measurements and show why this RPM should not be used at the
same constant rotational rates for the two frames. It will simply lead to a wrong result compared to the
intention. This is the only ratio of rotational rates where the drifting has a significant impact and the only
ratio that the RPM should never be used at. At the other ratios, the drifting will be spread out towards
all directions and thereby cancel out. If expecting a certain trajectory and g-level, the drifting can be
unacceptable, however, in most use cases of the RPM this drifting does not play an important role. The
resulting g-level will be the same and the trajectory will cover more of the unit sphere. There also exist
different ways of controlling the RPM and not just using constant rotational rates. This was only done
here as the RPM did not support the implementation of other more complex control algorithms.

Gravity vector trajectory Gravity vector trajectory
wy = 60°/s, w = 60°/s wy, = 60°/s, w, =59.99s

Z-axis
Z-axis

X-axis

_axi ) 1 . .
Y-axis Y-axis 1

(a) Modelled trajectory at w; = 60.0°s~* and wo = 60.0°s~* (b) Modelled trajectory at w; = 59.99°s~* and wo = 60.0°s !

Figure 4.17: Trajectory of the gravity vector is drifting when one motor is off by 0.01°s~1. The drifting results in moving the
trajectory towards the x = -1 axis.

4.4. Velocities

One last thing to look at in this chapter is the velocity of the sensors. Both sensors also measure the
angular velocity of the RPM during a run, which can be compared to the angular velocity generated by
the model. This is an extra step to evaluate the model beyond just the accelerations and trajectories,
although these are the interesting aspects. The velocity is measured in the X, y and z-direction of each
sensor, and the data is combined by taking the square root of the summation of each direction squared
as seen in Equation 4.1, similarly to the approach for the acceleration.

Wiot = /w2 + w2 + w? (4.1)

One thing to note is that the WIT sensor measures at an angle 10 times larger than expected. The
angular velocity of the frames, depending on the chosen rate, is around 100¢ircs~! for each frame. In
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the case of w; = 103°s~! and wp = 120°s~!, the sensor measures velocities in the order of 1200°s~!
in the individual directions, a factor 10 higher than expected. Accounting for a factor of 10 in the data
yields the result shown in Figure 4.18. Both the model and the sensors agree on the angular velocity,
and it can be seen that the IMU sensor is periodically moving around the same value as the WIT sensor
and the model. As the angular velocity stays constant throughout the run, only the first 30 s is shown.
The rate of change at the beginning of the run matches the acceleration time of 5s before the correct
rotational rates are reached, as used earlier. Similar results were found for the other sets of rotational
rates indicating that, although a little simple to model, the angular velocity of the model is in accordance
with the measured value. This angular velocity is only based on the rotational rate of the two frames
and therefore it is not the most complex part to model.

The small deviations from the correct rotational rates discussed earlier are so small, that they are
not visible when looking at the angular velocity. When the overall angular velocity is around 160°s~1!,
small deviations in the order of 0.1°s~! and less, are not visible. The average velocity for the constant
phase is modelled to be 158.14°s~!, whereas the WIT sensor measures 158.03°s~! and the IMU sensor
measures 158.64°s 1.

Angular velocity at point P = [-0.061 -0.0615 -0.0165] [m]
wq =120°/s, w, =103°/s
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Figure 4.18: Overall angular velocity at the corner location during a run on the RPM.

4.5. Evaluation of Alternative Models in Literature

Comparing the model developed in this thesis to what has already been done in the literature will help
evaluate the approach. The most recent model presented in literature [106] is supposed to predict
the accelerations of a point P in the RPM. The following three equations shown in Equation 4.2 to 4.4
are given to model the acceleration at the point P in the x, y and z-direction respectively. R in these
equations is the distance from the origin to point P, ¢ is the time and w; and wo are the angular velocities
of the inner and outer frame, respectively.

a, = —R [(w? + wzo) sinwot coswit + 2wiwo coswot sinw;t] (4.2)
ay = —Rw? sinwrt (4.3)

a, =R [— (w% + w2o) coswot coswrt + 2wrwo sinwot coswlt] (4.4)
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There are several things wrong in this paper, especially the use of the wrong terms. However, scien-
tifically the most important aspect is the model, which is completely wrong. This is not the approach
to take when trying to model the movement of the RPM. The first thing to note is that the contribution
of Earth’s gravity is missing. This is an important part of the overall acceleration. Without this contri-
bution, the model presented will not start at 1g but at 0g. This is one very apparent mistake. The next
thing to note is that it is limited to only constant rotational rates. Using the angular velocity multiplied
by the time is only valid to find the angle when the frames are moving at constant rates. If the frames
change their rates, a sudden jump will be experienced in the values of the cosine and sine terms, which
can significantly affect the acceleration level. In reality, these abrupt changes in values will not occur,
instead, the angle will gradually change from the previous position to the new one following the new
rotational rate.

After adding the contribution of Earth’s gravity to the model, it is run for two locations to show the
difference. The locations are chosen to be at the centre of rotation, and at the corner location of the
existing RPM, which the previously presented measurements were based on. This is done to easily
evaluate this alternative model with the data. As shown in Figure 4.19 there is no deviation when it
comes to the resulting g-level when using these equations at different locations. The g-level should
increase significantly as seen earlier, however, the acceleration level only changes shape to a very
limited degree. Another aspect can be seen in Figure A.8 where the overall modelled acceleration
does not match Earth’s gravity of 1g. At the corner location, it should be oscillating about 1g, however,
in the alternative model, the shape is different and closer to 1.4¢g than 1g, further indicating that this
model is wrong: the movement of the RPM cannot be simply modelled by differentiating a position
twice, it is the wrong approach for this problem.

Combined time-averaged acceleration at multiple points
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Figure 4.19: Resulting g-level of the alternative model presented in [106]. A small portion of the plot is shown to make the
difference visible between the two points. Comparing it to previous results shown from the sensors, the result at the corner
should be around 0.026g.

An approximation of the acceleration based on the position has previously been presented as shown in
Equation 4.5 [100]. In the equation, r indicates the position to the point P. The first thing to note about
this approximation is that they in one step assume the two frames to rotate at the same rate. This is
a special case where the resulting g-level is high and the trajectory covered does not cover the unit
sphere. Once again, the contribution from Earth’s gravity needs to be added. However, this model
shows improvement compared to the previous one by actually oscillating about a level of 1g. Using
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this approximation for an arbitrary set of rotational rates and changing the location has no effect but
using this approximation when the two frames have the same rotational rates lead to different results for
different locations. Despite showing different results for different locations, this approximation is very
limited and does not work for a broad set of rotational rates. Hence, there is still a need for a complete
expression to describe the dynamical system, that the RPM is, which the model presented in this thesis
does.

Umean = w° \/ 2.25r2 4 12 + 2,251 (4.5)

When it comes to the trajectory of the gravity vector, one paper has used a sensor to track the orientation
of the RPM [107]. In their simulations, they have switched the orientation 90° compared to the sensor
data, however, the same patterns recorded by the motion capture system can be seen in their sensor
data for certain ratios of rotation. Their results show no signs of drifting at any ratio. The main difference
is that some of their data seem to be rotated a little bit. This is easily seen when the ratio of the two
frames is 0.5. Here their results are very similar but rotated slightly compared to the results presented
in this paper from the motion capture recording. Apart from this difference of having some of the sensor
data rotated and the simulation being rotated 90°, the results show very similar patterns. The rotation of
their simulations can very well be caused by a small inconsistency in the use of their coordinate system.
This can easily occur if not careful when writing out the rotational matrices according to the rotation of
the RPM. A different coordinate system is used for their simulations, than what is used in this model
based on their results for the angular velocity. Their coordinate system is not shown, making it difficult
to evaluate whether this actually is the cause for the rotation of the trajectory.

4.6. Conclusive Notes

This chapter has focused on different aspects to validate the model presented. Two different sensors
have been used together with a motion capture system for recording the movement of the RPM. In
this section, a small recap of the most important validation aspects will be outlined before moving on to
using this model to explore the use of the RPM in gravity-related research on Earth from an engineering
viewpoint.

The results show some discrepancies between the model and the data, which can be explained by
several factors. Firstly, the accuracy of the sensors is not perfect and is in the order of 0.01g. Looking
at data that should have a very small g-level below 0.01¢, the sensor accuracy can impose a deviation
in the measurements leading to a wrong result. In addition to this is the drift of the sensors, which can
occur during the measurements. The drift during the 40min runs investigated here does not affect the
sensors significantly but they are still present and do affect the final result.

One of the largest unknowns is the bias of the WIT sensor and the bias, in general, in accelerometers.
This is a systematic error that, even though it is very small, can hugely impact the results as some
g-levels were in the order of 10~3¢g. This means a systematic error will seriously impact the results as
seen in some of the examples shown earlier. The bias cannot be determined completely accurately
and varies from run to run. To evaluate the difference between runs, the same settings were used
on different days. This led to measurements that varied 0.015¢ and the results were not consistent in
showing the correct dominant axis for the acceleration, which is expressed through the different shapes
in Figure 4.2.

It was furthermore shown that the RPM experiences drift as the rotational rates are not 100% accurate,
leading to a phase shift in the rotation at most ratios of rotational rates but completely unexpected results
when the two frames rotate at the same rate. Finally, it can also be said that the sensors are not located
at the exact position every time. There might be a small angle or a small distance from the actual sensor
to the modelled location. These were shown to not greatly impact the results. Performing different runs
on the IMU leads to differences of only 0.002g across three different runs at the same settings, which
is accurate within a couple of millimetres accuracy as it was shown that 1 mm difference would result
in a change in g-level of 4 - 10~* g. The exact location of the sensor inside the casing could also vary
a little from the modelled location, which also leads to small differences. Finally, it can be mentioned
that the trajectory was basically spot-on between the recordings and the model.
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Combining all this information, the modelled results are concluded to be within the uncertainties of the
measurements. The model is able to predict the trajectory of the RPM and the resulting g-level at
arbitrary locations and for all rotational rates of the inner and outer frame. As expected, moving away
from the centre of rotation leads to larger accelerations due to additional accelerations affecting the
results and not only Earth’s gravity. Therefore, it follows the simple logic that would be expected and
is deemed a valid model for the RPM. Looking at the individual directions, the sensors and the model
indicate the same level and phase of acceleration indicating that the differences originate from very
small errors in the sensors data, which explains a limitation of this thesis being the quality of the sensors.
Overall, this should be a theoretically valid model for predicting the movement and the resulting g-level
of a run on the RPM. This model is therefore used in the following chapters to investigate and show
different aspects of operating the RPM for gravity-related research.



Control Algorithms

Using constant rotational rates is not the only way to control the RPM. In fact, only the imagination
sets the limit on how to control the two frames. In this chapter, different approaches are investigated
to evaluate which controls might improve the resulting g-level or the trajectory of the gravity vector.
The model introduced previously serves as a great tool to test any controls that might perform well
and saves time and cost compared to building and programming a new RPM to test ideas. It can be
very difficult to predict how well the control algorithm is performing and how to improve it without the
model. Several different approaches are presented in the literature, which will shortly be discussed
here, together with some control algorithms specifically developed to test a broader variety of controls
and show how different control algorithms affect the performance, and thereby the use, of the RPM.

