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1.0 INTRODUCTION

1.1 Purpose

This document defines the design concept for argtdaased, extended-stay hypergravity

facility as a precursor for space-based artifigiavity facilities that extend the permanent
presence of both human and non-human life beyonith laartificial-gravity settlements. Since
the Earth's current human population is stresgiagetvironment and the resources off-Earth are
relatively unlimited, by as soon as 2040 more thia@ thousand people could be living in Earth-
orbiting artificial-gravity habitats. Eventuall\he majority of humanity may live in artificial-
gravity habitats throughout this solar system al$ ageothers, but little is known about the long-
term (multi-generational) effects of artificial-grty habitats on people, animals, and plants.

In order to extend life permanently beyond Eaitinauld be useful to create an orbiting space
facility that generates 1g as well as other graletgls to rigorously address the numerous
challenges of such an endeavor. Before doing s@lolging a ground-based artificial-gravity
facility is a reasonable next step. Just as thermational Space Station is a microgravity
research facility, at a small fraction of the castl risk a ground-based artificial-gravity facility
can begin to address a wide-variety of the aréfigravity life-science questions and
engineering challenges requiring long-term resetr@nable people, animals, and plants to live
off-Earth indefinitely.

NASA has been interested in developing such aifiasiince at least 1969 (Larson, 1969) and
scientists, such as Dr. Wernher von Braun were ingrén the concept decades earlier. In 1952
while von Braun was the Technical Director of th&UArmy Ordnance Guided Missiles
Development Group, he publicized the conceptualjdesf an orbiting space station that would
rotate to produce "synthetic" gravity. The desigrenvisioned in that article was a 250" diameter
wheel, constructed in Low-Earth orbit (LEO) outnebdules, and is shown in Figure 1.

Figure 1: Wernher von Braun Space Station Design
(Bonestell) in (von Braun, 1952)

In this article, von Braun describes this spacgatgproducing 1g by rotating with a rotational
period of 12.3 seconds (4.9 RPM) and producing bABgptating with a rotational period of 22
seconds (2.7 RPM) (von Braun, 1952).



At the request of the NASA Administrator to makeaemendations for astronaut health for
long-duration missions, the National Academiesituist of Medicine committee recommended
for NASA to focus on giving, “increased priority tmderstanding, mitigating, and
communicating to the public the health risks ofgaturation missions beyond Earth orbit” and
“using more extensively analog environments thegaaly exist and that have yet to be
developed;” (Committee on Creating a Vision for &Medicine During Travel Beyond Earth
Orbit, Board on Health Sciences Policy, 2001). Meeently, the International Academy of
Astronautics Study Group on artificial gravity remmended that, “the most efficient means of
developing an effective flight artificial gravitypantermeasure is by appropriate and timely use
of ground facilities” (International Academy of Ashautics, 2009). The report by The National
Academies National Research Council (NRC) Aerorawdnd Space Engineering Board of their
review of the NASA Space Technology Roadmap stéatds panel identified Artificial Gravity
Evaluation/Implementation as a game-changing cépathiat would greatly mitigate many
adverse health effects that would otherwise ocaund long-duration habitation in transit (or
Earth orbit).” (NASA Space Technology Roadmaps Bndrities: Restoring NASA's
Technological Edge and Paving the Way for a Newilk&pace, 2012, p. 195).

The ground-based artificial-gravity facility desigancept described herein is the extensible,
modular, Extended-Stay HyperGravity Facility (ESHGFe ESHGF produces an adjustable,
hypergravity-level (gravity exceeding 1g) enviromrha a 150m radius rotating facility for
people to work and live in along with animals atahps for long-term periods. The design is
extensible so that it can be incrementally impleteérso that small-scale operations can be
realized within a relatively short schedule and lmwdget. The ESHGF capabilities and
capacities can be incrementally increased as derrah@udgets permit.

1.2 Benefits
The ESHGF is expected to yield several benefits:

» Validate artificial-gravity facilities on Earth asprecursor for their development off-Earth.
The greater the rotation rate and shorter the iéegér radius required for humans to be safe
and comfortable with over long-periods, the smahermass and cost for an artificial-gravity
space facility. The report, “Safe Passage: Astro@awe for Exploration Missions”
(Committee on Creating a Vision for Space Medidnging Travel Beyond Earth Orbit,
Board on Health Sciences Policy, 2001) extensidelyjuments many areas in which
knowledge is insufficient regarding the health stfranauts on long-duration missions. Even
less is known regarding the effects of various @mehging gravity levels on the health of
humans living off-Earth indefinitely including cdidevelopment.

An ESHGF can be used as an analogue for futufeceattigravity facilities located on-orbit,
on the surface or in tunnels in the Moon, Mars,disop Deimos, and asteroids, as well as to
research what life might be like under such coondgi The resulting science would be
beneficial in designing future spacecraft and sgiaciities requiring artificial gravity.

Doing so can enable the permanent residence of imnfaEarth in rotating facilities such
that the environment of these settlements are erged to be Earth-like by providing
artificial gravity.



Characterize the effects and risks of long-term@eribdic exposure to various hypergravity
levels on humans, animals, and plants in a clasegineered environment. With renewed
interest in human missions to Mars (NASA, 2015); aredible attempt will need to provide
some type of gravity augmentation due to the exddrairation of such missions. To date,
only a few people have lived off-Earth for morertleayear and the extended time in a
microgravity environment caused significant detmtaé effects, e.g., muscle loss,
cardiovascular deconditioning, and a reductionanebdensity. Little is known of the long-
term (multi-year and multi-generational) effects immans, plants, and animals living in a
gravity environment of other than 1g. An overviefilee effects of microgravity on humans
and artificial gravity research is presented infasial Gravity (Clément & Bukley, 2007).

Characterize the long-term effects of living inatiig environments with radii significantly
greater than 10m. Human centrifuges have beerdtestie radii <10m for short periods, but
the short-radius rotational effect is too uncondbhe for humans at more than a few RPM
even for short periods, e.g., motion sickness,thadockpits were too small for long-
duration tests. The "Coriolis effect” is experieth@ghen moving within a rotating reference
frame, such as a vehicle or centrifuge, and isc@ateal with vestibular disturbances resulting
in motion sickness and disorientation. The phygwal effects of Coriolis accelerations
with respect to artificial gravity systems are affgcular research interest (Matsnev, 1996).
Negative Coriolis effects are mitigated by consiiray head movement and body translation
in a centrifuge, but it is undesirable to constgther for humans in a long-term artificial-
gravity facility.

In addition to the Coriolis effect, the gravity drant of a centrifuge can be a significant
issue. A person standing in a centrifuge with adsameter and subject to centripetal
acceleration that generates 1g at the feet wilf erperience approximately 0.5g at the head
(excluding Earth gravity). Since the brain contatms vestibular system used to sense gravity
and accelerations, such a sharp gravity gradiegis@ienting when the person moves,
among other things. This gradient decreases asetiiteifuge diameter increases and is
negligible in a centrifuge with a diameter of 30@mat this design concept describes.

Provide flight crew training and physical therapynitigate the effects of prolonged
exposure to microgravity environments. Living im&rogravity is known to cause a variety
of adverse effects. By living in a hypergravity eonmment before and/or after prolonged
exposure to a microgravity environment, the negagiffects may be mitigated and the
rehabilitation may be accelerated for space flaybtv (Davis-Street & Paloski, 2007),
(Yang, Baker, Graf, Larson, & Caiozzo, 2007).

Provide physical therapy to improve human and ahimealth and capabilities. Long-term
living in a hypergravity environment can increasesgie strength and bone density as well
as strengthen organs and improve resistance totasmsciousness under high-g
conditions. Preliminary studies of the effects aflpnged hypergravity on rats, up to 4.7g
for up to 1 year, resulted in no deleterious effestd discovering significant physiological
changes to the rats, such as significant incraasagan and bone mass with little change in
overall weight compared to the control rats (OyarRlatt, 1965). Additional research is
required to determine the long-term effects of mgpevity on larger mammals as well as the



longer-term, multi-generational consequences othygavity. Once validated for prolonged
use by humans, this facility could be used forvidlials benefiting from extraordinary
strength, e.g., athletes, and select military pereb It also could be used for physical
therapy for patients unable to exercise, e.g.,esulp extended bed rest, and for elderly
individuals to mitigate muscle loss and bone lesg.( osteoporosis). There is also evidence
that hypergravity may have therapeutic applicationslving cellular development (Genchi,
et al., 2015).

* Provide health, recreational, and educationaliteeslifor short-term visitors to engage the
public in NASA's effort to extend life beyond Earkmong other things, this would allow
the public to interact with NASA researchers arglrtBubjects in a stimulating environment.

» Validate the human use of a wide-variety of systémswere engineered and tested for use
on Earth at 1g, e.g., shower, toilet, blender, wagsachine, refrigerator, since their
performance can vary significantly at different\gtalevels. Enabling the development of
19 space facilities significantly reduces or emyiediminates the cost and risk of
reengineering the wide variety of objects and systaeeded by space settlements.

» Provide a mobile facility capable of housing a ab number of people, from none to
thousands.

» Provide a wide variety of habitats for plants antdrals ranging from desert to oceanic.

Additional less tangible benefits can be expectethfbuilding a realistic space-settlement
analogue and permitting the general public to tpwuch as the inspiration that is derived from
leading the way for the permanent migration of tissyond Earth that includes thousands of
people within the lifetimes of most of us.

1.3 Background

The ESHGF is essentially the merger of two techgiek centrifuges and trains, in which an
extremely long-arm centrifuge is created using efelsisimilar to tilting trains.

1.3.1 Centrifuges

Human centrifuges have been used to generate hgpéygfor centuries. Erasmus Darwin
recounted experiments in which the human subjestplaced on a rotating corn-mill stone,
which was accelerated to an RPM that mechanicadlyge “sleep” (Darwin, 1809). Centrifuges
were used in psychiatric wards to treat patienteénearly 1800s (Harsch, 2006).

Currently, an 18m radius centrifuge operates atilme Gagarin Research & Test Cosmonaut
Training Center that is capable of generating udgohas three interchangeable cabins mounted
at the end of the arm, and is used for space gmanirig (Gararin Cosmonaut Training Center,
2015). As shown in Figure 2, a 29’ radius 20g d¢turge (human-rated for 12.59) operates at the
NASA Ames Research Center and has exposed humgatsuto hypergravity for durations up

to 22-hours (NASA ARC, 2015). Both centrifuges hasfatively small cabin sizes and the
occupants generally are intended to remain statyondhin the cabins during operation.



