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SPACECRAFT WITH ARTIFICIAL GRAVITY
MODULES

ORIGIN OF INVENTION

The mvention described herein was made by an employee
of the United States Government and may be manufactured
and used by or for the Government of the United States of
America for governmental purposes without the payment of
any rovyalties thereon or therefor.

BACKGROUND OF THE INVENTION

Technical Field of the Invention

The present disclosure relates generally to spacecratt for
outer space exploration and commercialization.

More specifically, the present disclosure relates to space-
craft capable of generating artificial gravity environments.

Description of the Prior Art

Space travel 1s becoming more and more accessible 1n
recent years with the advancement of private space pro-
grams, such as those underway by Blue Origin, SpaceX and
Sierra Nevada Corporation. Trips 1nto space can be as short
as minutes or hours aboard spacecrait intended solely to
provide a brief space experience to travelers or deliver cargo
to space. However, there 1s a growing demand for overnight
space habitation as the space tourism industry grows. Fur-
thermore, non-commercial space programs, such as NASA’s
Mars Exploration Program, are investigating long term
space exploration trips that can last months or years before
a return to the gravity of Earth 1s contemplated.

For both space tourism and space exploration, there 1s
interest in generating artificial gravity in space for enter-
tainment purposes and health concerns, respectively. For
example, space tourists can be interested in experiencing
different types of gravitational environments outside of the
zero gravity (0G) environment of space and the 1G envi-
ronment of Earth, such as a 0.4G partial gravity environment
that simulates gravity of the Moon. Furthermore, it 1s
desirable to replicate the 1G environment of Earth 1n space
over a long period of time for long term space exploration
operations to minimize health risks of 0G exposure.

While short term or imtermittent exposure to a 0G envi-
ronment appears to not pose a health risk, long term expo-
sure has been found to pose significant risk for negative
health effects on the human body including, for example,
deterioration of the skeleton, muscle atrophy, balance dis-
orders, eyesight disorders, changes 1n the immune system,
reverse blood flow, and clotting in the jugular vein.

Conventional systems for generating artificial gravity in
space involve large rotating space stations that create an
inertial force that mimics the effects of a gravitational force.
In such examples, the entire space station rotates to generate
the artificial gravity. For example, the Gateway foundation,

doing business as Orbital Assembly Corporation, has plans
to commercialize a large rotating space station for space
tourtism purposes. Other examples of rotating spacecrait are
described in U.S. Pat. No. 3,300,162 to Maynard et al.; U.S.
Pat. No. 10,207,826 to Dharmaraj et al.; U.S. Pat. No.
10,099,805 to Dharmaraj et al.; Pat. Pub. No. US 2006/
0163434 to Patel et al.; and Pat. Pub. No. US 2015/0108280
to Willard, Jr.

SUMMARY OF THE INVENTION

The present mventor has recognized that problems to be
solved with generating artificial gravity with large rotating
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structures include, among other things, 1) the difficulty 1n
docking other spacecrait to the rotating spacecrait; 2) the
need to mass balance the entire rotating space craft in order
to eliminate or minimaize rotational imbalance; 3) the need to
mass balance the spacecraft in real-time so as to minimize
passenger discomiort and structural stress on the spacecratt;
4) the generation of extraneous Coriolis eflect on spacecratit
inhabitants; 5) the potentially prohibitive cost, time and
schedule to bwld such a large rotating system; and 6) the
absence or minimal presence ol non-rotating structure for
0G research and industrial use.

The present disclosure can help provide solutions to these
and other problems by providing systems, devices and
methods relating to a non-rotating spacecrait to which are
connected modules moving thereon that can be used for
habitation and other purposes. The spacecrait can be a
simple frame having a track to facilitate movement of the
habitation modules, an orbiting space station or a space-
traveling vessel. Habitation modules can be accelerated to a
constant angular velocity to generate artificial gravity envi-
ronments for passengers to, among other things entertain
passengers and alleviate health risks, while the other por-
tions of the spacecrait can remain stationary to facilitate
other functions, such as spacecraft docking and zero gravity
research.

As such, the present disclosure can help solve the prob-
lems referenced above and other problems by 1) providing
modular artificial gravity structures that can be added and
removed from a non-rotating structure as desired; 2) pro-
viding modules that are more easily built and balanced; 3)
providing a stationary structure that can provide a platform
for other components that do not need gravity to function;
and 4) reducing or eliminating Coriolis eflect on occupants
in habitation modules.