The known algorithms used in RPMs will be shortly shown and discussed in Section 5.1 and can be
seen as an addition to Chapter 2.4. After this, various aspects of making a control algorithm will be
explored with the corresponding explanation in Section 5.2. Then follows some information on pole
bias and potential ways to overcome this problem in Section 5.3 before a partial gravity algorithm is
introduced in Section 5.4.

5.1. Previously Used Algorithms

The randomness aspect was introduced as an improvement to the use of a 3-D clinostat rotating at
constant rates around two axes. This new algorithm randomly changed the rotation rate in the range
from 2 to —2 (opposite direction) rev/min. The two frames changed rotation speed every 30s to 60s
[74]. This has certain advantages compared to constant rotational rates, namely that the sample does
not become used to the movement of the frames and will not react to always moving a certain path
as it constantly changes. The path also covers places that would not otherwise be covered when
using only one set of rotational rates. However, there are not many more benefits to having completely
randomised controls. Each change of rotational rates will lead to a period where the trajectory is not
evenly distributed which affects the overall g-level. Adding to this that some sets of rotational rates
perform better than others also means that in some settings the RPM is bound to deviate further from
the optimal conditions. This combined means that an optimum g-level will not be achieved. The results
of a 3 hr simulation using this algorithm are shown in Figure 5.1 and Figure 5.2, where the trajectory
and the resulting g-level are shown, respectively. The trajectory can be compared to the one initially
presented in the original paper and shown in Figure 2.11. There are two poles at either end, which
will be further discussed in Section 5.3 but otherwise most of the sphere is covered. The g-level is
compared to a simulation with constant rotational rates of w; = 12°s~! and wo = 18°s~ L. There is a
clear improvement in the g-level when using constant rotational rates. This supports the claim, that
fully randomized controls are not the best way of controlling the RPM. Increasing the simulation time
to15 hrs does not change the achieved g-level.

The algorithm used in the simulation generates random values in the range —12 to 12°s~! with the
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exception of zero, which is excluded. The rates change randomly every 30s to 60 s and allow two sec-
onds for the frames to reach the new speeds, irrespective of the difference between the two subsequent
rates.

Gravity vector trajectory
Random rates between 2 and -2 rev/min
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Figure 5.1: Trajectory of the gravity vector after 3 hr simulation of the algorithm randomly changing between 2 and -2 (opposite
direction) rev/min every 30-60 s, and allowing 2's to reach the new rotational rates.
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Figure 5.2: Time-averaged g-level after 3 hr simulation of the algorithm randomly changing between 2 and -2 (opposite
direction) rev/min every 30-60 s, and allowing 2 s to reach the new rotational rates compared to constant rotational rates of wj
=12°s~!tand wp = 18°s7 1.
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Shortly after the randomness idea was presented in Japan, a different randomised aspect was intro-
duced at Fokker Space in the Netherlands, where an RPM using completely randomized settings was
built. This is very close to the above algorithm and will not be further discussed as the results show
the same pattern, with a more randomized trajectory but a poorer simulation of microgravity. The only
difference is that the rates of the frames can exceed 12°s~! now, making it possible to cover more area
by moving around faster. This real random mode was used with an average angular velocity of 60°s~!
to grow chondrocytes [10] or to grow bone tissue with random rotation between 60°s~! and 75°s~! [11],
however, based on the analysis in this thesis it might actually yield improved results to use a different
control algorithm to avoid pole bias when growing spheroids and 3-D cell cultures. This is something
that should be considered in all future studies using the RPM.

Since then, there have been a couple more suggestions on how to control the RPM. The first of these
uses a random walk algorithm with the two frames rotating at a constant velocity but the direction of
rotation is inverted at random timesteps [100]. The transition in direction is done at constant rotational
acceleration. With this approach, the two poles quickly became dominant but it was argued that the two
poles cancelled out each other and resulted in similar effects between the original RPM and this new
one. The validation results showed the same outcome compared to real microgravity for T-lymphocytes,
which show a very distinct behaviour when exposed to microgravity compared to 1g environment. One
thing to add is that using constant rotational rates must be done with caution. Certain sets of rotational
rates are better than others to simulate microgravity and result in different trajectories of the gravity
vector as already shown. A more comprehensive guide on using constant rotational rates is presented
in Chapter 6. The resulting g-level showed values below 0.03g, which is worse than the randomised
controls discussed above. When trying to achieve microgravity, this value is very high and there is sig-
nificant room for improvement. The results of an algorithm inverting constant rotational rates randomly
are shown in Subsection 5.2.1 and also show a g-level around 0.03g.

The next one is based on a surjective map comprised of the two angles that describe the orientation
of the gravity vector based on the rotating frames [102]. The orientation of the gravity vector will cover
a sphere, and in order to have a uniformly distributed orientation of the gravity vector a reference
trajectory of all points in the sphere will be used. Each point has an equal likelihood of being visited
and random points are chosen and projected onto the surface of a unit sphere. Here, neighbouring
points are being merged to form a trajectory. The geodesic curvature and distance between points on
this trajectory determine the angular velocity and acceleration that the RPM is following. To limit the
angular acceleration only points close to the current point of the trajectory are included as possibilities
for the next point.

A final idea for a control algorithm suggests moving faster through the poles and slower during the
middle part of the unit sphere to overcome the problem of pole bias [108]. Moving faster through the
poles does not remove pole bias, however. The time spent at the poles will be less dominant but the
poles will still be present. Itis stated that ideally, the frames should move infinitely fast through the poles
[109], however, this is the wrong way to think. Moving infinitely fast through the poles generates infinitely
large accelerations, that will completely destroy any attempt at simulating microgravity outside a point
in the centre of rotation. Such an approach could therefore be detrimental when trying to minimise the
resulting g-level although it does minimise the time at the poles. Even smaller accelerations will be able
to affect the overall resulting g-level, and the faster the frames rotate, the larger this effect will be.

These suggestions show very different approaches and creative variety to control the RPM, which
shows that there is no one way to definitely control the RPM but rather there exists a large design space
of options. Evaluating these options and finding the best requires some understanding of the RPM and
the modelled dynamics can provide a basis to understand these controls in a new and significantly
more detailed way. The problem of pole bias occurs naturally when the outer frame is in the vertical
position. This will be discussed in more detail in Section section 5.3, as it is a problem that most control
algorithms encounter and there can be benefits to avoiding pole bias and not having two directions
become dominant during an experiment. Itis not straightforward to avoid pole bias while also minimising
the resulting g-level but more on this will follow. After looking at what control algorithms already exist,
it is time to test some control algorithms developed specifically for the purpose of gaining a better
understanding of the movement of the RPM and how different controls affect the performance.
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5.2. Varying the Control Algorithm

The main takeaway from the previous section is that randomised controls are not the best option to
control the RPM. This is very important as it can be misleading as the name of the machine states
random. With this set, this section shows the results of various specifically developed algorithms to
show how alternative controls behave. A variety of control algorithms are presented below.

5.2.1. Inverting Constant Rotational Rates

One way to control the RPM is to invert the rotation direction of the frames using constant rates. This is
to some extent similar to one of the previously presented methods, where the frame’s rotational rates
were inverted at random time steps. The rotational rates of the two frames are chosen before the
simulation and will be inverted at random time steps between 30s to 60, to allow for comparison with
the results in Figure 5.1 and Figure 5.2. Comparing those two results will show the difference between
randomly choosing the rotational rates and using constant rotation. The simulation allows the frames
to reach the new speeds in 2 s under constant angular acceleration.

What really affects the results for this algorithm, is the chosen rotational rates and the time it takes to
invert the rotation. The trajectories for the simulation with an inversion lasting 2 s compared to using half
the time to invert the rates are shown in Figure 5.3. Just by changing the inversion time, it is possible
to cover more of the unit sphere, while the resulting g-level stays close to the same value. Compared
to the fully randomised rotation, significantly fewer points are covered with this approach. Based on
the trajectory here and earlier it is very clear that the trajectory is improved using randomly chosen
rotational rates compared to constant rotation. The time-averaged acceleration is shown in Figure 5.4
and the result is comparable to the one shown for random rotation rates in Figure 5.2 but is slightly
worse. The g-level matches the previous results of 0.03¢g [100], which this algorithm is based on.

Although the g-level is comparable, the trajectory is significantly worsened, as one ideally wants to
cover the entire unit sphere, leading to an inferior control algorithm. Changing the constant rotational
rates also strongly affects the results and can impact both the trajectory and g-level. This leads to the
next potential control algorithm investigated in this thesis.
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(a) Resulting trajectory allowing 1 s to invert the rotation of the frames.  (b) Resulting trajectory allowing 2 s to invert the rotation of the frames.

Figure 5.3: Trajectory of the gravity vector after 50 min simulation of randomly inverting the rotational rates every 30s to 60s
with varying timeframe to reach the new rotational rates.
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Combined time-averaged acceleration at the centre of rotation

Inverting rotation at random time steps
wg = 24°/s, w, = 18°/s

Time-averaged Acceleration [g]
o o [d o o o e
w £ (93] (2] ~ oo w -
T T 1

Qo
Mo
T

o
T

eSS
0 I 1 I 1 I 1 \\TW\TH\-RTN_«J\
0 5 10 15 20 25 30 35 40 45 50
Time [min]

Figure 5.4: Time-averaged g-level after 50 min simulation of randomly inverting the rotational rates every 30s to 60s and
allowing 1 s to invert the rotation.

5.2.2. Randomly Choose Between a Selection of Rates

This control algorithm is specifically developed to investigate the result of combining the best of the
random algorithms and using constant rotational rates. While the benefits of the random algorithms are
the more diverse coverage of the unit sphere and the non-constant rotational pattern, the low g-levels
of the constant rotational rates are more attractive when trying to simulate microgravity. This algorithm
therefore combines the rotational rates that result in the lowest g-levels and randomly chooses between
these. The rotational rates are found by mapping a large variety of rates and their resulting g-levels,
which is covered in Chapter 6.

24 combinations of rotational rates for the inner and outer frame showed g-levels below 0.0014¢g after
25 min operation. These sets were very similar in their rotational rates, and instead of using only these,
some of them were combined with other rotational sets of rates, that also showed low g-levels. These
were in the order of 0.0025¢ or less, so only slightly higher than the lowest possible. Five distinctively
different sets of rates were chosen, such that more variety is included. These were added to a pool of
sets of rates, that the algorithm can randomly pick from. All combinations of rotational direction using
the five sets are included in the pool. This means that both frames can rotate in the positive direction,
only one of the frames will rotate in the positive direction, or lastly, both frames will rotate in the negative
direction. This yields a total of 20 available sets of rates to randomly switch between. To be consistent
with the previous algorithms, the rates change every 30s to 60s and allow 1s to decelerate and 1s
to accelerate to the new rates. Applying sets that are noticeably different allows more variation in
the trajectory and therefore a better coverage of the unit sphere. Furthermore, using the sets already
shown to lead to small g-levels can potentially improve the microgravity simulation.