Figure 2: NASA Ames Research Center 20g Centrifuge  (NASA ARC, 2015)

Orbiting Centrifuges

In 1895, Konstantin Tsiolkovsky, a pioneer of asauatics, wrote "Dreams of Earth and Sky," in
which he imagined generating artificial gravityspace by means of trains running in circles
(Tsiolkovsky K. , 1895/1979), (Andrews, 2009). Laite "Investigation of World Spaces by
Reactive Vehicles (1911-1912)," he noted that tiithér a human subject is from the axis of a
centrifuge the better. Tsiolkovsky also experimdmtéh centrifuges on animals and proposed
that a train on a tilted, circular track could ls®d to generate artificial gravity over extended
periods for research (Tsiolkovsky K. E., 1911-12024, pp. 118-121). However, there is no
record that such a train was ever designed or.built

Starting in the 1950s, humans were tested in aiteyg with a 50’ arm, capable of generating
close to 50g’s, at the Naval Air Development Cemelohnsville, PA. In 1958, this facility was
used to test X-15 pilots and later was used fopaaut testing for the NASA Mercury, Gemini,
and Apollo space programs (Hoey, 2010, pp. 398-40Q)959, the Army Ballistic Missile
Agency proposed a human “Space Flight Simulataat tdonsisted of a 500’-radius
superelevated circular track, a 4-person 24’ jetgred sled, a transition track, and a 3622’
vertical track that the sled would ascend and launto a sub-orbital trajectory after reaching a
sufficient velocity by traveling on the circulaatik (Gerathewohl, 1961).

In the 1975 NASA study, "Space Settlements: A DeSslitudy,” an orbiting space settlement
capable of supporting a population of ten thousarntkscribed in detail. The orbiting space
settlement envisioned in this study is shown iruFeg.

Figure 3: Orbital Space Settlement (NASA, 1977)

In this design, the 1790m diameter space staticgeluiotates at 1 RPM inside a non-rotating
ring shield to produce 1g at the wheel rim bottémoif (Space Settlements: A Design Study,



1977). The wheel rim modules can be viewed as trais running on a circular track in which
the track is the ring shield.

Thomas W. Hall's doctoral dissertation, "The Arelsiure of Artificial-Gravity Environments

for Long-Duration Space Habitation," describes sav@esign considerations with regard to
designing facilities for long-term occupation tihalty on spin-induced centripetal acceleration to
generate artificial gravity (Hall, 1994).

A long-duration, large-radius “Human Hypergravitahitat” was proposed (van Loon J. J.,
2009), (van Loon & Wuyts, 2009), (van Loon J. 812). The concept is essentially a train on a
circular track designed to generate a specifiagdduaration hypergravity level for humans. The
ESA Large Radius Human Centrifuge Topical Teammeuended a track diameter of 150m
with a maximum design load of 2g's. Initial tesis lbng-term hypergravity exposure should be
in the range of 1.4 - 1.5g's and then incrementatieased (van Loon & Wuyts, 2009).

1.3.2 Trains

An ESHGF can be implemented using readily availalfleeled-train technologies. Trains have
been used for over two centuries for reliable fpansand are operational around the world.
They remain a dominant, low-cost means of tranggiort.

Richard Trevithick is credited with building thedi steam-powered train. It was based on a
portable steam engine patented by Trevithick andréw Vivian in 1802 (Dickinson & Titley,
1934, pp. 269-278), and ran 9 miles at nearly Bsmler hour carrying 10 tons of iron, 5
wagons, and 70 men in South Wales on 2/21/1804jdieg a new age of transportation
(Dickinson & Titley, 1934, pp. 63-71) (Amgueddfar@gu — National Museum Wales, 2008).

Tilting Trains

Trains with tilting cabins to compensate for traekt as well as centripetal acceleration on
curves began development in the mid-1930s (Van BoBeemer, 1940), (Life Magazine,

1940). These first tilting cabins were mounted logirtrail car chassis with pivot points above
their cabin centers of gravity and passively pidadee to gravity and inertia. During the same
period, actively-controlled train cabins were desig to tilt hydraulically (Schoepf & Ritchie,
1937), (Schoepf & Ritchie, 1937a). Although actjvebntrolled tilting train cabins were not put
into operation until decades later, cabin tiltieghnology is now considered mature. As of 2007,
over 5,000 tilting-cabin train cars have been poediuworldwide by several suppliers (Persson,
2007), (Khedkar, Kasav, Jadhav, Katkade, & Guizjal,5).

Roller Coasters

Although tilting trains can compensate for sometigeetal acceleration and track cant, a
different technology was developed for trains desjto operate with high levels of centripetal
acceleration and steep track banks, which has jp@@arily used for roller coasters. The first
modern roller coaster using tubular steel rails degeloped by Karl Bacon and Edgar Morgan
at Arrow Development for Walt Disney Production&eir patent for this invention states the
purpose was to, "carry passengers at high spe¢dsbsolute safety over a path that includes
very sharp and highly banked curves, such as aredfo a bobsled course." (Bacon & Morgan,
1965). This technology was first instantiated ie Matterhorn Bobsled roller coaster at
Disneyland, which began operating in 1959. Karlddaalso patented the first "corkscrew" roller




coaster using tubular steel rails, which beganaipey at the Knott's Berry Farm amusement
park in 1975, (Bacon, 1975), (Reynolds, 1999). atawns of their looping tubular steel rail
roller coasters continue to be used worldwide whehfastest commercial roller coaster in 2015
being the Formula Rosso at Ferrari World Abu Dhalnited Arab Emirates, which reaches
240km/h (149 mph) on a 2.07km track (Ferrari Wéxkh Dhabi, 2015).

L ocomotion

Currently, nearly all trains use rotating electriotors in the cars or in the tracks to provide the
torque required to rotate the wheels to move tedr The electric motors in the cars are called
electric traction motors and usually get their powem either diesel generators also located in
the cars or from electric lines that run alongttiaek or overhead. On some trains, only cars
dedicated for locomotion (locomotives) have elediraction motors. An example of an electric
locomotive currently being used is the Amtrak Giti&printer ACS-64. ACS-64s were adapted
for service in the United States for speeds utbkin/h (125 mph) and are being used on the
Amtrak North East Corridor between Boston and Waggioin D.C. (Siemens AG, 2015).
However, on some trains each car has one or mectrieltraction motors to distribute the force
required to move the trains providing redundanay secalability. For some trains, such as many
roller coasters, electric motors are attached amearby the track and used to propel the train, at
least to a just beyond a high point after whichvigygorovides the required acceleration.

Linear motors are becoming more popular for us&rains. Unlike traditional electric motors in
which that rotor rotates inside a stator to prodauterque used to turn wheels to produce a linear
force, a linear motor in effect flattens the radod stator and directly produces a linear force
without any moving parts. Linear motor are par@lyl attractive for magnetically levitated

trains in which part of the motor is attached te biottom and/or sides of the train and the other
half is attached to the track (Hellinger & MnichoW 2009).

Magnetic L evitation

Ideally, an ESHGF would use superconductor magtatitation, which would provide a
smooth, quiet, low friction, low-maintenance, aod lenergy-cost motion. The first patent for a
linear induction motor for driving trains was gredtto Alfred Zehden in 1905 (Zehden, 1905)
followed by a patent granted to Emile Bacheletasfanagnetic levitation transportation apparatus
(Bachelet, 1912). In 1969, a patent for a Maglaintthat uses superconducting magnets was
granted to James Powell and Gordon Danby (Powé&lb&by, Patent #: US003470828, 1969).
Subsequently, with an operational speed of 430 K&6i mph) (without superconducting
magnets), 464- seat Maglev trains in Shanghai begarations in 2003 (Antlauf, Bernardeau, &
Coates, 2004), (The Shanghai Maglev Train, 201b¢. CTentral Japan Railway is developing a
superconducting maglev train (Central Japan Rai\&8g4). On April 21, 2015 on the
Yamanashi Maglev Line, an 18.4km test track, theSe@ies AO7 superconducting maglev train
ran at 603 km/h (375 mph) (Guinness World Recazi$s). Although the high-speeds of
superconducting maglev trains are not requiredrbf @HGF, the other benefits mentioned
above are significant.

Another magnetic levitation alternative for consaten is based on the Inductrack developed at
the Lawrence Livermore National Laboratory. Unltke above technologies, which use
electromagnets for levitation, the Inductrack, pted by Richard Post (Post, 1998), uses
Halbach arrays of permanent magnets for levitafirost & Ryutov, 2000). This research was



sponsored in part by NASA to demonstrate the fdagibf using the Inductrack to accelerate a
launch vehicle model at 10g to Mach 0.4.

Taking the next technological step in high-speedmeéic levitation, the "StarTram" concept has
been proposed as a low-cost means to put cargtiinusing superconducting magnetic
levitation and linear motors (Powell J. R., MaiBaniagua, & Rather, 2001), (Powell, Maise, &
Pellegrino, 2013). For off-Earth space settlemesqsiiring thousands of modules, the
development of this type of infrastructure is wdthther consideration. Once demonstrated on
Earth, it could also be used on the Moon, whiclureg 1/6th the escape velocity and doesn't
have an atmosphere that would significantly deeétea launched payload, with or without
passengers. This approach will be of extraordinatye in any significant effort to launch
people and cargo from the Moon. Since no propeltargquired, propellant won't have to be
brought all the way from the Earth and safely lahde the Moon (or mined and processed from
its polar craters).

2.0 DESIGN CONCEPT

Leveraging the above centrifuge and train technegdhe following design concept describes a
modular ESHGF that can be initially implementedtpport a few people, but can be
incrementally extended as needed to reach a falespace settlement. This section begins with
a brief system overview followed by a descriptidreach subsystem. Hypergravity implications
are discussed in section 2.6, including its efégcsystem sizing. This is followed by a
description of ESHGF stability considerations, madty, system capacity, and extensibility.

2.1 System Overview

The ESHGF system consists of the HyperGravity MehMehicle Track, Transfer Vehicle
(optional), and Depot subsystems as shown in Figuvweéhich interact as depicted in Figure 5.

Transfer
Vehicle

3 Car

Depot .
HyperGravity

Vehicle

Superelevated Track

Figure 4: ESHGV System Top View depicted in a 3-car HGV configuration
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Workproducts
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Data
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Figure 5: System Overview
Each of these subsystem are discussed furthee ifolllowing subsections.

2.2 HyperGravity Vehicle Subsystem Overview

The HyperGravity Vehicle (HGV) subsystem is an &ledrain consisting of a sequence of
connected cars running on a track. The top viethisfsubsystem is shown in Figure 4 and its
elements and their interactions are depicted inr€i§. People will be able to move between
cars as they can onboard a typical train.

DepOt / Commands
Control RIS
Center Pe:iE!

Humans Humans
Animals Animals
Plants

Plants
e Equipment ! |
HGY HGV

Vehicle

Car #1 Car #n

Vehicle Electricity ! : i
Track P i ————————

HGV Subsystem

Utilities

Figure 6: HGV Subsystem Overview



The general design is for all HGV Cars (HGVC)s ¢athe same size, but custom-size cars can
be accommodated.

The interior of each car is expected to be custethip meet the needs of its occupants and
manager. Car types are expected to include at enmm living quarters and workspace. Other
car types may include dining facilities, farms, aqums, pools, arboretums, botanic gardens,
factories, gyms, sports center, markets, meetingnsj etc.