In an example, a spacecralt capable of generating artificial
gravity can comprise a first track having a geometric center
and a rotation axis extending through the center, the first
track defining a path surrounding the center, a first module
configured to engage and travel along the first track to travel
around 1n a circular-type path with curvilinear motion and
generate an artificial gravity environment within the first
module through centripetal force, a second module config-
ured to engage the first track opposite the first module 1n a
circular-type path with curvilinear motion and generate an
artificial gravity environment through centripetal force, and
a balancing system for the first and second modules config-
ured to mass balance the first and second modules relative to
cach other.

In another example, a method of operating a spacecrait to
generate artificial gravity i a habitation module can com-
prise operating a frame 1n space, engaging a lirst and a
second habitation module, moving the first and second
habitation modules about the frame, and mass balancing the
first module relative to the second module to maintain
balance of the spacecratt.

In an additional example, a spacecralt capable of gener-
ating artificial gravity can comprise a first substantially
circular track enclosing an area with a geometric center, the
spacecralt capable of generating an artificial gravity envi-
ronment and orbiting a lunar or planetary mass, a first
module configured to travel via engagement with the first
track 1 a circular-type path with curvilinear motion and
generate artificial gravity through centripetal force, a second
module configured to travel via engagement with the first
track opposite the first module to 1n a circular-type path with
curvilinear motion and generate artificial gravity through
centripetal force, and a balancing system for the first and
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second modules configured to mass balance the first and
second modules relative to each other to reduce overall

imbalance of the spacecratt.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic view of a spacecrait including a
plurality of different operational modules and a pair of
opposing habitation modules configured to generate artifi-
cial gravity, according to some embodiments.

FIG. 1A 1s a schematic view of spacecrait 10 operating in
space to orbit a lunar or planetary mass, according to some
embodiments.

FIG. 2 1s a schematic view of a habitation module
comprising a thruster, coupling hitches and a bearing assem-
bly configured to engage a rail of a spacecraift, according to
some embodiments.

FIG. 3 1s a schematic cross-sectional view of a bearing
assembly for coupling an orbiting habitation module to a rail
ol a spacecraft, according to some embodiments.

FIG. 4 1s a schematic perspective view ol a habitation
module comprising a plurality of balancing elements posi-
tioned relative to habitation space, according to some
embodiments.

FIGS. 5A and 5B are schematic top and side views of
habitation modules configured to orbit a spacecrait, respec-
tively, showing habitation space axes of the habitation
modules arranged relative to a rotation axis to minimize
Coriolis eflects, according to some embodiments.

FIG. 6 1s a schematic view of a spacecrait having con-
centric rails for habitation modules and transport modules,
according to some embodiments.

FIG. 7 1s a schematic perspective view of a spacecraft
having axially aligned rails for habitation modules and
transport modules, according to some embodiments.

FIGS. 8A and 8B are schematic views showing attach-
ment of additional habitation modules to orbiting habitation
modules using transport modules on a radially imnward rail,
according to some embodiments.

FIG. 9 1s a schematic view of three concentric rails that
can be used to provide habitation modules that generate
different levels of gravity, according to some embodiments.

FIG. 10 1s a schematic view of a plurality of habitation
modules being linked 1n trains on different rails, according,
to some embodiments.

FIG. 11 1s a schematic view of concentric rails 1llustrating,
a habitation module linked to outer and inner rails, according
to some embodiments.

FI1G. 12 1s a schematic view of concentric rails 1llustrating
an overhead-mounted transportation module transferring
cargo from the inner rail to an overhead-mounted habitation
module on the outer rail, according to some embodiments.

FIG. 13 15 a schematic diagram 1llustrating components of
a controller for the spacecrait with artificial gravity modules
described with reference to FIGS. 1-12 and with which any
methods described herein can be executed, according to
some embodiments.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

FIG. 1 1s a schematic view of spacecrait 10 including a
plurality of different operations modules 12A-12K and a pair
ol opposing habitation modules 14A and 14B configured to
generate an artificial gravity experience and environment for
module occupants and contents. Spacecrait 10 can comprise
substantially circular frame 16, which 1n some embodiments
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4

includes a platform upon which other components can be
mounted and upon which habitation modules 14A and 14B
can be configured to travel. As discussed herein, habitation
modules 14A and 14B can propelled around frame 16 to
generate artificial gravity for module occupants and con-
tents, while frame 16 can be left to orbit 1n space or travel
directionally in space, e.g., via thrusters, without itself
rotating. FIG. 1A 1s a schematic view of spacecrait 10 left to
orbit 1n space, which includes spacecraft 10 orbiting a lunar
or planetary mass 15, according to some embodiments.