The list of rotational rates in deg/s is shown in Equation 5.1 with the rate of the outer frame first followed
by the inner frame. The trajectory after 50 min is shown in Figure 5.5 and it is clear that more of the
unit sphere is covered comparing it to the random rotation. Almost the entire unit sphere is covered
and provides an improved trajectory while also providing low g-levels as shown in Figure 5.6. This is
an improved way of controlling the RPM, which overcomes some of the problems of constant rotation
without compromising the g-level significantly. Whereas the g-levels for constant rates can get as low
as 0.001g or even a little lower after 50 min. Choosing between these selected sets of rates results in
a value of 0.005¢, which is an order of magnitude better than the results of the random algorithms that
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provided a resulting acceleration close to 0.03g. With this small tweak of the algorithm, a remarkable
improvement is achieved. One thing that still jumps to the eyes is the creation of the poles, which
is significant in this algorithm, where the outer frame more frequently passes by the vertical position
resulting in these poles.

(wo wr) = (£50 =+ 14; +48 +5; £44 +16; +33 +13; £20 +47) (5.1)
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Figure 5.5: Trajectory of the gravity vector after 50 min of randomly switching between carefully selected rotational rates every
30-60 s, and allowing 2's to reach the new rotational rates.
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Figure 5.6: Time-averaged acceleration after 50 min of randomly switching between carefully selected rotational rates every
30-60 s, and allowing 2's to reach the new rotational rates.
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5.2.3. Sinusoidal Controls

Another possibility is to have the frames follow a sinusoidal function. This generates a variety of angular
velocities that continuously change throughout the rotation. This is an alternative to the constant rota-
tion that has been in focus until now. The benefit of the sinusoidal function is its constantly changing
rotation, which provides a natural change of stimulation in the samples. This is due to the constantly
changing acceleration levels of the function, which can be modified in many different ways and gen-
erate possibilities that are not achievable with constant rotation. For example, it is possible to adjust
the sinusoidal function such that the trajectory of the gravity vector only covers part of the unit sphere.
This is visualised in Figure 5.7, where the far end of the unit sphere is not covered at all by the gravity
vector. This is done by limiting the rotation of the outer frame, such that it does not rotate a full rev-
olution. Generally, the gravity vector should point in all directions equally when trying to generate a
state of simulated gravity. It should be clear, that for a good microgravity simulation, the gravity vector
should be uniformly distributed around the entire unit sphere, such that the effects of gravity act in all
directions on the sample. When in true microgravity, the lack of gravity affects all directions equally,
which is what the RPM should replicate in its simulation. However, there can be certain cases where
the experimental set-up may not allow for a full rotation of the frames, in which case the sinusoidal
function can generate such a trajectory. There are also other ways to achieve this but the sinusoidal
function is a simple mathematical expression and does not require extensive programming.

A different use case for the sinusoidal function is to allow the inner frame to not rotate a full rotation
but oscillate between certain angles. This can be useful when trying to put tubes on an RPM that
should not get tangled up due to the rotation. One such example could be if transportation of liquids is
required from the inner frame to a place outside the RPM. To still be able to subtract the liquid, these
tubes cannot be allowed to rotate around the outer frame, which limits the rotation of the inner frame to
one full revolution. Rotating around the outer frame will get the tubes to get tangled up and if multiple
rotations are done it makes it impossible to keep control of the tubes. Allowing the outer frame to rotate
freely, it is still possible to point the gravity vector in many directions, and actually, all directions if the
inner frame oscillates exactly one full revolution.

Gravity vector trajectory
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Figure 5.7: Trajectory of the gravity vector after 1 hr of a sinusoidal function that does not allow a full rotation of the outer frame.
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5.2.4. Outlook

These are only a few examples of how the RPM can be controlled. Only the imagination sets a boundary
for various control algorithms and mixing between these algorithms to reach an improved simulation of
microgravity. One thing that most algorithms will have is pole bias, which is caused by the movement of
the outer frame. Therefore, the outer frame should minimise its movement through the two generated
poles, while the inner frame can be controlled in a different manner. The best option for controlling the
two frames might therefore differ from each other. Achieving a low simulated gravity level is much more
complicated when trying to avoid pole bias, hence some of the previously presented algorithms might
be suitable for simple use cases or in cases where the RPM has already been built. Some cases that
might be able to adopt these algorithms are 2D cell cultures or in similar cells as those originally tested
on the RPM.

All control algorithms lead to specific g-levels and distinct trajectories of the gravity vector. In the future,
more effort can be put into optimising the movement of the RPM, such that the gravity vector is uniformly
distributed and the lowest resulting g-level is achieved. This is exactly what the dynamical model of the
RPM can provide a platform to experiment with, such that the future use of the RPM is improved.

5.3. Pole Bias

The most important consideration for the quality of the simulation of microgravity in an RPM besides
the resulting acceleration is the consideration of pole bias. Most of the discussed algorithms have all
shown signs of pole bias, where a certain direction has become dominant over time due to the nature
of the RPM. Even though these poles cancel out each other concerning the acceleration, it becomes
an interesting topic when considering other qualitative aspects of this way of simulating microgravity.
In space, we do not feel the effects of gravity and everything is floating around in true microgravity
around 10-%g. This level of microgravity is present uniformly in all directions at all times, hence when
we simulate microgravity using an RPM that contains pole bias, we claim that the two poles cancel out
and therefore this method will still be valid. However, on Earth, gravity is constantly present affecting
everything. This is also true when we use the RPM. This means that when two directions become
dominant, our simulation quality of true microgravity decreases as gravity is no longer acting uniformly
in all directions but in distinct directions. Especially in consideration of 3-D cell cultures rather than 2D
cell cultures, this becomes an important consideration. A cell will experience gravity more dominantly
in two directions as shown in the 2D sketch in Figure 5.8, which can affect the development of the cell
differently than what is expected in true microgravity. ldeally, the gravity vector would be spread out
uniformly as depicted on the right and not have the resulting gravity be more prominent at the poles,
compressing material more significantly at these locations.

Pole bias will affect cells differently than when uniformly distributed, hence it is beneficial to look at
solutions to solve the problem to allow for a wider range of use of the RPM. If not dealt with, cells will
be affected more around the poles than around their equator in the case of spherical cells. This has
a direct influence on the development of the cell and therefore the quality of the simulated micrograv-
ity. Mathematically, this effect cancels out but physically it can lead to a wrong simulation and faulty
conclusions.

Figure 5.8: 2D sketch of the gravity dispersion in a sphere. To the left, pole bias dominates the sphere whereas gravity is
uniformly distributed to the right.
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Superposition of Sinusoidal Waves

The first approach investigated is to use a superposition of sinusoidal functions in order to constantly
change the orientation of the outer frame while still being able to let it be in the vertical position very
rarely. The idea is that only when all the sinusoidal waves are in phase, will the outer frame exactly
reach a vertical position, while the rest of the time it will oscillate in between the vertical positions and
thereby not generate any poles.

The concept is simple enough to explain, however, it is more difficult to convert it to practice while
also generating a low resulting g-level. There are many parameters to control, which can change the
outcome significantly with even small adjustments. This has made it very difficult to achieve a trajectory
which only exactly reaches the vertical position. Following the efforts of trying to reach only the vertical
position very rarely, it should also be noted that the trajectory follows a relatively simple pattern and
does not cover the full unit sphere. The example of a sinusoidal control of the outer frame and constant
rotation of the inner frame is shown in Figure 5.9. This is the example of the outer frame that only
about exactly reaches the vertical position, removing the pole bias. It is also possible to change the
parameters, such that only a very narrow part of the unit sphere is covered. When trying to achieve a
state of simulated microgravity, this will, however, not be the best option as other options distribute the
gravity vector more uniformly.
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Figure 5.9: Trajectory of the gravity vector after 3 hrs of sinusoidal rotation of the outer frame and constant rotation of the inner
frame.

Based on the trajectories of this approach, it can be concluded that it is not an optimal approach for
controlling the RPM. The poles might be less significant but the trajectories will never cover the entire
sphere and will repeat the same pattern. In the run where the outer frame only just reaches about
the vertical position, the resulting g-level becomes 0.02¢ after two hours as shown in Figure A.9. The
fluctuation of the resulting g-level is significant but over very long times it will approach low values more
consistently.

Instead of rotating the inner frame at a constant rate, it can be interesting to see if more of the unit sphere



5.3. Pole Bias 70

can be covered when changing the rate of the inner frame. To test this, the approach of changing the
rate in the range from 2 to —2 rev/min is adopted. Simulating a run of 3 hrs shows that more of the
unit sphere is covered, however, not all of the unit sphere will be covered. If looking from the side, it is
also clear that certain areas are visited more by the gravity vector compared to others. These look like
stripes of darker blue where the gravity vector visits more. It is a significant improvement from having
the inner frame rotate at a constant rate but it is not the optimal option for controlling the RPM.
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Figure 5.10: Trajectory of the gravity vector after 3 hrs of sinusoidal rotation of the outer frame and randomly changing the
rotation of the inner frame in the range from 2 to —2 rev/min.

Design with Three Frames

Another possibility to improve the RPM is to consider the mechanical design instead of only the control
software. Following the derivation of the model for two frames, three frames can be modelled similarly
by just adding another frame and adding the respective equations. In Figure 5.11 the coordinate system
for the three framed RPM is shown, with subscript I and O still indicating the inner and outer frame,
respectively, whereas M indicates the middle frame. Adding a third frame allows for avoiding pole bias
at each full rotation of the outer frame.

Building on from Chapter 3 the equations related to this new design are shown below. This time 7
indicates the angle between the outer frame and the global frame, whereas o becomes the angle
between the middle frame and the outer frame, and finally, 8 becomes the angle between the inner
frame and the middle frame. For the added frame, the rotational matrix about the x-axis is valid for any
rotation 7, like the rotation 6 is valid for the inner frame. These matrices can be seen in Equation 3.1
and 3.2.

The angular velocity is shown in Equation 5.2, with the change in angular velocity being defined the
same way as earlier by the difference between the current and previous angular velocity divided by the
corresponding time step.

wg =wo +g Ro-wy +¢ RooRu - wi (5.2)
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Figure 5.11: Coordinate system of an RPM with three frames.

The angular acceleration is first defined for the individual frames in Equation 5.3 to Equation 5.5 and
then combined into one expression in Equation 5.6.