The three major elements of each HGVC: Cabin, Gsaasd Cabin Tilt Mechanism, are
depicted in Figure 7 and Figure 8.

Cabin Tilt
Mechanism

. Pivot Axle
(Scissor Jacks)

Tubular
Rails Wheels

Figure 7: HGVC Front View (same as Rear View)

N 24m »

Tubular Rails Cabin Tilt Mechanism Chassis

Figure 8: HGVC Side View (the same for both sides)

10



An HGVC with a 24 x 4 x 4m cabin on a 300m diam&@t superelevated (banked) track with
an additional Cabin Pivot Angle of 30° is showrparspective in Figure 9.

Figure 9: Single Cabin HGVC Perspective View

As per the third highlighted row in Table 1: Hypergty Level Examples, to be discussed in
section 2.6.1, the depicted is operating on thekte 3.2 RPM and generating 1.97g. At a lower
RPM, the Cabin Pivot Angle would be less with aresponding lower hypergravity level.
HGCV stability design considerations to compen$atsuch a steeply superelevated track and
HGVCs with high pivot angles are also discussed.

2.2.1 HGVC Chassis Subsystem Overview

The chassis is similar to a flatbed train car.alibally consists of a frame resting on two train
wheel trucks, powered by electric traction motarisich run on a tubular rail track (see Figure
13). Variations of the chassis include those withroators requiring another car to provide
locomotion. Ideally, the chassis would be magné#tidavitated (maglev) to operate efficiently
at high speeds as well as to reduce maintenanci#grir, noise, and vibration, but it is not
necessary and the additional costs and developaedsnts may not be justified.

2.2.2 HGVC Cabin Subsystem Overview

The nominal Cabin sizes are 4m wide, 4m high, atteiel2m or 24m long. These sizes were
selected due to their similarity to train car siaesl their feasibility as analogues for off-Earth
use. A space-rated version of this cabin coulddosemmodated as a payload on a heavy-lift
launch vehicle for use on orbit, in the Moon, inslan the Mars' moons. and in asteroids. By
taking into account space-rated cabin requirematasconsideration, the ESHGF can be used as
an analogue for such modular artificial-gravity spéacilities and validating their requirements.
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24m :i

Y

Room #1 | Room #2 | Room #3 | Room #4 | Room #5 || Room #6

|e— 4dm —

(3x4m) (3x4m) (3x4m) (3x4m) (3x4m) (3x4m)
e Hall

tg/from Key tg/from

adjacent I adjacent
HGVC cabin Sliding Door = HGVC cabin

Figure 10: HGVC 6-room Cabin Floor Plan Example (To p View)

Each cabin has a hall connected to the adjacentdlan(s) for people and cargo to travel the
length of the HGV as shown in Figure 10. This fegdepicts a 6-room floor plan. However, the
floor plans are flexible because internal cabinlsvate not load bearing and may be moved.

2.2.3 HGVC Tilt Mechanism Subsystem Overview

A special feature of each HGVC is its capabilityctmtrol the tilt of its cabin so that it is
relatively level with respect to its hypergravitgotor. The HGCYV tilt mechanism subsystem
enables this capability by actively controlling tiieof the cabin with respect to the chassis
depending on the velocity of the HGVC. Views of th&VC Cabin Tilt Mechanism Subsystem
are shown in Figure 11and the subsystem elementhair interactions are depicted in Figure
12.

Chassis Triple Chassis
Rear Pivot Front Pivot
Braces Transaxle Braces

|

Rear T . ) Front
Pivot —» Rear Scissor Front Scissor < Pivot
Jacks Jacks Axle
Axle
Cabin Rear Electric Tilt Motor Cabin Front
Pivot Brace w/Servo Controller Pivot Brace

Figure 11: HGVC Tilt Mechanism Subsystem Top View
(attached between chassis and cabin on each HGVC;
blue arrows show rotations when pivoting to the rig ht)
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Rear Scissor Front Scissor

Jacks Cabin Jacks
v v

Cagii’\]lgtear Electric Tilt Motor Triple Cabng'c:)Eont
Structure w/Servo Controller Transaxle Structure

Figure 12: HGVC Cabin Tilt Mechanism Subsystem Side  View

As shown in Figure 11 and Figure 12, as well asgrdted in the HGVC in Figure 7 and Figure
8, the HGVC Cabin Tilt Mechanism attaches the HG¥&bin and Chassis by means of two
pivot structures and four scissor jacks. The scigsaks are used to change the tilt of the cabin
with respect to the chassis. A triple transaxlesied to transfer the input torque from the electric
tilt servo motor to the four threaded rods of thissor jacks. The triple transaxle outputs torques
such that as the left jacks are raised, the regtkg are simultaneously lowered as shown in
Figure 11. The electric tilt motor and its servaioller precisely control tilting the cabin to the
commanded angle. The commanded angle is a funatitre HGV velocity and the track
(chassis) superelevation angle defined by Equa&tidiscussed in 2.6.1

The design can accommodate additional jacks if e@@thd other types of cabin tilt mechanisms
can be used instead, e.g., hydraulic jacks, basscijacks have the advantage of a highly
controlled relationship between the jack height @lihdegree as well as lower maintenance
requirements. A design alternative for the HGV eéipinput to the servo controller is an
inclinometer-signal input that the servo controfteros by tilting the cabin.

2.2.4 HGVC Chassis Truck Subsystem Overview

The cabin(s) and its tilt mechanism rest on thessisawhich is used to move the car on the track
discussed in section 2.3. The chassis consistdrafree attached to two electric-traction motor
trucks. Each truck rides on the track and can pelssiotate with respect to the chassis in order
to stay centered on tracks. Although truck wheedy ailso passively rotate in response to
another car pushing or pulling the chassis, indlesign each truck is powered by electric motors
to increase the locomotive traction and provideineidncy. The trucks are shown in the HGVC
chassis bottom view in Figure 13.

Chassis Wheel Truck Track Gauge
Centerline center-points Centerline

I‘*Won"‘ Chassis FWOF—A

Rear Truck Front Truck
center-point offset center-point offset

Figure 13: HGVC Chassis Bottom View
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The two truck center-points on the chassis ar@tiygtwo points on the chassis lengthwise
centerline that are exactly the track radius dsgaimeasured from the track circle center to the
upper track gauge centerline — see Figure 30).efjo@l front and rear truck offsets QAE

Wor) are also depicted in the figure. These metriessagnificant with respect to hypergravity
variations to be discussed in section 2.6.

2.2.5 HGVC Stability Design Considerations

The primary HGVC stability issue that must be addedl is atypical for trains and is due to the
high side loads, and in some cases negative loadtie HGVC wheels and tracks which could
lead to an HGVC derailing and tipping over if nagaeered properly. These loads are due to
the steep track superelevation angle (30°), th# tign radius (150m), the high speeds (112
mph), the pivoting cabins (+-30°), the shiftinggaland passengers, and the high cabin surface
area subject to winds. In this design, the riskarailment is mitigated by the HGVC chassis
wheel truck horizontal and vertical side wheelg tige on three sides of the tubular-track side
rails as shown in Figure 7, Figure 8, and Figure 9.

2.2.6 Inter-HGVC Connectivity

Initial HGV testing can be accomplished with a $nigGVC. This design concept supports a
multiple, connected HGVs that operate on the saawkt These connections may be
accomplished by extending the HGVC chassis andjusain chassis couplers and the same way
that most train cars are connected, but other ndsthway perform better. Standard train chassis
couplers do not take advantage of the fact thaHtB¥ runs on a superelevated, level track with
a constant radius. Depending on the precisionefrdrck, the HGVCs may be connected by a
variety of other methods that provide additionedisgth, rigidity, and vibration damping. The
details of how the HGVCs are connected requirén@urstudy and are beyond the scope of this
document.

In addition to the chassis connector, HGVs withtiplé HGVCs also require flexible vestibules
that provide a passageway between cabins on cathe&VCs similar to those between
passenger train cars, but in this case the vesslilt with the cabins so the vestibule floor also
is effectively level regardless of the HGV velocifihese vestibules are dependent on the
HGVCs coupling design and further details are aksyond the scope of this document.

2.3 Vehicle Track Subsystem Overview

The Vehicle Track subsystem is the pathway forHf®/ and Transfer Vehicle and provides
electricity to both subsystems. Both tracks areeselpvated and circular as depicted in Figure
14. Side views of the superelevated track are showigure 16 and Figure 18. As depicted in
both figures, a shell may be used to cover th&indGV, and Transfer Vehicle to protect them
from the weather and provide security.

Each track has four tubular rails to carry the laad provide stability for the vehicle cars and an
additional rail to power the cars as is typicaltfoe 3rd rail for electric trains. The key track
requirements are that the track be circular (trackus is constant), level (perpendicular to the
gravity vector), and have a constant superelevatigie with respect to the gravity vector. The
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track foundation is implemented with a reinforcéeesand concrete ring to minimize track
deformation over time.

An optional augmentation to the track design cohpegsented is for the tracks to support
maglev cars to minimize their energy use, noidaration, and wear. At low speeds and in
emergency cases the vehicle wheels would contadtabks, but during nominal operations the
vehicles do not contact the tracks other than éavgy. Once the HGV reaches a significant
operating speed, the passengers will not easibctiétat the cars are moving. However, they
will be able to detect their bodyweights and catmntent weights have increased.

Figure 14 illustrates the ESHGV completely filledwHGVCs and the Transfer Vehicle (not to

scale). However, the ESGV can easily be incremigntampleted and operated in a minimal
configuration of a single HGVC without the TransY¥é&hicle.

Transfer

Depot

Superelevated Track

Figure 14: ESHGV System depicted in a HGV complete  ring configuration
(figure not to scale)

The HGVCs must be spaced with sufficient margimieen cabins to prevent contact between
cabins when tilted. This spacing is discussed &urih appendix C.

2.4  Transfer Vehicle Subsystem Overview

The top view of a Transfer Vehicle aligned with altiacar HGV is shown in Figure 14.

The purpose of the Transfer Vehicle is to tranptple and cargo between the Depot and the
HGV while the HGV is running so that the HGV cadéfinitely maintain a constant velocity

and minimize disruptive hypergravity-level chandesaddition, using a Transfer Vehicle
reduces the energy required to operate the ESH@&E #he entire HGV, which can be several
times the mass of the Transfer Vehicle, does net @ stop and restart every time someone or
something needs to go on or come off it. The TmgEhicle subsystem is similar in design to a
single-car HGV, as shown in Figure 7 and Figureu,may be shorter depending on the transfer
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capacity required. Also, the Transfer Vehicle mayangmented with a cabin elevator as shown
in Figure 16.

The Transfer Vehicle cabin is equipped with a Re#dale Vestibule for ingress and egress with
the HGV and two chassis Retractable Arm LockslierTransfer Vehicle and HGV to maintain
a constant relative position while docked to edatiein At least one HGVC is equipped with two
Retractable Arm Locks and a docking port for thanBfer Vehicle Retractable Vestibule as
depicted in Figure 15 and Figure 16.