Frame 16 can be configured as a simple rail or track that
habitation modules 14A and 14B can be operated with. Thus,
the 1mnside of frame 16 of FIG. 1 do not have other structures
12A-12K as shown. In some embodiments, an attitude
control system keeps frame 16 stationary in orbit, or non-
rotating, while traveling directionally in space. However,
frame 16 can include additional structures upon which
operations modules 12A-12K can be mounted to allow
frame 16 to function as a space station or spacecrait. Thus,
the 1inside of frame 16 of FIG. 1 can include beams, struts,
or other supporting structures to mount operations modules
12A-12K. In examples, frame 16 can comprise an indepen-
dently functioning vessel having passageways and spaces
for personnel and equipment to be located. Thus, the nside
of frame 16 i FIG. 1 can be constructed with a skin
structure on all or part of the frame that both provides
support for operations modules 12A-12K and houses use-
able space. However, frame 16 can be configured to operate
in orbit or operate while being propelled through space
without generating rotational motion. Thus, frame 16 can be
considered a stationary structure, e.g., non-rotating about
center 18, relative to habitation modules 14A and 14B.

Operations modules 12A-12K can comprise various mod-
ules, such as spacecrait refueling modules, space telescope
modules, solar panel modules, thermal control modules,
attitude and/or navigation control modules, communications
modules, science and research modules, manufacturing
modules, habitation modules, equipment resupply modules,
storage modules, water treatment and storage modules,
spacecrait docking modules, waste management modules,
habitation storage modules, observational modules, and
spacecrait hangars. Thus, operations modules 12A-12K can
allow spacecrait 10 to operate with other spacecrait or to
function as an individually operating space station or space
travelling vessel. Operational modules 12A-12K can be
configured to operate 1 zero gravity environments due to
coupling with frame 16. However, 1n examples, operations
modules 12A-12K can be repositioned to travel along frame
16, like habitation modules 14A and 14B, for orbit and
gravity generation using suitable elevators, tracks, or trans-
port devices, such as those described herein.

Habitation modules 14A and 14B can be configured as
housing structures 1n which personnel of spacecraft 10 can
live. As such, habitation modules 14A and 14B can include
rooms having walls, floors and ceilings, bathrooms, sleeping
areas, kitchens, and the like. Habitation modules 14A and
14B can be configured to be propelled about frame 16 at one
or more angular velocities to generate artificial gravity
without requiring a particular motion or rotation of frame 16.
In examples, habitation modules 14A and 14B can comprise
thrusters 20A and 20B, respectively. However, habitation
modules 14 A and 14B can be propelled by other means, such
as rotary motors, electromagnetic propulsion, 1onic propul-
s10n, gas propulsion, and electric propulsion. Frame 16 can
comprise structures that habitation modules 14A and 14B
can engage with, such as rails, tracks, channels, passage-
ways and the like to, for example, prevent habitation mod-
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ules 14A and 14B from separating from frame 16 and allow
for the generation of inertia. Habitation modules 14A and
14B can be operatively connected to frame 16 via any
suitable means to facilitate traveling upon frame 16, such via
the means described herein. In examples, bearing assemblies

40 (FIG. 3) can be used to attach habitation modules 14A
and 14B to frame 16.

In examples, frame 16 can have a circular outer perimeter
that defines center 18. However, frame 16 can embody other
shapes such as oval, capsule or elliptical. Circular shapes
are, however, easier for the generation of constant accelera-
tion that produces a consistent artificial gravity experience
within habitation modules 14A and 14B. Frame 16 can
comprise a large diameter ring structure. In examples, frame
16 can have a diameter of approximately 1,400 feet (~427
meters) or larger, or at least the size necessary to eliminate
Coriolis effects or reduce them to a tolerable level for human
or animal occupants, while generating the desired amount of
artificial gravity eflect for the habitation modules. As
explained herein, having a diameter of approximately 1,400
teet or larger can help reduce or eliminate Coriolis eflfects,
particularly when combined with an orbital speed of less
than approximately two revolutions per minute. In
examples, habitation modules 14A and 14B can be config-
ured to operate on opposites sides of frame 16 along axis Al,
at approximately one-hundred-eighty degrees apart or a
suitable distance for balancing frame 16 to reduce the need
to use corrective propulsion to maintain its stability and
avold wobble. Habitation modules 14A and 14B can be
individually propelled along frame 16 without coupling or
tethering to each other. As such, frame 16 can comprise a
non-rotating space station comprising a non-rotating large
diameter ring structure. In examples, there can be two
habitation modules 14A and 14B positioned at opposite
positions or other positions to achieve balance of the whole
spacecrait structure while traveling on a circular rail 30
(FIG. 2), for example, at one-hundred-eighty degrees apart,
and can travel at a constant velocity to generate artificial
gravity at each module. In addition, other modules, includ-
ing additional habitation modules, service modules and
transport modules, such as can be arranged 1n balanced pairs
on rail 30 or other rails, can be used to service, resupply, and
transport people to and from habitation modules 14A and
148, as 1s discussed below with reference to FIGS. 6-12.
While frame 16 has been described to have geometric shapes
such as circular, oval, or elliptical, it 1s understood by those
of skill 1n the art that due to manufacturing imperiections,
embodiments of frame 16 can be of an irregular closed shape
approximating the geometric shapes without departing from
the scope and spirit of the mventive concepts disclosed
herein.