(d)o)ﬂfcnycuzc = (d)o)wo,yo,zo + wo Xwo = (wo)ﬂﬁo,yozo (53)
(@OM) g yere =6 Bo (@) 4 40 20 T wo X (cRO - wr) (5.4)
(L:JI)$G7yG7ZG =a Ry - ((':)I)Io,yo,zo + (wo X (GRO . wM)) X (GRM -w;) (55)

ac = dJG = (djo)w&yc,zc + (d)M)wGJ/G,ZG + (d)l)w&ycﬂa (56)

With the angular accelerations set, it is time to look at the velocity. Adding an extra rotating frame to the
system gives another set of equations, that can be found using the same approach as in section 3.1.
This leads to the expressions for the velocities shown in Equation 5.11 to 5.13, where both the total
velocity as well as the velocities of the moving frames, which is used to find the Coriolis acceleration,
are shown. The general system of three rotating frames and its corresponding equations are shown in
Figure 5.12 and Equation 5.7 to Equation 5.10, respectively to clarify the origin of the expressions.
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Figure 5.12: Sketch of a general system with three rotating frames.
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0
pVe=p Vg +M+D we X Pe (5.7)
0
pVe=pVa JFMJFD wp x4 Pp (5.8)
0 0
pVa=pV3+ aVaksiZo +p wa x4 Pa (5.9)
pVec=pwec XBPc+pwp XaPp+pwasxqPa (510)

In the following equations, pwp =p was +o (mwr) and similarly for gwp =g wo +¢ (own) +¢ (mwr).
Equation 5.12 is used as the moving frame velocity for the outer frame to find the Coriolis acceleration
contribution and Equation 5.13 is used for the middle frame.

c¢Vp=mwpxyu Pp+owp xo Pp+cwp X Pp (5.11)
oVp=mwp Xy Ppt+owp xo Pp (5.12)
mMVp=mwp Xy Pp (5.13)

With the velocity set, it is now time to complete the model and set up equations for the acceleration.
The model can be extended from two frames to three, simply by applying the same acceleration equa-
tion for the new frame and correcting the contributions of each part. These equations are shown in
Equation 5.14 to Equation 5.16.

gap =ag +oap+ (Gap)centripetal + (GaP)Coriolis + (GU’P)Euler (514)

oap :MPM ap+ (Oa’P)cent'ripetal + (OaP)COV'iolis + (OG’P)Euler (515)
0

mMap :M—i_MP (]Vfap)centripetal + (A/jaP)Coriolis + (]VlaP)Euler (516)

This leads to the following final expressions for the acceleration. This includes all acceleration imposed
by adding a third frame to the RPM and is dependent on the rotational rates of the frames and the
location of the point P. The terms are all being converted to the G-frame where applicable, such that
the final expression is given fully in terms of the static global frame. This is done using the rotational
matrices and converting from the M or O-frame to the G-frame. This is noted by the square brackets
and subscripts, such thate.g. ¢ [mwr xar Pyl is calculated in the M-frame but then converted to the
G-frame using rotational matrices.

0
gap= 10 +[oap]G +cwo X (gwo X¢ PI)+2GWO xXoVp+agwo Xxg Py (5.17)
)
loapls = [map]s +a lowm X (owm xo Pr)lp +a [2ownm Xum Vplo +a lown xo Prlp  (5.18)
(maple =a [mwr x (mwr xar Pr)]y +a [m@r X Prly, (5.19)

These equations are valid for an RPM with three frames instead of two and can be used to evaluate
the resulting g-level of a run, whereas the rotational matrices and the three angles 7, o and 6 can be
used to determine whether or not three frames can be used to overcome the problem of pole bias.

Building on the previous work on control algorithms, it is possible to combine the control algorithms that
are expected to yield good results for a three-framed RPM. Having the inner and middle frame rotate
using the selected rates that yielded low g-levels while letting the outer frame rotate at a constant
rate shows good results both with respect to the trajectory of the gravity vector and the resulting g-level,
which can be seen in Figure 5.13 and 5.14, respectively. In the latter, the g-level of a completely random
mode is also plotted as a reference. They perform relatively similarly with three frames being a little
better but more importantly, avoiding pole bias. This could therefore serve as a great improvement to
using randomised controls on a two-framed RPM.

The g-level is below 0.01¢g and there is no pole bias in the trajectory, which clearly covers all of the unit
sphere. However, looking closely at the trajectory, it is possible to see that the gravity vector visits the
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equator of the sphere at the x = 0 axis slightly more than the rest. This is still a significant improvement
compared to the trajectories shown for the two-framed RPM across all the control algorithms covered
here but is something to be aware of. The gravity vector is much more uniformly distributed and follows
a random pattern that changes as the rotational rates of the frames change. Adding an extra frame to
the RPM can therefore serve as a simple way to overcome pole bias. It is much easier to mechanically
add an extra frame rather than writing a complex algorithm.

Gravity vector trajectory - Three frames

Randomly choosing between selected rates for the inner and middle frames
The outer frame rotates at a constant rate

1 —

0.8 |

0.6 |

0.4

0.2 -

Z-axis
o
/

-0.2
-0.4
-0.6

-0.8

4%
0 -1

-05
‘ 0.5 0
Y-axis 1 X-axis

Figure 5.13: Trajectory of the gravity vector after 83 min of a constant rotation of the outer frame at wo = 27°s~! while the
inner and middle frame rotate by randomly choosing one of the selected sets of rotation shown earlier.

This is, however, not the only combination to control the three frames. Whether it is the outer, middle
or inner frame that is set to rotate at a constant rate while the others change shows no difference in
the results. The trajectory will still be the same, just as the resulting g-level will also be about the same
value. Changing the outer frame’s rotation to a value that changes simultaneously with the other’s did
not show any improvement to the trajectory but looked similar to Figure 5.13.

Using the sinusoidal function to control the outer frame, while leaving the two other frames to rotate
randomly at the set rates, will lead to the generation of the poles again. These poles will be less
dominant than for two frames and depend on the nature of the sinusoidal function. The trajectory is
shown in Figure 5.15 with the two poles marked by the arrows. The poles are much more difficult
to visualise for three frames because they are less dominant but they still show up when using the
sinusoidal control algorithm.

Using constant rotational rates for all three frames will, similarly to the two-framed RPM, result in distinct
patterns, which are just more complicated. The trajectories generated will not contain any poles but
they still do not cover the entire unit sphere, which is why changing rates is still the best option. In
Figure 5.16, the trajectory is shown when the three frames rotate wo = 23°s™!, wy; = 17°s7! and wo
= 13°s~!. This is just one example of a trajectory, and it should be clear that this trajectory changes if
any of the rates are changed.

Of all the possible designs presented, a three-framed RPM with one frame rotating at a constant rate
and the two others randomly rotating based on a selection of carefully selected rotational sets still serves
as the best option in combining a low g-level with a uniformly distributed gravity vector trajectory. This
method is significantly better at distributing the gravity vector evenly while it also has very low resulting
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Figure 5.14: Resulting g-level after 83 min of a constant rotation of the outer frame at wo = 27°s~! while the inner and middle

frame rotate by randomly choosing one of the selected sets of rotation shown earlier. The orange line shows the result of a
two-frame RPM at completely random rotation for reference.

g-levels. When choosing the rates, it is important that the frames do not have the same rotational rates,
as that will result in inferior results. This is the same case for the two-framed RPM, as presented in
Chapter 6.

Gravity vector trajectory - Three frames

Randomly choosing between selected rates for the inner and middle frame
Sinusoidal rotation for the outer frame

0.6 —
0.4 —

0.2 —

Z-axis
o
|

-0.2 —

-0.4 —|

-06 —

-0.8 —

-1

- 05 0 0.5 11

Y-axis X-axis

Figure 5.15: Trajectory of the gravity vector after 46 min of a sinusoidal rotation of the outer frame while the inner and middle
frame rotate by randomly choosing one of the selected sets of rotation shown earlier.
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Gravity vector trajectory - Three frames
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Figure 5.16: Trajectory of the gravity vector after 81 min of constant rotation for all frames. wo = 23°s~ !, wj; = 17°s~1 and
wo =13°s7 1L,

5.4. Partial Gravity Control

One of the benefits of using an RPM is the possibility to manipulate the gravity vector, so the resulting
g-level reaches hypogravity levels. This can be used to study the gravity dose response in cells and
organoids and serve as an important platform in preparation for future missions to the Moon and Mars,
and to understand the effects of gravity for Earth-based applications. As of now, we are not able to
reach these g-levels easily on the Moon or Mars, making the RPM a unique tool in our understanding
of these gravity levels on human physiology. Reaching these hypogravity levels in the RPM is covered
here.

There are two approaches to take in order to reach hypogravity levels. The first one is to use the
RPM in combination with a centrifuge. Applying the RPM for microgravity, and adding the element
of the centrifuge to generate hypogravity levels will result in a simulation of the desired gravity level
depending on the rotation of the centrifuge. The other approach is to control the software of the RPM
such that the resulting g-level is at the required hypogravity level. Both these approaches have been
compared and they show similar results in cell growth and proliferation [110]. Here, the interest is solely
on the RPM and including a centrifuge for physically larger RPMs might become a problem, hence only
the software solution is explored.

There are two hypogravity levels of particular interest in gravity-related research, that is the Moon
and Mars gravity levels. The benefit of these is that they are very distinct, and can provide answers
related to future space missions. They also provide different doses of gravity, making it possible to
show the gravity dose response for various systems. This can help us understand gravity better and
its effect on life. This is a very important aspect of using the RPM in human physiology studies, as
the various hypogravity levels can tell us something about the dose-response of certain physiological
aspects. Manipulating the gravity vector to spend more time acting from the top of the sample towards
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its bottom, allows the achievement of partial g-levels. Depending on how much more time the gravity
vector spends in this direction one can achieve both Moon and Mars or even higher g-levels.

The simplest way to manipulate the resulting gravity is to alter the rotational rate of the outer frame,
such that the gravity vector points in one direction for longer than the other direction. This can be done
very simply by weighing the rotation of the outer frame. It should be said, that the inner frame also can
be used to generate partial gravity levels, however, with the rotation of the outer frame always letting
the gravity vector point in the lateral direction twice each rotation, it is easier to control the partial gravity
using the outer frame.

Using a factor 7, the angular velocity of the outer frame can be weighted by the initial rotational rate
winit @S seen in Equation 5.20. The angle is calculated at each time step k as shown in Equation 5.21,
with the initial angle being zero. The term dt indicates the time between each timestep.

W = Winit + 1N Winit SN (Winit - t) (5.20)
o(k+1) =0 (k) +wk)-dt (5.21)

These expressions will allow the gravity vector to point more towards one direction, leading to a higher
resulting g-level. Changing the value of n will make it possible to alter and achieve the required simu-
lated g-level. It is the simplest possible expression for manipulating the gravity vector and the partial
g will be in the y-direction, as the outer frame will point more downwards than upwards. Using this
approach therefore also requires proper sample alignment. It does not help to look at the effects of
gravity in the wrong direction, then the simulated g-level will be wrong as the direction of gravity is
wrong. The time-averaged acceleration in each direction can be seen in Figure 5.17, where it is clear
that the y-direction is the direction of the partial g.

Time-averaged acceleration at the centre of rotation
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Figure 5.17: The time-averaged acceleration in the three directions during a partial g run.

Like for the other control algorithms, this is just one possible way of achieving partial g-levels. There are
many more ways to program the rotation, such that the effective gravity approaches a steady level in
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the hypogravity regime, such as the Moon and Mars gravity levels. They all build on the same principle,
however, that the gravity vector points more in certain directions.