Retractable
Retractable Vestibule

Arm Locks Passageway
(connects both cabins)

Figure 15: Transfer Vehicle temporarily connectedt o HGVC Top View

In this design concept, the Transfer Vehicle aadréack either can be designed for docking with
the HGV at its entire range of velocities and cgpanding cabin pivot angles or for only
docking at a specific HGV velocity and cabin piaoigle. In order for the Transfer Vehicle to
dock with the HGV at a range of velocities the &fen Vehicle is required to elevate as well as
tilt its cabin for docking. This is accomplishedtiva cabin elevator that raises and lowers the
Transfer Vehicle cabin and its tilt mechanism asashin Figure 16 and Figure 17.

15m

Track

Cabin
Elevator
(raised)

Cabin
Elevator
(lowered)

Retractable
Vestibule
Passageway

Retractable
Arm Locks

Superelevated Track

Figure 16: Transfer Vehicle Docking with HGVCs Rear  Views
in Max g Orientation (left) and Stopped Orientatio  n (right)
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Retractable Retractable Vestibule
Cabin Arm Locks Passageway

Elevator |

i .
N Tubular Rails Chassis

Figure 17: Transfer Vehicle Side Views
Cabin Elevator Raised (left) and Lowered (right)

However, the Transfer Vehicle is not required ®vate its cabin if it is designed only to dock
when the HGV is at a specific operating speed afhcangle as shown in Figure 18.

| 11m

Retractable
Vestibule
Passageway

Retractable /

Arm Locks

Superelevated Track

Figure 18: Transfer Vehicle temporarily connectedt o HGVC Rear View

A design alternative to the Transfer Vehicle Reatthle Vestibule is for the entire Transfer
Vehicle Cabin to translate horizontally and vetticto directly dock with an HGV Cabin. An

alternative to the entire Transfer Vehicle subgysiethe Hub & Spoke subsystem discussed in

section 2.8.3.

2.5 Depot/ Control Center Subsystem Overview

The Depot / Control Center (DCC) subsystem (searEi@4) controls the HGV and Transfer
Vehicle and is similar in design and function @itrstations and airport terminals. The DCC
facilitates the ingress and egress of people, dajmplants, equipment, supplies, utilities,
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workproducts, waste, and data between the ESHGBatstle the system. The DCC also acts
as a service station for the HGV and Transfer Mehic

2.6 HGV HyperGravity

2.6.1 HGV HyperGravity Level

The hypergravity level of the HGV is the vector safithe ambient gravity vector at the HGV
location and the perpendicular centripetal-accétaravector created by the HGV travelling in a
circle. The hypergravity level at a point in an HG¥abin is a function of the track radius and
HGVC velocity at that point and is defined by Eqoatl. The HGVC Cabin coordinate frame is
defined with its origin at the center of the bottofrthe cabin; the +x-axis runs lengthwise
toward the cabin front; the +y-axis runs widthwikeectly opposed to the track center; and the
+z-axis runs up toward the cabin ceiling.

The HGVC cabin coordinate frame changes with resjpeits HGVC coordinate frame by the
cabin pivot angle P, which changes the radii arldoitees of the points in the cabin respectively
according to Equation 1. The cabin point velocitiasy within the cabin per Equation 2, but the
overall HGVC velocityy,,, is controlled by the HGVC wheel truck.

2
gz + Vpos(xl Y, Z, P, VW)2
@ rpos(xlyJ Z,P)

9.807

Hpos(xl Yz, P' Vw,» ga) =
Equation 1: Hypergravity Level

Vw rpos(xlyJ z,P)
rr

Vpos(X' Y,z P' VW) =

Equation 2 : HGVC Cabin Point Velocity

where:
Hyos(x,y,2,P,vy) = HGV hypergravity level in Earth gravity g's aetHGVC cabin
coordinates (x, y, z) at cabin pivot angle P at HEKGVheel truck velocity w (Earth g)
rr = Track Circle Radius measured from center of upaek gauge (m)
Thos(X, ¥, z, P) = Cabin point radius at cabin coordinates (X, y,tz)adin pivot angle P from
HGV track circle center (m)
Vpos (X, ¥, 2, P, vy,) = HGVC velocity at cabin coordinates (x, y, zPaand aty, (m/9
vy = HGVC wheel truck velocity = HGV velocity (m/s)
P = Cabin Pivot Axle Angle (degrees)
0a = Ambient gravity at the ESHGF location. For exdnp
Earth g = 9.80%n/s?
Mars g = 3.71in/s?
Moon g = 1.622n/s?
On orbit g = Om/s?
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Note that changing the Cabin Pivot Axle Angle Praes the radii and velocities of the points in
the HGVC Cabin even though the HGVC RPM on thektramains constant. Hence, track
radius r is a rough approximation of the actual radiusrofH&VC cabin pointy,,s(x, y, z, P);

and consequently the HGVC wheel truck veloeify is a rough approximation of the HGVC
cabin point velocityp,,,s(x, y, z, P, vy). These approximations do not hold for cases irclvhi
the track radiusrris small relative to the cabin width y and heighsuch as for an extreme case
in which tilting the cabin places the track circknter underneath cabin points (the velocity is O
for cabin points directly over the track circle tanregardless of the HGVC RPM). A precise
definition ofr,,s(x,y, z, P) is in Appendix B.

Equation 1 is derived from the equation definingtdpetal acceleration (a%V), and the
equation for adding two perpendicular vectors (Rgtitean Theorem). Note that the
hypergravity (minus the ambient gravity) is invéygaroportional to the track diameter, but is
directly proportional to the square of the HGV \@tp. For example, halving the track diameter
doubles the gravity increase due to centripetatlacation; but doubling the HGV velocity
guadruples the gravity due to centripetal accetaraiable 1 provides more detailed examples.

HGV HGV
Ambient Track Centripetal | Hyper-
(Location) | Track | HGV Cabin | Super- | Acceleration | gravity

Gravity Dia | Velocity | HGV | HGV | Angle | elevation | (Horizontal) g's

Location (m/s?) (m) (m/s) | MPH | RPM | (deg) (deg) g's (H)
Earth 9.807 100 0 0 0.0 -30 30 0.00 1.00
Earth 9.807 100 10 22 1.9 -18 30 0.20 1.02
Earth 9.807 100 20 45 3.8 9 30 0.82 1.29
Earth 9.807 100 35 78 6.7 38 30 2.50 2.69
Earth 9.807 250 25 56 1.9 -3 30 0.51 1.12
Earth 9.807 250 35 78 2.7 15 30 1.00 1.41
Earth 9.807 250 50| 112 3.8 34 30 2.04 2.27
Earth 9.807 300 25 56 1.6 -7 30 0.42 1.09
Earth 9.807 300 40 89 2.5 17 30 1.09 1.48
Earth 9.807 300 50 | 112 3.2 30 30 1.70 1.97
Earth 9.807 500 25 56 1.0 -16 30 0.25 1.03
Earth 9.807 500 50| 112 1.9 16 30 1.02 1.43
Earth 9.807 500 75 168 2.9 36 30 2.29 2.50
Mars 3.711 250 34 76 2.6 33 35 0.94 1.02
Mars 3.711 300 37 83 2.4 33 35 0.93 1.00
Mars 3.711 500 48 107 1.8 33 35 0.94 1.01
Moon 1.622 250 35 78 2.7 41 40 1.00 1.01
Moon 1.622 300 38 85 2.4 40 40 0.98 1.00
Moon 1.622 500 50 | 112 1.9 41 40 1.02 1.03
On-orbit 0 250 35 78 2.7 0 0 1.00 1.00
On-orbit 0 300 38 85 24 0 0 0.98 0.98
On-orbit 0 500 50| 112 1.9 0 0 1.02 1.02

Table 1: Hypergravity Level Examples
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Note that the g's calculated in Table 1 do not tateaccount small variances due to HGV
dimensions, such as the cabin floor height, widtid length, to be discussed in section 2.6.3.

Table 1 captures a number of the trades in ordebtain the desired hypergravity level. For a
given hypergravity level, the required HGV veloatign be reduced by decreasing the track
diameter, but this also increases the HGV RPM. éargck diameters increase costs and high
HGV velocities increase risks, but high RPMs inseethe likelihood and intensity of motion
sickness and possible long-term side effects. ®hg-term effects of rotation on humans is not
well understood (excluding one revolution per déyi, rates above 2-3 RPMs are known to
cause motion sickness in a high percentage ofdpalation when not trained or treated
accordingly. The capability to study these longrt@&ffects is one of the benefits of the ESHGF.

Additional examples are given at various HGV vdiesi with four different track diameters
(2100m, 250m, 300m, and 500m), at four differenatmns (Earth, Mars, Moon, and on-orbit)
for considering the ESHGF as an analogue for offtEartificial-gravity facilities. The on-orbit
example rows are provided since such an ESHGF wmaikimilar to an orbiting space station in
a wheel configuration with spokes and connectedmmdules instead of tracks and HGV cars.
The on-orbit examples are also similar to ESHGFaroasteroid or Mars moon. Note that once
the ambient gravity of the ESHGF is reduced togifaity level of the Moon (1.622/s?), the
ambient gravity has little effect on the hypergtakevel (H) when the centripetal acceleration is
several times higher than the ambient gravity fasve in Table 1).

The optimal track diameter of 300m for this designcept is shown by the highlighted rows in
Table 1. A design with a hypergravity level of wp2g'’s is required to provide the capability to
generate a wide range of hypergravity levels hunsandive at for long periods. Smaller track
diameters require an RPM levels that are too higlaf2g hypergravity level. For larger
diameters for a 2g hypergravity level, the HGV wdies are too high as well as being more
costly. An HGV configured as the third highlightexv is shown in perspective in Figure 9. For
this example, the track is 300m diameter with af{ferelevation and a Cabin Pivot Angle of
an additional 30°. This HGV has a hypergravity &7 when running 50m/s (112mph), which
is 3.2 RPMs. The 300m diameter is also a reasorss#®eor an orbiting space settlement, which
would generate 1g at 2.4RPMs.

An ESHGYV can be designed with multiple concentiacks of different diameters to support
simultaneously generating multiple levels of hypawy. Multi-track ESHGF designs are
discussed in 2.8.

2.6.2 HGV Hypergravity Control

The hypergravity is controlled by controlling th&M velocity per Equation 1. Consequently,
the hypergravity can be kept constant by maintgiairconstant HGV velocity

In addition to controlling the hypergravity levdltbe HGV, the HGV controls the cabin tilt
angle per Equation 3 so that regardless of the M&bwlity, the down direction (hypergravity
vector) is always perpendicular to the center efdabin floor as shown in Figure 19. The Cabin
Angle specified in Table 1 is measured with thdaseat the center of the HGV pivot such that
at a Cabin Angle of 0 degrees, the cabin floorislel with the chassis bed and track
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superelevation. The sum of the Cabin Angle andrtiaek angle is the angle of the cabin floor to
the track circle plane, which is perpendicularite &mbient gravity vector, i.e., level.