In view of the foregoing, spacecraft 10 can be configured
to provide all the benefits of having artificial gravity in a
spacecrait for entertainment and health purposes, without
the complexity and energy cost of a completely rotating
spacecrait. Habitation modules 14A and 14B can be oper-
ated together to generate any desired level of artificial
gravity for the occupants of the modules, and frame 16 can
be operated as a stationary crait to, among other things,
facilitate docking with other spacecrait, such as supply
vehicles. In general, docking a spacecrait to a fully rotating,
space station can be a challenging and risky operation.
Spacecrait docking operations are, however, desirable for
re-supplying spacecrait 10 and for transporting space
explorers to and from it. Docking other spacecrait to space-
craft 10 1s made easier by the relative stationary operation of
frame 16.
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The stationary large diameter ring structure of frame 16
can allow for easy addition and evolution of future capa-
bilities of spacecraft 10. In comparison, adding new capa-
bilities to a rotating space station 1s very diflicult because
any addition would create a mass 1mbalance problem that
will aflect the motion of the rotating space station.

FIG. 2 1s a schematic view of habitation module 14A
comprising thruster 20A, chassis 22, coupling hitches 24 A
and 26 A and bearing assembly 28 A configured to engage rail
30 of spacecrait 10. Bearing assembly 28A can comprise
engagement features 32A and 34A. Habitation module 14A
can comprise housing 38 A, which can comprise walls within
which features are provided for occupation by users and
passengers, such as beds, kitchens, toilets and bathing facili-
ties. FIG. 2 1s shows habitation module 14 A, and habitation
module 14B can be configured similarly.

As discussed, frame 16 can itsellf comprise rail 30. How-
ever, 1n additional examples and as shown i FIG. 2, a
separate, dedicated rail 30 can be attached to frame 16 such
that frame 16 comprises other structural components, e.g.,
beams and struts, supporting operations modules 12A-12K.
Rail 30 can be attached to frame 16 via brackets 36. The
number and spacing of brackets 36 can be selected based on
design needs. Additionally, frame 16 can comprise a plural-
ity of rails to which habitation module 14A can attach, such
as a second rail 30 further into the plane of FIG. 2. As such,
rail 30 1s one of a pair of parallel rails forming a track. While
embodiments herein are described 1n terms of one rail 30, it
1s understood that multiple rails can be employed as neces-
sary according to other embodiments.

Engagement features 32A and 34A can comprise features
that perform one or both of attaching habitation module 14 A

to rail 30 and facilitating movement of habitation module
14 A relative to rail 30. Engagement features 32A and 34A
can keep habitation module 14A at a fixed radial distance R1
from center 18 (FIG. 1), and also keep habitation module
14a coupled to rail 30. In examples, engagement features
32A and 34 A can comprise wheels or bearings. For example,
engagement features 32A and 34A can be configured as a
plurality of pairs of wheels that roll along the top, bottom
and side of rail 30, similar to those used on roller coasters
as are described in Pub. No. US 2018/0318722 to Smith et
al., which 1s hereby incorporated by reference 1n 1ts entirety.
In examples, engagement features 32A and 34A can com-
prise air bearings, as 1s discussed 1n detail with reference to
FIG. 3. Engagement features 32A and 34 A can each be one
of a pair of engagement features with the paired engagement
teatures being located, for example, further into the plane of
FIG. 3 to engage a second instance of rail 30.