Alternatively, it is also possible to achieve partial gravity by moving further away from the centre of
rotation, thereby letting the residual accelerations become dominant. As shown in the equations in
Section 3.1, there are terms of the acceleration which depend on the placement of the sample and the
angular velocity. This implies that rotating faster and moving further away from the centre of rotation
leads to increased acceleration terms. The centripetal acceleration can be increased by both increasing
the angular velocity and by moving the sample further away from the centre of rotation. The Coriolis
acceleration term can be increased by increasing the angular velocity and finally, the Euler term can
increase with an increasing distance between the centre of rotation and the sample. With these tools,
it is possible to adapt the resulting gravity level for simulating partial g. Rotating the RPM too fast can
lead to undesired effects in the samples but there is also a limit to which g-levels that are achievable
depending on the size of the RPM. This will follow in Section 6.3, where running the RPM with multiple g-
levels at different locations are discussed. However, this solution requires a very large RPM to achieve
Mars’s gravity level or values closer to Earth’s gravity. Therefore, it might not be the most efficient way
to achieve partial g, especially if values close to Earth’s gravity level are required. This is an option,
however, to have experiments run simultaneously across the gravity spectrum, given that the RPM is
big enough and rotates fast enough.

Finally, a third option would be to generate a partial gravity environment by placing the RPM on a cen-
trifuge and letting the centrifuge generate the required g-level. That way microgravity is still simulated
on the sample in the RPM, while the centrifuge provides good controls to achieve these partial gravity
levels. This requires significant additional equipment and will be more difficult to come by but it is not
impossible to generate partial gravity this way.



Results

This chapter focuses on the results of the model during constant rotational rates. Using it to investigate
the sizing of experiments, which rotational rates are good, and if it is possible to use the RPM for studies
across the entire gravity spectrum will be discussed in the subsequent sections. The combination of
rotational rates of the two frames has a significant impact on the performance of the RPM. To maximise
its use, a large variety of rotational rates are covered and plotted in Section 6.1 to show the resulting
g-levels and allow future studies to benefit from the results. In addition to this, it can be difficult to
evaluate how large experiments can be while still being considered to experience microgravity. This
is true for all scientists using an RPM across all disciplines. With the established model, it becomes
possible to answer these questions for any case. The g-level is dependent on the angular velocities
of the two frames and the position of the sample, which means that there are many possibilities for
scaling experiments based on the operational conditions. The model can be changed to predict the
performance for specific cases, but only some coarse guidelines will be given in Section 6.2 as they
will differ from experiment to experiment. A final interesting idea is to have an RPM that can be used
across the entire gravity spectrum. As previously discussed, additional accelerations will occur when
moving away from the centre of rotation. If moving far enough way, these accelerations will become
dominant and the RPM will be able to function similarly to a centrifuge and cover the entire gravity
spectrum given a large enough platform. The sizing of such a platform is discussed in Section 6.3.

6.1. Lowest Resulting g-Level

Throughout the presented results, it has been clear that the resulting g-level and trajectory of the gravity
vector heavily depend on the chosen rotational rates of the two frames. In this section, the focus is to
map a large variety of rotational rates to show which rotational rates provide the lowest g-levels and
which to avoid. When using constant rates, the time-averaged acceleration drops quickly and keeps
dropping at a slower pace throughout a run. As the focus is on the number of mapped rates, only the first
25min of a run is considered. This allows for a significant decrease in simulation time as 2500 options
are being mapped. The rates of both frames vary from 1°s~! to 50°s~!, and every possible option in
this range is considered. The values are taken as an average of the 300 last values to minimise the
effects of the periodic nature of the time-averaged acceleration. The average of the 300 last datapoints
provides the average g-level of the last 30 s of a run.

Mapping the resulting g-level of the various rates clearly shows that it is undesirable to let the two
frames rotate close to the same rates. This can be seen in the diagonal in Figure 6.1, which shows
significantly higher g-levels than the rest of the map. When the frames are rotating at the same rate, the
g-level is around 0.5g and it will never be lower as the gravity vector stays in the lower part of the unit
sphere, as presented earlier in Figure 4.17. There is a large difference between the highest and lowest
g-levels, indicating, as expected, that it is beneficial to avoid rotating the two frames at the same rate.
It is possible to achieve a much better simulation of microgravity simply by letting the frames rotate at
different rates. Therefore, never use the RPM to rotate the frames at the same rate.
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Figure 6.1: Map of the corresponding g-level after 25 min with varying the rotation rate of the frames between 1°s—! and
50°s71.

To showcase a more detailed view of the better-performing rotational rates, the diagonal values have
been left out in Figure 6.2. Now the g-levels are closer to each other and it becomes evident that
there are still certain rotation rates to stay clear of. However, the exact rotational rates can still be
difficult to find in this figure. It is possible to say that having the outer frame rotate at low rates is clearly
not advantageous. Up until wp =5°s~1, one will experience significantly higher g-levels compared to
the rest of the rotational rates. The next evident aspect is that having the two frames rotate within a
few degrees of the same angular velocity also yields higher acceleration levels. Despite the diagonal
values being left out, the values near the diagonal still show higher g-levels, hence these should also
be avoided.

An aspect that cannot be included in this graph is the trajectory of the gravity vector, which ideally
would cover a significant part of the unit sphere to improve the quality of the simulated microgravity.
Before running an experiment, the trajectory can be checked, or similarly, if two sets of rates are almost
identical in performance, it is possible to choose the one that spreads out the gravity vector more to
improve the simulation. This can easily be done by comparing the trajectories of the two sets of rates
in consideration. Comparing the vast amount of trajectories is not feasible but can easily be done at
a small scale if considering only a few options. As seen in both Figure 6.2 and Figure 6.3, the higher
rotational rates of the outer frame yield lower g-levels but will also cause other problems. Rotating the
outer frame faster will force the gravity vector to move through the poles more frequently as the outer
frame is in the vertical position more often. This can potentially affect the simulation of microgravity as
discussed earlier and remains one of the cases where using three frames on the RPM is particularly
useful.

However, if the sample is larger than just a point at the centre, it might be useful to consider how
the resulting g-level will be at the furthest parts of the sample. The higher rates, which at the centre
of rotation might result in small g-levels, can at further distances from the centre prove to exceed
those of the lower rates, thereby changing the optimum rotational rates. The larger the RPM and
sample become, the more important this aspect will be. A couple of cm will not make a huge difference
but going beyond that can definitely affect the simulated microgravity environment. As the auxiliary
accelerations increase at increased rotational speeds, it also means that these high rotation rates are
more susceptible to change significantly if experiments are done with large samples.



6.1. Lowest Resulting g-Level 80

The use of the RPM remains very specific depending on the sample, which makes it difficult to tell which
rates are the optimal ones. With different experiments come different needs, and some relatively fast
processes might force speeding up the RPM, while for other processes with large samples, it might be
beneficial to slow the frames down to avoid introducing additional accelerations.

Map of the gravity level at varying rotational rates
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Figure 6.2: Map of the corresponding g-level after 25 min with varying the rotation rate of the frames between 1°s—! and
50°s~— 1. The diagonal has been left out to show more details on the remaining options for rotational rates.

To further increase the level of detail, the low rates of the outer frame and additional values close to
the diagonal have been left out. The perspective is also changed to a top view, and it can easily be
seen that the lowest accelerations are at the fastest rates of the outer frame and low rates of the inner
frame. Locally, it is also possible to achieve some lower g-levels at around 30°s~! for the outer frame
and high rates of the inner frame but these values are higher than the first option.

The lowest g-levels obtained are between 0.0013¢ and 0.0014¢g. There are a total of 24 sets, where
this level is achieved and the majority is when the outer frame rotates at 50°s~!. These are presented
in Table B.1. The results, which extend beyond the few sets that are below 0.0014g, can be used
to choose the better-performing constant rates. Some of these have been chosen for the previous
algorithm, which randomly picks the rotational rates of the frames from a small selection of options.

There are better ways to control the original two-framed RPM by not using constant rotation, however,
with the three-framed RPM it is still possible to benefit from the simplicity of the constant rotational rates
while also avoiding significant pole bias by adding the extra frame.
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Figure 6.3: Map of the corresponding g-level after 25 min with varying the rotation rate of the frames between 1°s~! and
50°s~1. The diagonal and values close to it, as well as the low rotational rates of the outer frame, have been left out to show
more details on the remaining options for rotational rates.

The previous maps go to only 50°s~! to keep the rotational rates sufficiently low to be able to put larger
experiments on the RPM. Below in Figure 6.4, the map is extended to reach 70°s~! to cover an even
wider range that can be used for smaller experiments. The gain from going beyond 50°s~! is very
small at the centre of rotation, where the g-level only decreases to the lowest value of 0.0012¢. This is
only 10~*¢ better than the results at 50°s~!. However, the pattern is continued in this extended graph
as expected, where the lowest values of the resulting acceleration appear at fast rotations of the outer
frame and slow rotations of the inner frame.
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Figure 6.4: Map of the corresponding g-level after 25 min with varying the rotation rate of the frames between 1°s—! and
70°s~1. The diagonal has been left out to show more details on the remaining options for rotational rates.

6.2. Sizing of an Experiment on the RPM

One essential aspect of performing experiments on the RPM is the size of the experiment and deter-
mining how large it can be. As the experiment grows bigger and moves further away from the centre
of rotation, more significant residual accelerations are introduced during a run. In biological systems,
it can be beneficial to put larger and more complex systems on the RPM to reveal phenomena and
correlations that do not occur in smaller and simpler systems. Think about going from a single cell to a
cluster of cells to an organoid to organs to small animals and finally to a human. Each step towards a
full human being introduces more interaction between various subsystems. Some phenomena might
happen at the cell level, while others can only be seen when studying a full organ. It can be difficult
to isolate biomarkers and set a specific cause for a certain phenomenon as the interaction between
elements in the sample is very integrated. A biomarker serves as an objective measure, which charac-
terizes the state of a cell or organism at a given moment. Larger and more complex biological systems
can help better understand the said system and its processes. Hence it is useful to know how large an
experiment can be while still being exposed to a state of simulated microgravity.

The Yuri RPM only has a test area of 15 x 15 cm, which is not very big. This means, that practically the
furthest distance from the centre of rotation will be in one of the corners around 7.5 cm away in both the
x and y-direction. With space for hardware to hold a sample, this distance will be even less. The g-level
depends on the position and velocity and is not necessarily limited for all RPMs. To indicate how the
resulting g-level differs at varying distances and rotational rates, several options are shown in Table 6.1.
The rotational rates vary around 10°s~! per step but are selected to avoid the highest g-levels shown
earlier that occur at almost similar rotational rates of the two frames. The interesting part is more on
how the distance increases the resulting g-level, meaning it is secondary that the frames provide the
optimal g-levels. Both the inner frame and the outer frame can be the fast-rotating one. The simulation
covers an hour-long run and the g-level is taken as the average of the last 30s of a run. The values
indicate the increase in g from the centre of rotation.
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Table 6.1: Gravity level at various rotational rates and distances from the centre of rotation. The values are the increase in
g-level compared to the centre of rotation and the distance is taken strictly in the positive x-direction.