For example, consider the first example in Tabl&€He HGV is stopped on a track with a 30°
superelevation. The Cabin Angle is -30° in ordemiintain the down direction perpendicular to
the cabin floor. This case is illustrated in Fighigeleft.

30° Cabin
Angle

-30° Cabin
Angle

Tubular
Rails

Tubular
Rails

30° Superelevated 30° Superelevated
Track Track

Figure 19: HGV Car in Stopped Orientation (left) an  d Max g Orientation (right)

As the HGV velocity increases, the Cabin Angle @ase until it reaches its maximum value of
30° as depicted in Figure 19 right.

With a sufficiently slow HGV acceleration rate a@dbin Angle change rate, neither change will
be noticed by the occupants. For example, a glasster resting on a table would appear to
remain unchanged as the HGV accelerates and theaina its operational velocity. The only
difference with regard to the glass of water ig thevould become heavier.

In order to maintain a constant down directionrat aelocity, the tilt command input is
maintained at the calculated cabin tilt angle, Wwh&ca function of the HGV velocity and is
defined by Equation 3.

B

P=tan‘1< vz, ) 180

It " 8a n
Equation 3: HGV Cabin Tilt Angle

where:

P = HGV Cabin Pivot Axle Angle (degrees)

Ts = Track Superelevation (Bank) Angle (degrees)

0a = Ambient gravity at the ESHGF location.

vy = HGVC wheel truck velocity = HGV velocity (m/s)
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rr = Track Circle Radius (m)
Tpias = Track Circle Radius bias (m)

The Track Circle Radius bias is a HGVC tunable peter, nominally between 0 and 2, that is
used to fine-tune the cabin pivot angle since fpelgravity level does vary slightly throughout
the cabin as described in the next section.

2.6.3 HGVC Cabin Gravity Map

Ideally, the hypergravity level would be equal aadstant for all points in a HGVC cabin for

the gravity to behave more like the way peopleamaistomed to on Earth and for consistency in
experiments. However, there will be minor gravigriations at different points in the cabin that
are different distances from the center of the H@&¢k circle and consequently have different
centripetal accelerations and corresponding hypeityrlevels. The advantage of using a large
radius track is that these variances are minimadnl extreme case where the track circle is so
small that the track radius is zero for points HH@VC cabin, the centripetal acceleration for an
object centered at such a point would also be Zar@xample of an HGVC Cabin hypergravity
floor map illustrating these microgravity variatimmshown in Figure 20.

W 1.478-1.480
m1.474-1.478

Cabiny-axis O 1.470-1.474
(widthin m) "

1.467-1.470

1.463-1.467
-12 -11 -10 9 -8 - 4 5 6 7 8 9 10 11 12
Hypergravity

level (g)

Figure 20: HGVC 24 x 4m Floor Hypergravity Map Exam ple

Pertinent parameters for this example are the HG&&n coordinates (X, y), the Cabin Pivot
Angle = 30°, the track radius = 150m, the HGV véieeA0m/s, track superelevation angle =
30°, Cabin Pivot Center height=1m, Cabin floor heigom pivot axle center=0.5m, Cabin
length=24m, Cabin width=4m, front & rear wheel kwffset=3m, and ambient
gravity=9.807m/%(Earth); the relevance of these parameter are sksclbelow.

This hypergravity map changes with different HG\hiigurations and velocities, but in most
cases the basic characteristics are similar. Tpergyavity varies with the (X, y, z) position of
an object in the HGV cabin. The lowest-hypergrapitynt on the cabin floor is at the middle of
the cabin where the floor meets the inner wall, pesition (0, -2). The hypergravity at this
position for this example is 1.466g's, so a 1kgsveghis position would weigh 1.466kg.
However, the hypergravity at both outer cornersjtpms (-12, 2) & (12, 2), is 1.479¢'s, so a
1kg mass at both of those locations would weigfi9kg, 13 grams more, an increase of ~1%.
In most cases, a variation of 1% would not be eatide, but it is a design consideration. This
variation increases considerably on smaller diantedeks. Although the floor is flat, water
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would tend to flow and balls would tend to roll gwfeom the inside center to the outside corners
of the cabins, with an asymmetric bias toward #a putside corner since any object moving
away from the track circle center will gain momentun the process. This effect is less within
each cabin room since they are smaller.

The length, width, and height of the HGVC Cabinediect these variations. A person moving
directly across a cabin from its outside wall ®iitside wall also moves further toward the
center of the track circle and reduces the persotasion radius. By increasing the sum of the
track superelevation angle and cabin pitch ang&9tosuch that the cabin floor is perpendicular
to the track plane, a change in width position willlonger cause a change in hypergravity.
However, such a configuration is only appropriat@ imicrogravity environment such as an
orbiting space settlement. Reducing the width efk&VC Cabin will also reduce this variance,
but this also can be accomplished by creating mareooms within the HGVCs as needed.

Since the cabins are straight instead of arced thélsame radius as the track, moving toward
the length center of a cabin also moves furtheatovthe center of the track and reduces the spin
radius (each cabin is a chord of the track circkee Figure 13 & Figure 31). This variance can
be mitigated by arcing the floor and shorteningh#@v/C cabin length or cabin room lengths.

The hypergravity level changes as an object idaiis the Cabin, i.e., an object on a table in the
cabin will weigh less than the same object on berfdirectly below it (with respect to the

Cabin coordinate frame). Since the Cabin is titdard the track circle center, increasing the
height of an object decreases its track circleusmdnd its corresponding centripetal acceleration.

2.7 ESHGF Modularity

A key feature of the ESHGF is its modularity. Eacbdule, comparable to intermodal shipping
containers, can be transported by rail, truck, g aircraft as shipping containers currently

are transported. The size of these modules ardedsile for heavy lift launch vehicles. If
necessary, the ESHGF Cars and/or Modular Cabinbeaeparated, transported, and reattached
at their destination. When being transported, mescases the self-leveling tilt mechanism can
be activated to mitigate lateral acceleration dytmransport as needed to protect the contents and
to enable the continued operation of the Cabinsduransport. Also, ESHGF Cabins and Cars
can be added as needed to increase system capaong!l as be removed for maintenance, to

be upgraded, or replaced with modules tailoredlifiberent purposes.

2.8 ESHGF System Capacity and Extensibility

Significant artificial-gravity research can be amgoished with a single HGVC, but with the
goal to ultimately create a scalable space hatotstipport a permanent space community in
excess of 1000 people, the ESHGF can be increnheatgdanded to support such population-
sizes as well as habitats for a wide variety ohfgand animals.

The modular characteristic of the ESHGF design lesahe system capacity to be incrementally
increased as needed. The design presented foause30®m diameter track, but as discussed
previously, other track sizes may be implementexpaCity can be increased in a number of
ways. In this section, the following methods torease capacity are presented: increasing the
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number of Cabins per HGVC, increasing the numbét®¥Cs per track, and increasing the
number of concentric tracks.

2.8.1 HGV Population Density

The population density of the HGV can vary sigrafidy based on the operations concept. An
HGV could be operated unmanned as the lower botipdpulation density. An upper bound for
consideration is provided by the U.S. Code of Faldeegulations Title 46 - Shipping which
permits up to one person per each ¢.8fideck area (U.S. Federal Government, 2011).

However, a cruise ship may provide a more reasenadilmate for long-term population
density. A population density analysis of a smafhple of Royal Caribbean cruise ships is
shown in Table 2. More on these cruise ships aty@RCarribean International, 2015).

Max. Total Deck Area
Passengers | Deck Area | per Person
Ship Name & Crew (m?) (m?) Reference
Adventure of the Seas 5,020 137,000 27 (Kable Intelligence Limited, 2015
Mariner of the Seas 5,020 145,000 29 (Cybercruises.com, 2003)
Navigator of the Seas 5,364 137,000 26 (Trauthwein, 2003)
Freedom of the Seas 5,740 165,000 29 (MarineLink.com, 2005)

Table 2: Cruise Ship Population Density Examples

Based on an average cruise ship population denisS&$nt per person, a corresponding HGV
population at the same density is 3.43 peopleipgtescabin car. In the following section,
multi-cabin cars are presented that increase thalpton up to 48 people per car, at the same
density depending on the number of cabins added.

2.8.2 Multi-Cabin HGVCs

Multiple cabins can be attached to a single HGV@toease the HGV capacity and to generally
reduce the path distance between two points iemifit cabins compared to cabins configured
linearly on single-cabin HGVCs.

The simplest multi-cabin HGVC has a second cabitoprof the first as illustrated in Figure 21.
This configuration doubles the HGVC deck area t2r¥®(2,067 sq. ft.) without increasing the
chassis size.

This figure also illustrates the ESHGF can be imm@eted in circular tunnel, similar to a
subway, instead of using a track shell. This iscmemealistic analogue for an artificial-gravity
facility on Mars, a moon, or an asteroid, which Vaolbenefit from the shielding and thermal
insulation being underground provides. If TunnetiBg Machines (Maidl, Schmid, Ritz, &
Herrenknecht, 2008) (Zhao, 2012) are used for rgimrthese locations, the tunnels they leave
behind can be used for artificial-gravity settlerisen
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Figure 21: 2-Story HGVC docking with a Transfer Veh icle on a Tunnel Track

Once HGVCs with one or two cabins have been vaiiat GVCs with many more cabins can
be deployed by increasing the HGVC chassis widthteatk gauge as needed to accommodate
the loads of the cabins and their contents. Add#ioails can be added if needed as well.

Multiple views of a 26 cabin, chassis HGVC configfimn are shown in and Figure 22 and
Figure 23. In Figure 22, side-by-side perspectiesvg of this 26-Cabin HGVC on a 300m
diameter 30° superelevated track are shown. Theim#k illustrates the HGVC stopped for
loading with a Cabin Pivot Angle of -30°. The righew illustrates the same HGVC with a
Cabin Pivot Angle of 30° required for 2g of hypergty.

Figure 22: 26-Cabin HGVC on Track Perspective View
Stopped (left) and at 2g orientation (right)
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This 26-Cabin HGVC is sized to be suitable as alague of one of the 36 10° arc rim

segments required for a fully-implemented 300m dizeel-shaped space settlement, such as
those depicted in Figure 1 and Figure 3. Thisge al 2-story configuration in which the two
center cabins, mounted directly above the HGVC sibaare 24 x 4 x 4m in size. The remaining
24 cabins are half the length (12 x 4 x 4m). Opgsiand stairways between these cabins can be
added as needed. The floor space for this confiiguréor each HGVC is 1344n(14,467

sq. ft.).