Thruster 20A can be used to propel habitation module
torward 1n direction D1. However, due to coupling to rail 30
via bearing assembly 28 A, habitation module 14 A can move
along arcuate path Al. Accordingly, artificial gravity 1is
generated 1n the direction of arrow G1. Propulsion at a
constant speed for a circular frame 16 can produce a
consistent gravitational eflect. The speed at which thruster
20A propels habitation module 14 A correlates to the amount
of gravity at G1. Likewise, the length of radius R1 1s directly
proportional to the magnitude of gravity at G1 for a given
speed. Furthermore, increasing the length of radius R1 waill
reduce the adverse eflects of the Coriolis forces on a user of
habitation module 14A. Studies have shown that a revolu-
tionary period of more than 30 s, or less than 2 revolutions
per minute, can mitigate dizziness, nausea and disorientation
caused by Coriolis effects on a person subject to rotational
force. The radius required with such restrictions on rpm to
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produce the standard Earth gravity of 1G can be calculated
by using the centripetal force formula Eq. 1:

(1)

where R 1s the rotational radius, a 1s the acceleration or
gravity, T 1s the rotational period i seconds. To have a
revolutionary period of less than 2 rpm, then a radius
R=~223 meters (733 feet) would be the minimum radius
needed for a gravitation acceleration of a=1G (9.8 m/s”). At
that size, the constant velocity around frame 16 would be
approximately 46.7 m/s, or 104 mph to make one revolution
in 30s at 2 rpm. For a circular rail 30, the angular velocity,
acceleration, and speed can be set at a constant rate. For
other shapes of rail 30, the angular acceleration and speed
can be adjusted to maintain a consistent gravitational effect.

Habitation module 14A can be provided with other fea-
tures to facilitate operation with frame 16 and other mod-
ules. Chassis 22 can be used as a platform for the linking of
housing 38A and engagement features 32A and 34A to link
habitation module 14A to rail 30. Chassis 22 can include
coupling hitches 24 A and 26A to link habitation module 14A
to other modules, as 1s shown 1n FIGS. 8B and 10, for
example. Coupling hitches 24A and 26A can comprise
devices to allow for selective linking and unlinking of other
modules forward and aft of habitation module 14A. Cou-
pling hitches 24A and 26A can comprise any suitable
connectors, such as pinned connectors, chained connections,
and connectors common 1n the railroad industry, such as
Janney couplers and Tomlinson couplers. In examples, cou-
pling hitches 24 A and 24B can comprise electric or magnetic
couplers. Also, coupling hitches 24 A and 24B can be used to
form electrical connections between modules, such as for
electric power, communications and the like, and fluid
connections between modules, such as for mass balancing,
water resupply, waste management and the like. Though not
shown 1n FIG. 2 for simplicity, chassis 22 can be provided
with braking devices to control the velocity to provide
steady amounts of artificial gravity and slow or stop move-
ment of habitation module 14A on rail 30. The braking
devices can comprise any suitable device as 1s known 1n the
art.

FIG. 3 1s a schematic cross-sectional view of bearing
assembly 40 for coupling habitation module 14A to rail 30
of spacecraft 10. FIG. 3 is taken at section 3-3 of FIG. 2
looking 1n the circumierential direction. Bearing assembly
40 can comprise first bearing 42A, second bearing 42B and
bracket 44. Rail 30 can be attached to frame 16 of spacecraft
10 via bracket 36. Bracket 44 can be attached to chassis 22
of habitation module 14A. Bearings 42A and 42B can extend
from bracket 44 to partially surround rail 30. Air source 46
can be connected to bearings 42A and 42B to provide
pressurized air thereto. Each of engagement features 32A
and 34A of FIG. 2 can comprise an instance of bearing
assembly 40. In examples, habitation module 14A can be
provided with four or more of bearing assemblies 40 to
provide stability to habitation module 14A.

Rail 30 can comprise an elongate structure extending
around the circumference of frame 16. Rail 30 can comprise
a plurality of arcuate segments connected together. In the
illustrated example, rail 30 1s shown having a circular
cross-sectional area. However, other cross-sectional areas
can be used, such as square, rectangular, hexagonal and the
like. Rail 30 can comprise a solid structure or can be tubular.
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Bracket 36 can comprise any suitable structure for fixing,
e.g., immobilizing, the position of rail 30 relative to frame
16. Bracket 36 can extend rail 30 a distance away from
frame 16 to provide suitable clearance for the operation of
bearing assembly 40. Thus, housing 38A (FIG. 2) can be
positioned a distance above frame 16. However, habitation
module 14A can be configured such that housing 38A 1s
recessed into frame 16.