Gravity level increase at varying speeds and distances [g]

. . Distance from centre of rotation [cm]
Rotational rates [°s™"]

0 0.1 0.5 1 5 10 15
wo=9 wr=13 0.0031 0.0000 0.0000 0.0000 -0.0001 -0.0002 -0.0003
wo =23 wr=18 0.0019 0.0000 0.0000 0.0001 0.0006 0.0014 0.0022
wo=31 wr=27 0.0019 0.0000 0.0001 0.0002 0.0014 0.0032 0.0050
wo =39 wr=43 0.0020 0.0000 -0.0002 -0.0003 0.0011 0.0049 0.0089
wo =53 wr=49 0.0018 0.0001 0.0004 0.0009 0.0054 0.0112 0.0171
wo =63 wr=2>58 0.0017 0.0001 0.0007 0.0014 0.0079 0.0162 0.0245
wo=67 wr="71 0.0020 -0.0002 -0.0004 -0.0001 0.0080 0.0192 0.0305

Comparing these results to those shown in Figure 3.7, there is some discrepancy. Firstly, the values
do not approach 10~° or even 10~4g for the lowest levels as the figure indicates they should. One
reason could be that the duration of a run is significantly longer in the figure compared to the values
in the table. However, there is good accordance between the data and the figure at higher rates and
larger distances. The data in the table is limited to maximum 70°s~* to show the more useful rotational
rates and their corresponding g-levels. At around 60°s~! and 10 cm from the centre, the figure show
the g-level should be in the order of 10~2g, which is in aligment with the result of 0.0179¢ as shown in
the table. At the same rate but 0.1 cm from the centre, the figure indicates a g-level of 10~%, whereas
the result is a magnitude higher in the table. This indicates that there, close to the centre of rotation, is
a difference where the results, according to the model, cannot reach the low g-levels indicated by the
figure. Some variation can be caused by the exact rotational rates used, whereas the time of a run will
only have an effect on the results close to the centre of rotation. This can explain why the model differs
close to the centre of rotation but not when moving further away. Extending the simulation of a run to
close to three hours, leads to a gravity level in the order of 10~ at a distance of 0.1 cm from the centre.
Figure 3.7 can therefore still serve as a simplified overview to indicate the performance of the RPM. To
gain more detail, the model would be the next step before starting an experiment.

Interestingly, it can be seen that at low rates, the simulated microgravity level actually decreases at in-
creasing distances. This is due to the angular velocities being so low that the additional accelerations
can develop and counteract the orientation of the resulting gravity level. The distances are applied in
the positive x-direction, if they were applied in the negative x-direction, the very small additional acceler-
ations would amplify the resulting g-level. For the case of 15 cm at the lowest rotational rates presented,
the placement of a sample can cause a difference in the order of 10~3g, which is significant compared
to the specific run, but less significant when it comes to simulating microgravity. This also means that
it is not indifferent where the sample is placed, as the resulting g-level can be affected depending on
the placement compared to the rotational direction. The case of amplifying or compensating for the
g-level is only significant at very small rates. Even more interestingly, is it that both the direction from
the centre of rotation and which frame is rotating faster, impacts this variation.

Not only does it matter how far from the centre the sample is, but it also matters where it is placed
in relation to the rotational rates of the two frames. Whether the rotation is in one or the other way,
and whether the outer frame or inner frame rotates faster, will affect the best placement of the sample.
It can therefore be very difficult to give general guidelines on how to place a sample on the RPM. At
lower rates, the difference is in the order of 10~3g, depending on where the sample is placed. This is
not severe and the simulated gravity should from this aspect be good enough. As the rotation becomes
faster, the additional accelerations also start increasing, and at these rates, it is more important where
the sample is placed. At a certain point, the additional accelerations become dominant leading to a
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large increase already 5 cm from the centre. This implies that any sample should generally be less than
5cm from the centre at higher rotational rates above 50°s~!. Moving below 40°s~! the sample size
can be extended to 10 cm.

Keeping these interesting aspects in mind can help improve the design of experiments in the future
and ensure that larger systems can be properly placed and tested on the RPM. Despite having a larger
system rotating at faster rates is generally undesired, it is possible to place a larger system on the RPM
if considering and taking advantage of the nature of the rotation and the resulting g-levels will differ
depending on the exact location of the sample and not just the distance from the centre of rotation.

6.3. Using the RPM Across the Gravity Spectrum

Additional accelerations will be introduced in the RPM when moving away from the centre of rotation.
For some aspects, this might be a bad thing and limits the size of an experiment, but it is possible to take
advantage of this and potentially benefit from it as well. With the next steps of human space flight being
the commercialisation of LEO and sending humans to the Moon as a stepping stone for going to Mars,
there are two gravity levels of particular interest, namely Moon and Mars g-levels besides microgravity.
One thing is that we do not have a vast number of different platforms that can provide partial g-levels,
the other thing is that these three distinct gravity levels move across the gravity spectrum, allowing
us to study the gravity dose response of biological samples and phenomena. In addition to this, it is
possible with the RPM to scale, such that potentially hypergravity levels can be achieved in the same
run as microgravity. This requires a significantly larger RPM but also allows studying the entire gravity
spectrum using one single platform and during one single run. This is valuable as some systems, like
organoids, tend to differ from batch to batch. This means that if an organoid is placed on an RPM
for a month and afterwards a new one is placed from a batch one month younger, the results might
be different, even though all parameters, except the organoid, are kept constant. For this reason,
simultaneously running multiple experiments at different g-levels will be a very interesting possibility.

Being able to cover the entire gravity spectrum will allow the RPM to function similarly to a centrifuge in
reaching hypergravity levels due to its rotational motion. Having an RPM that simulates multiple gravity
levels can be seen as an alternative to having three RPMs running simultaneously, thereby reducing
the cost as only one RPM has to be acquired. There can be many benefits to investigating how big
an RPM needs to be in order to cover the entire gravity spectrum, hence the sizing of such an RPM is
discussed here.

Earlier, it was shown that the current RPM from Yuri can generate a g-level of 0.044¢ when at the corner
and rotating the frames at maximum, but still different, velocities. The rates were 120°s~! for the outer
frame, and 103°s~! on the inner frame. It becomes very clear from this, that a significantly larger RPM
is required to cover the entire gravity spectrum. The faster the rotation, the smaller the RPM need to
be in order to cover the entire gravity spectrum. The results of a run at constant rotation close to 60°s—!
is shown in Figure 6.5, and in Table 6.2 the results are shown both for an RPM rotating at 60°s~* and
at 30°s~!. For the faster option, the RPM needs to be at least 12.5 x 12.5 m to reach 2.5g, whereas
for the slower option of 30°s~! it needs to be 48 x 48 m. It is very evident that the main impact on the
additional accelerations, and thereby the size of the RPM, is the rotational rates. By halving the speed,
one needs to quadruple the size to achieve similar g-levels.

One important consideration when using the RPM for simultaneous experiments at different g-levels,
is that the resulting acceleration will not be in the z-direction but partially in both the x and y-direction.
This is shown in Figure 6.6, where the acceleration in the z-direction remains at 0Og, in the y-direction
the sample will experience 0.12¢g and 0.16¢ in the x-direction. This is simulated at the corner position for
an RPM of 1 x 1 m rotating at the previously used rates of wp = 63°/s and w; = 57°/s. The placement
of a sample should be adjusted accordingly during experiments such that the resulting acceleration will
align accordingly to the z-axis of the sample and not of the RPM. It becomes possible to predict the
correct angle for placement using the developed model.



6.3. Using the RPM Across the Gravity Spectrum 85

Rotational rates:
wo = 63 deg/s
w; =57 deg/s

--nT BRI Earth gravity (1g)

TS~  RPM =4.9x4.9 m

. Hypergravity (2.55g)
% RPM =12.5x12.5 m

\
\
v
1
\
|
ll
'
il
]
]
'

]

Moon gravity (0.166g)
RPM = 0.82x0.82 m

/Mars gravity (0.378g)

Microgravity  ppnvi=1.85x1.85 m

r
]

Figure 6.5: RPM sizing across the gravity spectrum, from microgravity to hypergravity during constant rotation at wo = 63°s~1
and wy =57°s 1.

Table 6.2: Sizing of the RPM to support experiments across various gravity levels. The gravity levels are simulated at the
corner of the RPM platform.

RPM sizing at wo = 63°/s, wy = 57°/s
Gravity level Moon (0.166g) Mars (0.378g) Earth (1g) Hypergravity (2.5g)
RPM size [m x m] 0.82 x 0.82 1.85 x 1.85 4.9 x4.9 12.5 x 12.5

RPM sizing at wo = 33°/s, wy = 27°/s
Gravity level Moon (0.166g) Mars (0.378g) Earth (1g) Hypergravity (2.59)
RPM size [m xm] 3.2 x 3.2 7.2 x 72 20 x 20 48 x 48

With a lot of benefits, the sizing of the RPM becomes an obstacle as it needs to be very big to reach
hypergravity levels. Although the idea of building an RPM that covers the entire gravity spectrum is
engaging, it will be very difficult to argue that it is better to build a really big RPM compared to using
a variation of multiple RPMs and one or more centrifuges to cover the entire gravity spectrum. The
RPM can be used together with the centrifuge to reach partial gravity but the centrifuge can also go to

hypergravity level.

However, it does remain an option to scale an RPM to cover both microgravity and Moon gravity during
operation. Before the desktop version of the RPM was developed to fit inside an incubator, three
significantly larger RPMs were built for the Dutch Experiment Support Center, ETH-Zurich and the
University of Sassari [98]. The RPM can therefore relatively easily be scaled to larger sizes but when
incubators are required to control the environment of a sample, it becomes a little more tricky to design
the RPM to apply with these added constraints. If the incubators are put on the RPM, the motors still
need to reach the required speeds, the wiring for the incubator needs to be accommodated and the
samples need to be fastened in the incubator so they do not move around. Incubators are generally
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Figure 6.6: Resulting acceleration in each direction during a run on a 1 mx1 m RPM. The resulting acceleration will be a mix of
contributions in the x and y-direction.

quite big and heavy, which is why the desktop version was designed to fit inside an incubator. These
issues can be solved, and for a lot of experiments the incubators will not be required, meaning that it
can be feasible to build an RPM of 1 x 1 m to simultaneously simulate microgravity and Moon gravity.
As mentioned earlier, it has also been proven possible to have an incubator connected to the inner
frame [100].

Assuming a larger RPM of 1 x 1 m can run at the same rotational rates as the desktop version, it
becomes possible to simulate a gravity level of 0.71g at the corner position during a run. This is a very
fast rotation and will not be suitable for many experiments but it shows that it is possible to cover a
large part of the hypogravity regime, whereas the RPM would still need to be even larger to move to
hypergravity levels. Building such an RPM will therefore have its main use between microgravity and
Moon gravity, while also allowing larger experiments to be performed. This can be in regards to more
equipment on the RPM, larger equipment or even a small animal, such as a mouse or rat. These are
frequently used as models for spaceflight and can give a better understanding of physiology across the
gravity spectrum. It should be noted that placing animals on the RPM for extended periods can cause
unnecessary stress, which can affect the measurements, however, they might be able to tell us more
about some of the quicker changes happening in altered gravity.