24m

) Perspective View
Top View

x5

28m
sl— 4m —

je— 4m —sfe— 4m —»|

10m

Tubular Rails Cabin Tilt Mechanism Chassis

Front View Side View

Figure 23: 26-Cabin HGVC Views

The tracks and the HGV chasses can be designegpod the loads as needed. In most cases,
the 4-rail track described in this design concéputd be sufficient. The HGVC design specifies
10 wheels per wheel truck and 2 wheel trucks passis (Figure 13). To provide context, cargo
trains are currently operational that support 40kg0per 2-wheel axle (Kirk, 2008).
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2.8.3 ESHGF Hub-and-Spoke Subsystem Architecture

An alternative to the Transfer Vehicle is a rotgtiub-and-Spoke subsystem in which the Hub
is located at the center of the concentric trackkratates at the same velocity as the HGV. This
architecture is a closer analogue to that of aftingospace settlement. Figure 24 depicts a single
HGV consisting of 36 HGVCs, each with 26 cabinsleined in section 2.8.2. To accommodate
these HGVCs, a 315m diameter track is required Agpgendix C). With each HGVC vertically
oriented such that the top faces the track ceasewould be the case for an on-orbit
implementation, the spacing between the HGVCs wbaldeduced, reducing the overall
diameter to 300m.

315m

F N

Figure 24: Single Ring 26-Cabin 36-HGVC ESHGF Top V iew

The total cabin deck area of this configuratioa8s384n3 (520,801ff), excluding the Spoke
area and not accounting for deck area lost to antmaate Spoke connections. This deck area
supports a population of 1,728 at cruise ship dgnNte that this configuration can be
implemented incrementally, one cabin or one HGV@ tne.

As depicted in Figure 24, each Spoke projects fiteerHub and attaches to HGVCs. Figure 24
shows the Spokes connecting to the end of the sabisimplify the illustration, but designs that
entail the removal of some HGVC cabins and conngatach Spoke directly to an HGVC
chassis at its midpoint or between two adjacent B&¥t their vestibule passageway are viable
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alternatives. Several methods to attach the Spokie HGVCs are feasible and require further
analysis. The Spoke/HGVC connection design is beéyba scope of this document.

Within each Spoke are passageways to transfer @eapimals, plants, and supplies between the
Hub and HGVC as does the Transfer Vehicle. Eaclwdaie-Spoke provides ample room for a
pair of tilting elevators (or escalators), a cacga passageway, and a service passageway as
well as conduits for wires, fibers, and pipes em#fer power, data, and fluids respectively. The
Spokes may be supported by trollies running on eotnic tracks underneath them and by
suspension cables from the Hub peak as needed.

The Hub-and-Spoke subsystem can also support feulidVs in concentric rings as shown in
Figure 25. An ESHGF with multiple rings has the abages of increasing capacity as well as
providing an increased variance in hypergravity sotdtion radii to better characterize their
different effects. Also, an orbiting space settlatmaay require multiple gravity levels to
support crew and visitors preparing for or recavgfrom low-gravity environment missions.

Figure 25 depicts three concentric HGVs consisbihg total of 72 HGVCs, each with 26 cabins.
The outer HGV is identical to the 36 car HGV shawifrigure 24. By adding two concentric
HGVs, one with 24 HGVCs and the other with 12 HGVtbe capacity is doubled. The total
cabin deck area of this configuration is 96,768i041,601f). This supports a population of
3,456 at cruise ship density.

Similar to a rotating restaurant on a tower, thatreg Hub either can be designed to entirely
rotate on a small concentric track of trolleys erdesigned as a cylinder rotating around a
stationary vertical axle. At rotation rates of 2F3R transitioning between the rotating and
stationary portions of the Hub would be similag&iting on and off an escalator. The Hub can
be connected to the MCC by a tunnel under the ES&it@For a bridge.

The Hub-and-Spoke subsystem has the advantag®wirad a continuous flow of people,
animals, plants and supplies on and off the ESH&Readed. Also, it provides a closer analogue
to an off-Earth artificial-gravity facility in whit the Hub would be at the ambient gravity of the
ESHGF location, e.g., microgravity on orbit, andr§gravity on Mars.
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Top View with all HGVCs at a horizontal orientation (19)

Spoke Segments Rotating Ring
/p A\, 315m // ;I

210m 7

A

Circular
Superelevated
Tracks

<—To Depot \ Underground Passageway Elevators  Stationary Hub

Side View of the 6 HGVCs on opposing Spokes at 3.1 RPM operation orientations

Figure 25: Triple Ring 26-Cabin 72-HGVC ESHGF
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2.8.4 ESHGF Hub-and-Spoke Shell

Unlike the torus shell or tunnel that can be usegrbtect an HGV that uses a Transfer Vehicle,
as shown in Figure 16, a different shell desigredgiired for the optional but recommended shell
for a Hub-and-Spoke ESHGF. This shell design usesbfe stadium roofing material. However,
unlike stadiums which do not use a center suppbrt, ESHGF uses a stationary 45m tower at
the center ESHGF hub, essentially acting as thetaet the hub ring rotates around, to support
the roof. Suspension cables attach from the céomesr peak to a circular outer wall that
surrounds the ESHGF on the other end. The combimafithe center tower, the suspension
cables, and the 350m dia. x 10m high outer walpsuphe that ESHGF roofing material as
depicted in Figure 26. This exterior is suitableHousing the Triple Ring 26-Cabin 72-HGVC
ESHGYV shown in Figure 25.

le 350m

26-Cabin HGVC Depot

(being delivered on external rail spur to ESHGF)

Figure 26: ESHGF Exterior for a Hub-and-Spoke HGV w ith a 315m dia. Track
The interior of the ESHGV can also be slightly gre&zed to provide additional support.

2.8.5 ESHGF Hub-and-Spoke Subsystem Incremental Imp lementation

The ESHGF Hub-and-Spoke Subsystem can be increllyantplemented in a variety of
configurations. Incremental implementation of arHES on Earth can also be used to reflect
how an on-orbit artificial-gravity facility may bhacrementally implemented to help mitigate its
development risks. The following figures illustrdtew different configurations of 26-Cabin
HGVCs can be extended. Similarly, the number ofrafor each HGVs can be incrementally
increased starting with single-cabin HGVCs.
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Figure 27: ESHGF Incremental Implementation with 26 -Cabin HGVCs in ‘ I’ Configuration Top View
Implementations: 2-HGVC (top), 10-HGVC (bottom)

The ‘I’ configuration shown in Figure 27, also netl to as the “dumbbell” configuration, is a
2-Spoke configuration that is a relatively low-castl is a reasonable configuration when low-
capacity is suitable. This configuration has a disatage when implemented on-orbit that the
lengthwise axis is not stabilized when it rotatesw the Hub (Sanyal, Shen, McClamroch, &
Bloch, 2005). However, this can be passively migdeby adding HGVCs at the outer end of
each Spoke as shown in the bottom of Figure 27.
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Figure 28: ESHGF Incremental Implementation with 26 -Cabin HGVCs in ‘Y’ Configuration Top View
Implementations: 3-HGVC (top), 15-HGVC (bottom)

The 'Y’ configuration shown in Figure 28 is a 3-&paconfiguration that has the benefit of

being spin-stabilized in all three axes when ratafdso, on-orbit two Y’ configurations can be
combined into a single 6-Spoke configuration asxshim Figure 25 or attached at their hubs and
counter-rotated to keep the net angular momentutineofombined facility near zero regardless
of the rotation rate. This has the benefit of mafuiring propellant to despin if necessary.
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Figure 29: ESHGF Incremental Implementation with 26 -Cabin HGVCs in ‘X’ Configuration Top View
Implementations: 4-HGVC (top), 12-HGVC (middle), 34 -HGVC (bottom)

The ‘X’ configuration shown in Figure 29 is a 4-&paconfiguration that has the benefit of
being spin-stabilized in all three axes when rata@e is the ‘Y’ configuration. It also supports a
high-density of HGVCs when increased capacity sréd. An ‘X’ configuration can be created
by combining two ‘I’ configurations when needed6/Spoke configuration can be created by
combining a 4-Spoke ‘X’ configuration with a 2-Sgolt configuration.
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3.0 CONCEPT OF OPERATIONS

The ESHGF can be operated in a number of wayscseepts) as well as operated in different

configurations at different development stagessBeiction concludes with day-in-the-life

examples.

3.1

Operation Mode Concepts

The operation mode concepts are summarized in Baldach of which is discussed in this
section. The operation mode of each HGVC in a H@N lze independently changed during
operation to provide needed flexibility.

Operation HGV Human
Mode Operation | Occupant
Description | Rationale Duration Duration
Unoccupied | - Perform short-term HGV testing <1 day 0
short-term - Short-term plant and animal experiments
operation
Unoccupied | - Long-term HGV testing Indefinite 0
continuous | - Long-term plant and animal experiments
operation
Occupied - Evaluate short-term hypergravity effects on husnan | <1 day <1 day
short-term - Perform tasks requiring humans
operation - Support short-term visitors

- Transfer Vehicle not required
Continuous | - Long-term HGV testing Indefinite <1 day
operation - Plant and animal experiments
with short - Evaluate short-term hypergravity effects on husnan
tours of duty | - Perform short-term treatments on humans

- Perform tasks requiring humans

- Support short-term visitors
Continuous | - Long-term HGV testing Indefinite Indefinite
operation - Plant and animal experiments
with long - Evaluate long-term hypergravity effects on humans

tours of duty

- Perform long-term treatments on humans

- Perform tasks requiring humans

- Support short-term visitors

- Artificial-Gravity Space Settlement Analogue

Table 3: Operation Mode Concept Summary

3.1.1 Unoccupied short-term operation mode

The Unoccupied short-term operation mode is expectde used for testing the HGV in the

ESHGF. The HGV may also be tested in this mode conamercial track.

In the ESHGF, the HGV can be used to characteneeshort-term effects of the HGV on

objects, animals, and plants prior to a HGV beisgduby humans.




3.1.2 Unoccupied long-term operation mode

The HGV, or a subset of its HGVCs, can be usedhéwacterize the long-term effects of
hypergravity and low-RPM high-radius rotation onealbs, manufacturing processes, animals,
and plants without requiring the presence of humeuts, perform science regarding the multi-
generational effects of hypergravity on plantdj fisirds, mammals, etc....

3.1.3 Occupied short-term operation mode

Once the HGV has been tested without humans aniflexas safe for human occupancy for
short-terms, the HGV can be used to evaluate sbort-hypergravity effects on humans.

The HGV can also be used for demonstrating theesystpabilities for short-term visitors.
High-density population HGVCs may be dedicatedHis purpose.

When the entire HGV is operated in this mode, tren3fer Vehicle is not required since the
entire HGV can stop at the DCC for loading and ading.

3.1.4 Continuous operation with short tours of duty mode

A primary purpose of this mode is to study the mgpevity/rotation effect on people such that
the tours of duty can be safely extended to indefidurations.

Assuming that by performing short-term tests onpped is determined that there is a
therapeutic benefit for people to undergo hyperigydar short periods, the HGV could be used
in this mode to perform such treatments, e.g.ngttebuilding, osteoporosis mitigation, and
extended microgravity rehabilitation.