Conclusion

The purpose of this thesis was to answer questions regarding the use and limitations of the RPM.
Several aspects have been investigated through the developed dynamical model of the system, which
was validated by measurements from different sensors and a motion capture system. The paragraph
below serves as a small recap of the work in the thesis. More details on the results will follow in the
subsequent paragraphs.

First, a literature study was done to explore which platforms were available for gravitational research.
The RPM was particularly interesting and a set of research questions was established to outline the
work for exploring its use. These questions will be listed and answered at the end of the conclusion.
After the literature study, a model was presented to describe the performance of the RPM. This was
validated through experimental data from two accelerometers and motion capture recordings. The
model developed for this thesis outperformed other attempts in the literature to describe the RPM
performance and demonstrated a high level of accuracy when applied to the collected data. Following
this, control algorithms were explored, which resulted in the suggestion of building an RPM with three
frames to overcome problems of pole bias during experiments. It should also be noted that completely
random rotation is not ideal for controlling the RPM. Finally, information on the limitations of the RPM
was explored for constant rotational rates and provided guidelines for sizing experiments as well as the
RPM itself. These aspects are explored in more detail below.

Given the coordinate systems of the static global frame, the outer frame and the inner frame, the accel-
eration of a point P on the platform in the inner frame of the RPM can be described using Equation 7.1.
This takes into account the acceleration of the global frame, which is imposed by gravity, the relative
acceleration of the point P and the global frame, which can be found by applying the same equations
at the rotating outer frame. As well as the final three terms consisting of the centripetal, Coriolis and
Euler acceleration terms. When writing the equations, it is important to keep track of the frames and
ensure the values are expressed in the correct frames.

gap = ag +¢ [owr X (owr xo Pp)ly +a lowr xo Pply
+6 wo X (gwo xq Pr) +2 gwo xa [owr Xo Pply +a wo xa Pr (7.1)

To determine the trajectory of the gravity vector, which gives an indication of how well gravity is dis-
tributed in the sample, one simply needs to track gravity using the rotational matrices and the corre-
sponding angles. This is a very simple task and was shown to be extremely accurate when comparing
it to the motion capture recordings.

The analysis showed that the RPM did not always reach the desired rotational rates, which resulted
in the drifting of the frames and the trajectory. These are likely to cancel out, as they will most of the
time be equal in all directions, but can result in some differences compared to the ideal model. It is
possible to correct the model for the drifting but it can take a considerable amount of time to determine
the actual rotational rates of the two frames when they differ from the input to the RPM.
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This dynamical model describes why the RPM can be said to simulate microgravity from a mathematical
viewpoint and makes it possible to predict and improve the performance of the RPM by allowing fast
tests of control algorithms and access to evaluate these very easily. It also provides a basis to evaluate
which experiments can be put on the RPM and how big they can be.

Furthermore, not all controls performed equally well. Some control algorithms are better than others,
but the controls are highly experiment-specific and can be adjusted to certain experimental setups.
Only the imagination sets boundaries on which controls can be tested using this code and can help
decide whether a certain experiment can be carried out using the RPM before investing in one. The
most important point is that rotating the two frames randomly is actually not the most optimal way of
controlling them despite the name, whereas also rotating the two frames at the same, or almost the
same, rates will be suboptimal.

Evaluating various control algorithms showed a clear problem of pole bias. This is due to the nature of
the rotation of the two frames, which forces the gravity vector to point in one of two directions every time
the outer frame reaches the vertical position. To overcome this problem, it was investigated whether a
simple mathematical expression could be used to avoid pole bias by using a superposition of sinusoidal
waves. This proved not to work optimally. Instead, the use of an RPM with three frames was suggested.
Adding the third frame allows the trajectory to be uniformly distributed and avoids pole bias. This will
be especially useful in 3-D cell cultures, where the highest quality of simulated microgravity is desired,
and gravity should be uniformly distributed in all directions of the cell. The three frames were evaluated
similarly to the two frames, and the expressions for the acceleration of the three frames are shown in
Equation 7.2 to Equation 7.4.

0
gap= |0 | +[oapls +cwo x (ewo xag Pr)+2qwo X (mwp Xy Pp+o wp xo Pp)
-9
+a (JJO Xa P] (72)

loapl; = [mapl; +c lownm X (ownm X0 Pr)lp tc [20wnm X (mwp xu Pp)lo
+a [owwm xo Pilo (7.3)

(maple =a [mwr x (mwr xar Pr)|y +a [m@r X Pr)y, (7.4)

Not only did the distance from the centre to the sample matter for the resulting g-level but also the exact
placement in relation to the rotational direction and rates of the two frames would affect the experienced
g-level. This makes it possible to manipulate the acceleration in ways that can improve the experimental
settings and allow for a larger test area. This is very case-dependent and would have to be evaluated
on a case-by-case basis if it will even be relevant for an experiment.

When it comes to sizing, a general rule of thumb is that faster than 50°s~! requires the sample to be
less than 5cm from the centre of rotation. When moving below 40°s~1, it is possible to use a larger
sample of approximately 10 cm without completely compromising the simulated microgravity. However,
by placing it according to the rotation direction and rates, it might be possible to significantly increase
the experimental dimensions. This is not the general case and should be done very carefully, but
ideally, it should be avoided. This observation is in accordance with Figure 3.7, which indicates that at
an angular velocity of 57°s~!, the g-level is a magnitude larger at a distance of less than 3 cm from the
centre of rotation compared to at the centre itself.

Furthermore, it was shown that covering the entire gravity spectrum simultaneously during a single run
on the RPM required the RPM to be 12.5 mx12.5 m. Having such a large platform would make it possible
to simulate microgravity at the centre and hypergravity of 2.5¢ at the corner position. This is achievable
with a rotational rate of the frames close to 60°s~*. If the rotation was halved, the dimensions of the
RPM had to be quadrupled to achieve the same g-levels.

There are also other ways to reach hypogravity levels, such as by placing the RPM inside a centrifuge
or having specific controls that ensure the gravity vector points more towards a certain direction, which
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over time results in the desired partial g-level.

The above information outlines the most important conclusions of this thesis and can be used to answer
the research questions below.

* How can the rotational rates for predicting the resulting g-level be modelled?

— Setting up the RPM as a dynamical system and making a kinematic model of the system
results in the description of the acceleration as shown in Equation 7.1. The rotational rates,
the placement of a sample inside the RPM and the change in angular velocities will impact
the resulting g-level as seen in the equation. It shows the complete description of the accel-
eration in the system.

+ What are the best combinations of rotational rates for an RPM to simulate microgravity
using constant velocities?

— The best rates were shown to be with high angular velocity of the outer frame while the inner
frame should rotate at low rates. The best options for simulating very low g-levels were wo
=50°s~! and w; = 4 to 7°s~!. Increasing the rotational rates to exceed 50°s~! proved to
lower the resulting g-level further but only very limited.

* How do the combinations of rotational rates relate to g-level?

— The specific combination of rotational rates of the outer and inner frame greatly affects the
resulting g-level. When they are rotating at the same or even close to the same rates, the
g-level is heavily increased resulting in suboptimal performance of the RPM. Rotating the
outer frame below 5°s~! also showed to increase the g-level irrespective of the rotation of
the inner frame. There are therefore certain combinations that should be avoided when
using the RPM, as those mentioned above.

+ To what extent can the g-level be improved using alternative control algorithms?

— Switching from constant rotational rates to alternative control algorithms will rarely lead to
improved g-levels. Rather, the alternative controls can be used to improve the quality of
the simulated microgravity by distributing gravity more uniformly in all directions but only
advanced and carefully developed controls can lead to a reduction of the g-level compared
to constant rotation.

* How would the model change when considering Moon and Mars gravity levels?

— The model is written as a general expression and is not limited by any particular gravity
levels. The acceleration is modelled based on the angular velocities, any change in these
and the location inside the RPM and will remain applicable irrespective of the g-level.

» To what extent are the optimal combinations useful in a real experiment on the RPM?

— The optimal combinations of rotational rates of wo = 50°s~! and w; = 4 to 7°s~! will rarely
be used in real experiments with the two-framed RPM. This is due to the pole bias, which is
created every time the outer frame is in the vertical position. As it rotates faster, this will occur
more often and is an undesired effect of achieving the lowest possible g-level. However,
adding a third frame to the RPM to overcome pole bias makes it possible to use these
rotational rates to generate low g-levels through new control algorithms. One example is to
have the third frame rotate at constant rotational rates, while the two other frames randomly
select between certain sets of rotational rates that result in the lowest g-levels.

+ What effect does moving away from the centre of rotation have on the residual g-level?

— Moving away from the centre introduces additional accelerations to the system. This is one
of the reasons, it has been difficult to use the RPM, as the effects of moving away from
the centre have not fully been described. These additional accelerations will change the
simulated g-level and can invalidate any experiment. The faster the rotation or the greater
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the distance to the centre, the higher will these additional accelerations be.

+ At what point will the residual forces be so significant that microgravity is no longer
achieved?

— This depends on the exact rotational rates. However, a general rule of thumb will be that
rotating above 50°s~! will restrain an experiment to be smaller than 5cm, whereas if the
rotation is slower than 40°s~!, the sample can be up to 10cm in total. The exact g-level
depends on the precise placement and rotational rates of the RPM.

* How would the RPM be scaled if multiple g-levels should be simulated during the same?

— Increasing the distance to the centre will increase the acceleration levels. At certain dis-
tances other interesting g-levels can be achieved, which can be of use to study gravity-dose
responses. Different rotational rates require different sizes of the RPM to reach certain g-
levels. To cover the entire gravity spectrum at wo = 63°s~! and w; = 57°s~ !, the RPM need
to be 12.5m x 12.5m. To reach 1g, it needs to be 5m times 5m. For Mars gravity of 0.378g,
it would need to be 1.85 m times 1.85 m. Finally, to reach lunar g-level, the RPM would need
to be 0.82m x 0.82m.

The RPM is a very versatile and relatively unexplored platform for gravitational research. While not
being able to make spaceflights redundant, it holds the potential to significantly increase studies on
the gravitational response of a large variety of systems. This is a more accessible and cheaper option
compared to spaceflight and will allow a significant throughput in gaining a better understanding of
age-related diseases on Earth and secure astronauts’ health on missions to the Moon or Mars.

Discussion

One of the sensors had an accuracy of 1072, whereas many of the results were in the order of 10—3g.
For future work to be done on the model, it can be suitable to use more precise sensors that can differ-
entiate the small differences during a run. The accordance between the measurements and modelled
accelerations for each individual direction was very high. The phase and magnitude were similar but
there were small differences in the order of 10~3g, which could be spotted in the data. Overall, the
instantaneous g-level would be a constant of 1g split across the x, y and z-directions. This was the
case for the ideal model in the centre of rotation, whereas the sensors had some variation to gravity in
their measurements likely due to either the accuracy of the sensors or their exact location. Additional
accelerations could occur for the sensors depending on their exact location and cause some variation
from 1g, however, that alone will not be enough to explain the variation. Therefore it is likely the vari-
ation is also caused partly due to the accuracy of the sensors. Having an accuracy of 10~2¢g seems
reasonable but when considering the resulting g-level can go to 10~3¢, these very small inaccuracies
can be spotted in the measurements. Together with this, the sensor also seemed to have a bias that
caused it to have higher g-levels at low rotational rates, whereas the g-level should have been low.
This would be a systematic error of the sensor and there was no good way to correct this despite the
sensor being calibrated before each run. The sensor managed to improve its measurements at faster
rotations when compared to the measurements of the other sensor and the model.

The developed model does show good accordance with the second sensor, and especially the trajectory
is modelled very accurately to the recordings. This supports the belief that the theoretically accurate
description of the resulting acceleration is also true in practice. This model therefore gives a good
basis to evaluate the performance of the RPM based on the rotational rates and the placement of a
sample. It can be used to optimise the design of experiments on the RPM and evaluate whether some
experiments are worth carrying out with an RPM or if a different platform should be used. This is quite a
big step in terms of making the general scientist aware of the limitations and optimal usage of the RPM.
So far, there has existed no detailed model and no guide to understanding the RPM and how it can be
said to simulate microgravity. This has resulted in several papers that have used the RPM suboptimally
through completely random rotation [11], [75], [110]. A closer look will likely reveal even more papers
that do not have the required knowledge and understanding of the RPM to optimally use it for their
experiments. This should not be seen as a critique towards the previous use of the RPM but rather
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as the lack of knowledge, this thesis sets out to explore and fill. Using this newly gained knowledge
can therefore benefit the future use of the RPM and advance new experiments for this platform, and
generally make hypogravity more accessible in research.

One striking finding is the occurrence of pole bias, which most control algorithms with two frames
show. This is a very disturbing feature about the two-framed RPM when considering gravity should
ideally be uniformly distributed in all directions. The cause is very simple and it is therefore possible to
control the algorithms to not generate poles by not having the outer frame reach the vertical position.
There are no real limitations to developing controls for the RPM but some will perform better than
others and can be developed for very specific experiments. Extending the future use of the RPM
to involve more 3-D cell cultures such as organoids or spheroids requires overcoming pole bias for
the best results. The simulation should be as accurate to real microgravity as possible, and since
microgravity is uniform, the gravity vector orientation should ideally also be uniformly distributed. This
is very difficult with only two frames while also achieving low gravity levels, which indicates that more
advanced algorithms are needed. Instead of looking at the software, it is suggested to add a third frame
to the RPM, which removes the natural cause of pole bias as the position of the former outer frame no
longer dictates the gravity vector to point in two specific directions more than others. The three frames
showed overwhelming results in distributing the gravity vector uniformly and were therefore seen as
a better solution to overcome pole bias than developing very advanced control sequences of the two
frames.

Adding a third frame limits parts of the use of the RPM as it can no longer be inside a standard-sized
incubator due to the increase in its physical size. Alternatively, it is possible to make the platform larger
so it can be used for larger experiments or across two different g-levels. The incubator can also be
added as an integral part of the inner frame, such that the cell environment can still be controlled which
has been done in a two-framed RPM [100]. This will come with some other considerations to the engi-
neering aspects of the RPM, such that it can support the weight of the incubator and that the samples
are fastened inside the incubator. There are many ways to overcome exceeding the dimensions of
an incubator through engineering work but it is only possible to overcome pole bias through the devel-
opment of very advanced controls. At least when the gravity vector should be uniformly distributed in
all directions while also achieving low g-levels. Modifying the RPM to overcome pole bias results in
increased use, especially when it comes to 3-D cell cultures. This means that in the future the RPM
can potentially contribute more to cell-based therapy and experiments involving a 3-D structure can be
exposed to a more accurate simulation of microgravity.

The model of the three frames follows the same principles as the two frames. In this thesis, the idea is
presented alongside one suggestion on how to control the three frames for the best result. This is not
necessarily the absolute best possible way to control the three frames and there can be a significant
amount of work at a later point to further optimise the three-framed RPM. It is, however, a suggestion
that distributes the gravity vector uniformly and results in a low g-level. For future work, an optimisation
can be made to investigate which parameters and speeds the three frames perform better at. More
advanced controls can also be included in an analysis to show the performance of the three frames
at a large variety of controls. With an extra frame, there are even more possibilities than for the two
frames as basically any type of control for any of the three frames is available. Therefore much work
can be dedicated to optimise the RPM further.

Microgravity also holds the interesting aspect of accelerating ageing processes, which can be utilised
to more quickly develop drugs and study age-related diseases at a higher pace. It is interesting if
simulated microgravity holds the same attributes, which should be investigated in the future to further
expand the use of the RPM. To prove the RPM can be used for more than just basic cell development,
studies will need to show and compare to real space flight data. This can be both studies of more
complex systems such as organoids, but might also just be limited to physically larger systems such
as filtration of e.g. water.

Microgravity is a captivating environment due to its distinctive characteristics, including the absence
of convection, sedimentation, and buoyancy. These unique features open up new possibilities within
physical and chemical processes. Notably, the crystallization of proteins, a crucial aspect of drug
development, experiences significant enhancement in microgravity conditions. In the microgravity en-
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vironment of space, the crystallization process becomes more refined, allowing for the growth of larger
and higher-quality crystals. This advancement holds great potential for improving drug development.

Recognizing the advantages of microgravity crystallization, there is an opportunity to leverage some
of these aspects on the Earth’s surface through the use of the RPM. While simulating microgravity on
the RPM may not precisely replicate the conditions of true microgravity, it represents a substantial leap
forward. If it proves possible to enhance the crystallization process on Earth, it could revolutionize the
way we currently develop drugs. Although not a perfect substitute for real microgravity, the RPM offers
a promising avenue to explore and refine Earth-based methodologies. This initiative extends beyond
the realm of space flight and encompasses a broad spectrum of scientific endeavours. By harnessing
the capabilities of the RPM, it is possible to catalyze significant scientific advances that transcend
traditional boundaries and contribute to the collective progress of diverse scientific disciplines. Exactly
for this reason has it been interesting to model the RPM and provide guidelines for its use, which can
help expand its presence across disciplines allowing microgravity to become more accessible on Earth.

Not only in microgravity but also at other hypogravity levels can the RPM serve as a great platform
for new discoveries. One of the difficult aspects of sending humans to Mars is to predict how human
physiology reacts to this new gravity level. When humans went to the Moon, it was for example very
difficult to get back up after a fall. So very little things can become extremely important. This can be very
difficult to predict but with the RPM we at least have a platform where we can simulate these hypogravity
levels and evaluate their consequences on human physiology. Only the simplest methods of achieving
partial g-levels were presented here, so in the future, more work can be put into generating more
complex and more true simulations of partial gravity levels. By putting more effort into it, the algorithm
presented in this thesis can be significantly improved. However, the basis for this development remains
the same, future algorithms need to manipulate the gravity vector such that it spends more time in
certain directions compared to others to simulate e.g. Moon or Mars gravity.

Overall, the RPM is a very powerful platform within gravitational research but only a limited understand-
ing of it exists. This might be a hindrance to some scientists but this thesis has outlined some guidelines
and important considerations to the use of the RPM and the sizing of experiments to put on it. Using it
suboptimally as has been seen in past experiments might have resulted in suboptimal results, whereas
now the use can be improved more easily for each experiment. This is the first step to utilising the full
potential of the RPM and contributing towards an improved understanding of gravity and its effects on
life, physiology and technologies. Whether it is the development of SANS in astronauts, the develop-
ment of new drugs in an accelerated ageing environment or the validation of technologies for future
human space exploration, the RPM can potentially be used for significantly more than it currently is,
which can improve life, not just on Earth but all the way to a future research base on Mars.
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Additional Acceleration Plots

A.l. Combined Time-Averaged Acceleration With Bias

Combined time-averaged acceleration at the centre of rotation
wo = 24°/s, w = 18°/s

1.2
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Figure A.1: The time-averaged acceleration without accounting for bias on the WIT sensor. The resulting g-level is averaging
around 0.028¢ at the end of the run.
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A.2. Time-averaged Acceleration in the Individual Directions
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Figure A.2: The time-averaged acceleration in the x-direction at the corner location and rotational rates of w; = 73°s~! and
wo =96°s7 1L,

Time-averaged acceleration in the y-direction at point P = [-0.061 -0.0615 -0.0165] [m]
wg = 96°/s, w = 73°/s

Model
—-—- IMU data
-- WIT data

0.06 §

o e et e A SR S U

0.02 @

Time-averaged Acceleration [g]

-0.02 -

-0.04 -

Il Il Il
500 1000 1500 2000
Time [s]

Figure A.3: The time-averaged acceleration in the y-direction at the corner location and rotational rates of w; = 73°s~! and
wo =96°s~ 1L,
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Time-averaged acceleration in the z-direction at point P = [-0.061 -0.0615 -0.0165] [m]
wg = 96°/s, w) = 73°/s
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Figure A.4: The time-averaged acceleration in the z-direction at the corner location and rotational rates of w; = 73°s~! and
wo =96°s 1L,

A.3. Acceleration in the Individual Directions
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Figure A.5: Section of the measured acceleration in the x-direction at the corner location and rotational rates of w; = 73°s~1
and wp = 96°s~ 1.
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Figure A.6: Section of the measured acceleration in the y-direction at the corner location and rotational rates of w; = 73°s~1
and wo = 96°s1,

Acceleration in the z-direction at point P = [-0.061 -0.0615 -0.0165] [m]
W = 96°/s, w = 73°/s
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Figure A.7: Section of the measured acceleration in the z-direction at the corner location and rotational rates of w; = 73°s~1
and wo = 96°s 1,
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A.4. Accelerations of the Alternative Model
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Figure A.8: Modelled g-level of the model presented in this thesis and the model presented in [106]. The modelled presented

elsewhere cannot be used to investigate the accelerations in the RPM.

A5. Time-Averaged acceleration of the sinusoidal control function
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Figure A.9: Modelled g-level of the sinusoidal control algorithm. This approach shows large variations depending on the time.



Lowest Resulting g-Levels at Constant
Rotation Rate

Table B.1: The lowest g-levels in the range of 1°s—! to 50°s~! after 25 min of a run.

Lowest g-levels

wo [’s™'] wr[’s7'] g-level[g]

48 4 0.001393
48 5 0.001397
49 1 0.001382
49 3 0.001396
49 4 0.001371
49 5 0.001361
49 6 0.001352
49 7 0.001366
49 8 0.001399
50 1 0.001371
50 2 0.001386
50 3 0.001361
50 4 0.001345
50 5 0.001348
50 6 0.001343
50 7 0.001345
50 8 0.001360
50 9 0.001373
50 10 0.001387
50 13 0.001397
50 14 0.001399
50 17 0.001398
50 18 0.001399
50 19 0.001393
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