This mode also can be used for HGVCs being usethéunoccupied, long-term operation
described in 3.1.2, but tasks requiring humansiiort-terms are needed, e.g., perform animal
examinations and maintenance that can be perfoduexg operation.

Another purpose for this mode is to study the mhceffects of hypergravity on humans. For
example, an experiment may characterize any diftere in the effects of hypergravity between
two groups of people; one group who for 180 daterates between being onboard the HGV
for 7 days then off for 7 days compared with theeogroup which alternates between being
onboard for 12 hours then off for 12 hours eachfdayhe same 180-day period.

3.1.5 Continuous operation with long tours of duty mode

A primary purpose of this mode, supporting longrsoaf duty, is to characterize the long-term
hypergravity/rotation effects on people, animaig] plants to determine if they can live
indefinitely in long-radii rotating artificial-graty facilities as well as to determine if there are
long-term benefits to living in a hypergravity eronment. If such benefits do exist, then these
facilities can be used for therapy.

Also, an HGV in this mode can be used as an analtgatudy and experience what life might

be like in long-radii rotating artificial-gravityettiements orbiting Earth, on the Moon, on Earth-
Mars cycler orbits (McConaghy, Longuski, & Byrn2902), and on Mars and its moons.

35



3.2 ESHGF Configurations

The extensible, modular design of the ESHGF suppbbieing operated in a wide variety of
configurations in which its capabilities can berermoentally implemented over time. The
following configurations are listed in the proposeder of development.

3.2.1 Single-Car Single-Cabin HGV Initial Checkout = on Commercial Track

The simplest configuration is a single HGVC withkiagle cabin that runs on a commercial
track. The basic concepts and systems of the HGRbe tested prior to building the ESHGV
track.

3.2.2 Single-Car Single-Cabin HGV on ESHGV Track

The next configuration is to run the single-cabi@GW{C on the superelevated circular ESHGV
track.

3.2.3 Multi-Car Single-Cabin HGV

This configuration includes all HGVs with multipdengle-cabin HGVCs. In the maximum
implementation of this configuration, the HGVC4 file entire circular track and are connected
such that the first HGVC in the front of the HGVcisnnected to its rear HGVC forming a ring
of HGVCs.

3.2.4 Multi-Car Single-Cabin HGV with Transfer Vehi cle

As the capacity of the HGV increases, implemenérigansfer Vehicle and track in the ESHGF
may be warranted. As discussed in section 2.3aasfer Vehicle can be used to efficiently
transfer people and cargo on and off the HGV witlsbopping the HGV. Doing so is less
disruptive for HGV operations and less costly byuang the energy and maintenance costs
with stopping and starting the entire HGV.

3.2.5 Single-Car Multi-Cabin HGV

Another configuration option to increase capadgtyoi add modular cabins to a HGVC. A 26-
cabin HGVC is discussed and depicted in figureseittion 2.8.2. However, a wide variety of
multi-cabin HGVC configurations are feasible and ba implemented so that they can be
reconfigured and/or upgraded on demand.

Multi-cabin HGVC configurations facilitate largeabitable spaces, shorter point-to-point
distances compared to multiple single cabin HGV@hk the same volume, and provide more
variation in rotation radii and hypergravity duecebin points being further from the track gauge
center.

A multi-cabin HGVC can also be configured to molesely replicate a potential rim section of
an orbiting settlement when being used as a sgtiersent analogue.
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3.2.6 Multi-Car Multi-Cabin HGV

Just as multiple single-cabin HGVCs can be conéduas discussed in section 3.2.3, capacity
can be increased with multiple multi-cabin HGVQslso facilitates both HGVC specialization
and the simultaneous operation of different mwutyia HGVC configurations for comparison.

3.2.7 Multi-Car Multi-Cabin HGV with Transfer Vehic le

The purpose and configuration of a Multi-Cabin HG¥@ similar to those of a single-cabin
HGVC and Transfer Vehicle as discussed in sectidt3xcept that the capacity of each HGVC
is increased. An example of a 2-Cabin HGVC withranBfer Vehicle is shown in Figure 21.

3.2.8 Multi-Car Multi-Cabin HGV with Hub & Spokes

Assuming that the benefits of an ESHGV are confdmsing a single-car HGV, a multi-car
multi-cabin HGV with a central Hub & Spokes configtion, as described in section 2.8.2, is
recommended to increase HGV capacity and its fii¥ilbo continuously transfer people on and
off the HGV, as well as to obtain a closer analoguan orbiting space settlement,. This
configuration can be incrementally implemented pgrating the ESHGV in some of the
configurations described above first.

3.3 ESHGV Use Case Examples

This section describes the operation of an ESHGY two use case examples.

3.3.1 Short-Term Occupied Mode with Single-Cabin Si  ngle-Car HGV

The HGV is sitting on a 30° superelevated traclk@amext to the DCC. The single HGVC
cabin is pivoted at a -30° so that the cabin fisdevel. A retractable bridge (similar to an
airport jetway) is extended from the DCC to the H@Ye cargo is loaded followed by the
loading of the crew and passengers who procedtktpdssigned rooms. Once loaded, the HGV
door is sealed and the DCC bridge is retracted.

A brief announcement over the intercom informsghssengers that the HGV is embarking and
that they will reach the operating hypergravitydeef 1.5g’s in 10 minutes. Unlike an airplane,
at all times the people are free to continue to eravout the HGV. The HGV slowly accelerates
at a rate that is barely perceptible to the passsrand the HGVC cabin pivot angle also slowly
increases and is not perceptible. The passenging @athe cafe continue dining without taking
notice. The beverage glasses resting on the tghleso indication that the entire cabin is tilting
as the HGV accelerates. After 10 minutes, the H@Mrchypergravity is 1.5g’s and the cabin
pivot angle is now 30°. Combined with the 30° tréeikck angle, the cabin floor angle is 60° with
respect to the ground, but it seems level to ddloand. Just after the HGV reaches its operation
speed, a passenger in the cafe notes that hisdgasdeel heavier since it now weighs 50%
more as well as his arm. Another passenger noa¢sitie feels like she is wearing armor when
she stands up as the passengers begin to adjhst hgpergravity they are experiencing.

After a full day of operation, another announcenwsar the intercom informs the passengers
that the HGV will be stopping in 10 minutes angtepare to disembark. The HGV slowly
begins to decelerate at an imperceptible rate, @@7m/$. Simultaneously, the Cabin also
begins to pivot back to -30° also at an impercégptibte of 0.1° per second such that the Cabin
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stops pivoting at the same moment the HGV stopiseaDCC. The DCC bridge is extended to
the HGV and the passengers and their cargo thembark as the HGV is prepared for its next
tour. As the passengers leave they feel like tmeyeactically floating as their bodies begin to
readjust to the lower gravity of Earth.

3.3.2 Multi-Cabin Multi-Car Nominal HGV Operations  with a Transfer Vehicle

The HGV is configured and operates like a smaliserghip with office and manufacturing areas
to continuously support 200 crew and passengersiwdand work there continuously for
months along with a stream of daily visitors. Id#éidn, the HGV is configured with life science
areas devoted to raising and studying generatibpkants and animals subject to hypergravity
and rotation. Medical areas are also devoted torengthe safety of all onboard as well as
studying the hypergravity and rotation effects lo@ people. All the HGVCs are two Cabins high
providing two decks. There are several large oggnbetween these two decks to provide a
more spacious atmosphere as well as support hesimgs with balconies on the second deck
and space for trees to grow from the first deck the second deck Cabins.

The Transfer Vehicle is scheduled for over 10 tgpsday to load and unload people and cargo
on the HGV while the HGV speed remains constanteaah trip, the Transfer Vehicle stops at
the DCC; people and cargo unload followed by tlaeliog of people and cargo on their way to
the HGV. A water tank located in the Transfer Véhithassis is also loaded and a sewage tank
is unloaded as needed. The Transfer Vehicle disdwmlaad within 10 minutes it reaches the
operational velocity of the HGV and prepares tokdmg matching the pivot angle of its cabin to
the pivot angle of the HGVC it is docking with. &g Transfer Vehicle extends its forward
retractable arm lock and slowly approaches theetafigsVC from the rear, the HGVC extends
its forward retractable arm lock to lock with tleward retractable arm lock of the approaching
Transfer Vehicle. Once the two front arms make acinand lock, the rear retractable arm locks
on both vehicles are extended and locked. Theés e designed to secure both cabins to each
other while docking, but for safety reasons eithedricle can unilaterally disengage these locks
in an emergency. Once both pairs of retractablelaciks are locked, a retractable vestibule is
extended from the Transfer Vehicle to the HGVC @Gaind the transfer of people and cargo
between the two vehicles begins. In addition, unelath this vestibule pipes are connected and
the transfer of water and sewage commences. Thisadaconfiguration of a Transfer Vehicle
with a single-cabin HGVC is illustrated in Figurg, Figure 18, and Figure 14.

After 10 minutes, the vehicles prepare to undodtie fluid transfer pipes are disconnected and
the retractable vestibule is retracted followedhs/unlocking and retraction of the two pairs of
retractable arm locks. Once undocked, the Trangbicle decelerates over the next 5 minutes
and stops at the DCC where it repeats this process.
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4.0 SUMMARY

The design concept for an extensible, modular, ifle¢d-Stay HyperGravity Facility (ESHGF)
was presented. The primary purpose of the ESH@&¥-psoduce a flexible suite of precursor
facilities suitable for researching the feasibilifyextending the permanent presence of life
beyond Earth in artificial-gravity settlements. lant ESHGF will provide a variety of other
benefits as well. The ESHGF produces an adjustalgergravity in a 300m diameter rotating
environment for people to work and live in alonghwanimals and plants for long-term periods.
Two key features of this environment is that thernior of the rotating facility is effectively both
motionless and level with respect to its occupants cargo while the hypergravity is generated.

The design consists of modules that can be assdrabtédisassembled as needed to be
transported, to change system capacity, to chamgkil@ purposes, and to upgrade/maintain
modules while keeping the overall system operatidifae modules are sized for transport,
including transport by heavy-lift launch vehicles bperation off-Earth.

For this design concept, an incremental implemamntatpproach is recommended starting with a
single-car hypergravity vehicle with a 24 x 4 x 4abin on a 300m diameter 30° superelevated
track as depicted in in Figure 9 capable of a hygaetity range of 1-2g. Additional cars can be
added along with adding additional cabins to each@approach a high-fidelity ground-
analogue of a hub-and-spoke space settlement asshd-igure 24 and Figure 25.

In conclusion, in order to enable long-term humassions off-Earth, the National Academies
Institute of Medicine committee recommended for MAS focus on giving, “increased priority
to understanding, mitigating, and communicatingh®public the health risks of long-duration
missions beyond Earth orbit” and “using more extexlg analog environments that already
exist and that have yet to be developed;” (Committe Creating a Vision for Space Medicine
During Travel Beyond Earth Orbit, Board on HealtlieBces Policy, 2001). Implementing
artificial-gravity settlements and understandingitieffects on life appear to be crucial for
permanently extending life beyond Earth. The Inrdéomal Academy of Astronautics Study
Group on artificial gravity recommended that, “thest efficient means of developing an
effective flight artificial gravity countermeasuseby appropriate and timely use of ground
facilities” (International Academy of Astronauticd)09). An NRC report on the NASA Space
Technology Roadmaps states, “The panel identifigdiéial Gravity Evaluation/
Implementation as a game-changing capability tratld/greatly mitigate many adverse health
effects that would otherwise occur during long-dimrahabitation in transit (or Earth orbit).”
(NASA Space Technology Roadmaps and Prioritiestdfieg NASA's Technological Edge and
Paving the Way for a New Era in Space, 2012, p).1®3 ESHGV implemented on Earth is a
rational next step for extending the permanentgres of life beyond Earth.
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APPENDIX A: ABBREVIATIONS AND ACRONYMS

Define all abbreviations and acronyms that arededfined in a standard dictionary.

Acronym

cm
DCC
ESA
ESHGF

HGV
HGVC
kg
LEO

NRC
RPM

Definition
centimeter
Depot / Control Center
European Space Agency
Extended-Stay HyperGravity Facility
Gravity-level at surface of Earth in (/s
Hour
HyperGravity Vehicle
HyperGravity Vehicle Car
Kilogram
Low Earth Orbit
Meters
Miles Per Hour
National Research Council
Revolutions Per Minute

Seconds
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APPENDIX B: HGVC METRICS

Cabin Pivot
Axle Angle

Track
Track ; Circle
Superelevation Center
Angle Tg ~.

—
Track Circle Plane (side view)

Track Circle Radius Incursion r; ——|
Upper Track Track Circle Radius ry
Gauge Center

(midpoint)

Figure 30: HGVC Tilted Cabin on Track — Rear View

As defined in Equation 1, the hypergravity is adiion of the distance of each cabin point
relative to the track circle center. One of theapagters required is the distance from the HGVC
cabin point to the center of the track circle. Tdistance, e.g., radius for a given cabin floor
point (x, y, Gr) coordinate at Cabin Pivot angle P, is definedquyation 4 (the HGVC Cabin
coordinate frame is defined in section 2.6.1 arqlaled in Figure 20).

Tpos(x'Y;Z'P) = \/xz + (rT + s + Tco + TP()"Z;P))Z
Equation 4: Cabin Point Radius at cabin coordinates (X, y, z) at Pivot Angle P (m)

Superelevating the track by angle Aas the effect of shifting the cabin pivot-axlategline
toward the track center by per Equation 5.

rg = —sin(T - m/180) - P,

Equation 5: Track Superelevation (Bank) Angle Radiu s Offset (m)
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Similarly, pivoting the Cabin by angle P, in additito the track superelevation anfjg also
has the effect of shifting cabin point radii. Tlaii of the cabin points in the vertical plane
where x=0 are offset bw (y, z, P) per Equation 6.

-y
\/yz + (Cpo + 2)?

15(v,2z,P) = —cos <cos‘1 < ) —(P+Tpg) - n/180> - Jy2 + (Cpo + 2)?

Equation 6: Cabin Pivot Angle Radius Offset at Cabi  n Pivot Angle P at height z (m)

Note that when the Cabin Pivot angle offsets thecRISuperelevation angle such that the Cabin
is level, the Cabin Pivot Angle Radius Offset is.g,,15(y,z,—Tg) = y.

Since the track is curved but the Cabin is straitji® center of the Cabin, (0,0,0), is off the krac
circle by an additional offset ef, per Equation 7.

C, 2
Tco = 7‘7"2 - (7_WT0> — I7

Equation 7: Chassis Centerline Center Offset at poi  nt equidistant between truck centers (m)

where (see Figure 13 and Figure 30):

rr = Track Radius (m)

Te = Track Superelevation (Bank) Angle (degrees)

P, = Pivot Axle Height (distance from track base begw upper rails to Pivot Axle Center) (m)

Cpo = Cabin Pivot Offset (distance from Pivot Axle @arto Cabin bottom) (m)

P = Cabin Pivot Axle Angle (degrees)

CL = Cabin Length (m)

Cw = Cabin Width (m)

W+o = Car Wheel Truck Offset (distance from cabin emdearby chassis truck center) (m)
(Same distance for front and rear trucks for aitaglGVCs to each other.)

x = Cabin length position (distance between caloarfcoordinates (-G2, 0) and (¢/2, 0) (m)

y = Cabin width position (distance between calbdoflcoordinates (0, +@2) and (0, @/2) (m)

As per Equation 4, the radius from the track cicgater to a point at coordinates (X, y) on a
cabin floor is the track circle radius that is etfdy the effect of the track superelevation angle,
the cabin pivot angle, the chassis centerline caitset, and the cabin floor position (X, y)
offsets.

The track superelevation angle radius offset, Eqodi, is zero when the superelevation angle is
zero, but is equal to the Pivot axle center heighin the superelevation angle = 90° as would
be the case in a micro gravity environment, seargi§o.

Similarly, the pivot angle radius offset, Equati®ns zero when the pivot angle is equal to the
negative of the track superelevation angle (wherHBV is stopped, see Figure 19). In the case
when the sum of the track superelevation angletlaadabin pivot angle is 90°, i.e., when the
cabin floor is perpendicular to the track circlaq, the pivot angle radius offset is equal to the
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cabin floor height from the pivot axle, see FigBfe For a “second-story cabin,” this height is
increased by the height of the first-story cabine Tiypergravity in the second story cabin
decreases accordingly.

The chassis centerline center offset is due teliassis and cabin being straight lengthwise and
not being arced at same radius as the track. Caaady, the chassis lengthwise centerline

forms a chord intersecting the track circle asstiated in Figure 13, where the each truck center-
point is the track radius from the track circle teenThe chassis centerline offset is essentially
the chord height measured midway between the chassk centers.
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APPENDIX C: HGVC TRACK CAPACITY

The maximum number of HGVCs that can fit on a dactrack is a function of the track radius,
the maximum track-circle incursion distance, the\Mfdength at this distance, and the
minimum cabin spacing margid,,,, between HGVCs (to avoid collisions between thpeitmer
rear corner of a cabin on an HGVC and the top ifroet corner of a cabin on the immediately
following HGVC as shown in Figure 14) when pivotitige cabins. The problem is essentially to
maximize n for an n-gon:

Figure 31: Maximum Dodecagon in a Circle
Figure 31 depicts a Dodecagon (12-sided n-gon) Mgthertices on a circle. The length of each

side ¢, with both vertices on the circle, can Hewated using the law of cosineg,<& *b? -
2abcoqC). This equation is restated in Equation 8.

2T
c = r\/Z—Zcos(—)
n

Equation 8: n-gon side length

where:

¢ = Length of each side of a n-gon (m)

n = number of sides of the circumscribed n-gon, &&= 2i/n
r = Circle radius (m)

By substitution and maximizing n, Equation 8 isorefulated as Equation 9.

. 21

n,,, = trunc

m cos-1 (1 _ (Cr CLm)Z)
2(rr — 1)

Equation 9: Maximum number of HGVCs
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where:

N, = the maximum number of n-gon sides, each whiphesents an HGVC Cabin top inside
edge

Cr; = the total HGVC Cabin inside edge length forcalbins on the HGVC (m)

C.m = the minimum Cabin length margin between top iraabin corners of adjacent HGVCs,
i.e., the length the cabins can be increased wittalliding when pivoted (m)

rr = Track Circle Radius (m)

r; = maximum radius corner incursion offset of an HG®abin defined by Equation 11

The maximum radius corner incursion offset of anM3Cabin,r;, occurs when the Cabin is
tilted such that the height of the upper inner @dfdge are the same height as the Cabin Pivot
Axle center, which occurs at the Cabin Pivot Anglg, and is defined by Equation 10.

2(Cry + CP0)> 180

Py = tan™1 < -

B
CTW

Equation 10: HGVC Cabin Pivot Angle that maximizes  top inner edge incursion

where:

Cry = Cabin Total Height (total Cabin Height of alllida Stories)

Crw =Cabin Total Width (total includes any Cabins adidde the center Cabin)
Cpo = Cabin Pivot Offset (distance from Pivot Axle @arto Cabin bottom) (m)
Tg = Track Superelevation (Bank) Angle (degrees)

The maximum radius corner incursion offsetjs defined by a special case of the Cabin Point
Radius equation (Equation 4) where the point ibilCroof inner corner (assuming the Cabin is

centered on the Chassis) and the Cabin Pivot &glB,,,,,, and is parameterized in Equation
11.

11 =717 — Tos(Crr/2, Crw /2, Cry + Cpo, Pimy)
Equation 11 : HGVC Cabin Maximum Radius Corner Incu  rsion Offset (m)

Oncen,,, is determined, the actual minimum cabin distaspag¢ing margin) between top inner
cabin corners of adjacent HGVCS,,,,, can be determined by Equation 12.

2T (M — 2)T
Com = — ) [2-2 ( ) —Cpy |- sin [ —2 =
sm (rp rl)\/ cos . TL Sln( 20,

Equation 12: Minimum Inter-HGVC Cabin Spacing (betw  een top inner corners)

Consider the following example. For the multi-cabi@VC shown in Figure 23 with each Cabin
4m high, 4m wide, and the side Cabins 12m l@hg, = 2-4=8m, and';,, = 4 + 2-12=28m. For
a 300m diameter track with a superelevation anigge30°, a Pivot Axle height af,=3.4m, and

a Cabin Pivot Offsef,, = 1.5m, the Pivot Angle that maximizes the Cahitursion into the
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track circle is khx = 4.16° per Equation 10 and the maximum radiuseoincursion offset ig;
=18.3m per Equation 11, but for a 4x4x24m singlbie HGVC, Ry = 36° and the incursion
offsetr; = 5.2m. Consequently per Equation 9, with a minin@afin length margig,,,,=
0.25m, the maximum number of multi-cabin HGVCs thatk fit on the track is mx = 34, with a
Cabin spacing minimum df,,, = 29cm per Equation 12. Similarly the maximum nemaf the
single-cabin HGVCs on a 300m dia. track is # 37 with a Cabin spacing minimum &f,, =
s6cm.

In the above example, only 34 of the specified raabin HGVCs will fit on a 300m dia. track.

If the system is designed such tRgt,, + Tz = 90°, that is the HGVCs Cabins are always
perpendicular to the rotation plane as would bectts® on-orbit and on low-gravity bodies like
the Moon, 36 HGVCs would fit in a 300m diameteclkdr On Earth, 36 of the same size HGVCs
require a 315m track diameter, i&:,= 157.5m, per Equation 9, due to the maximum cabin
incursion offset of 18.36m per Equation 11. ThistBBVC configuration is described in section
2.8.3 ESHGF Hub-and-Spoke Subsystem Architecture.
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