Bearings 42A and 42B can be curved to fit around the
curvature of rail 30 to prevent bearing assembly 40 and
housing 38A attached thereto from separating from frame
16. Thus, bearings 42A and 42B can simultaneously provide
a coupling between habitation module 14A and rail 30 and
allow for a low friction, rolling or sliding arrangement.

FIG. 3 illustrates habitation module 14A mounted to the
outer diameter side of rail 30. In examples, habitation
module 14A can be configured to extend radially inward
from frame 16, rail 30 or another structure such that bearing
assembly 40 1s positioned on the radially outer side of
habitation module 14 A, as shown 1n FIG. 12, as opposed to
the radially inner side of habitation module 14A, as shown
in FIGS. 1-3. Operation of habitation module 14A and
bearing assembly 40 inside rail 30 can provide a fail-safe for
bearing assembly 40 by rail 30 forming a barrier to separa-
tion of habitation module 14A from spacecraft 10 due to
centrifugal forces acting to push habitation module 14A 1nto
the inside curvature of rail 30, as opposed to pulling away
from the outer curvature of rail 30.

Bearing assembly 40 can be configured to reduce friction
between habitation module 14A and rail 30 or frame 16.
Reduction of friction can reduce the amount of work needed
to be performed by thruster 20A (FIG. 2), as well as the
amount of fuel or energy spacecraft 10 has to have available,
thereby saving space and weight. Reduction of friction can
additionally reduce noise and vibration within housing 38,
thereby 1improving user experience.

Bearing assembly 40 can comprise air bearings, which
can utilize pressurized air to cushion chassis 22 from contact
against rail 30. Thus, an air cushion can be provided between
chassis 22 and rail 30 that reduces friction, noise and
vibration. Bearings 42A and 42B can be configured to
discharge pressurized air, such as air from air source 46,
against rail 30. Bracket 44 can thus comprise a hollow
structure configured to direct air from air source 46 to
bearings 42A and 42B. The force of the pressurized air jets
can push bearings 42A and 42B away from rail 30. Addi-
tionally, the space between rail 30 and bracket 44 can fill
with pressurized air to form an air cushion. In examples,
bearing assembly 40 can comprise air bearings configured
according to U.S. Pat. No. 3,610,365 to Maddox et al., which
1s hereby incorporated by reference in 1its entirety.

Ailr bearings of the present disclosure can allow for
utilization of levitation technology to guide and support
habitation and transportation modules on circular rails. With
air-bearings, there 1s no contact with the rails, hence there 1s
no friction to overcome and no extraneous vibrations and
acoustic noise generated that would disturb the modules.
Propellent or thrust 1s required only to propel the modules to
a constant speed on the circular rails. Air bearings can be
attached to the modules or implemented within the circular
rail.

A1r bearing technology has successfully been developed
for high precision motion control of a vehicle that did not
create extraneous motion cues, enabling scientific experi-
mentations to occur that are extremely sensifive to extrane-
ous motion cues. See Mah, Robert (1988). “Threshold

Perception of Whole-Body Motion to Linear Sinusoidal
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Stimulation” (doctoral thesis). Stantord University, Stan-
tord, Calif. With such system, a voice coil (less than 1 Ib.
force) 1s used to propel and control the motion of the vehicle
to create very accurate sinusoidal motion stimuli to conduct
research such as human vestibular research. With the present
disclosure, the application of air bearing technology to
support the habitation modules as they travel around a
circular rail will result 1n very precise artificial gravity (i.e.,
no extraneous motion cues). Moreover, the non-rotating,
large diameter wheel structure will not be subject to gyro-
scopic precession and nutation motion so the artificial grav-
ity environment will be not be perturbed.

FIG. 4 1s a schematic perspective view housing 38 of
habitation module 14A comprising a plurality of balancing
clements 50A-50P positioned relative to habitation space.
Housing 38 can be disposed 1n three-dimensional space as
defined by X, Y and Z axes. Housing 38 can comprise end
surtaces 52A and 52B and side surtace 54. Surfaces 52A and
52B and side surface 54 can comprise a skin or outer layer
of housing 38 within which 1s defined habitation space.
Space within housing 38 can be divided into quadrants
defined by planes 56 A and 56B.

As discussed herein, balancing elements S0A-50P can be
adjusted 1n tandem on habitation modules 14A and 14B to
reduce gyroscopic precession and nutation or wobble of
spacecrait 10 relative to center 18 and axis 62 (FIG. 5B).
Additionally, balancing elements 50A-50P can be adjusted
on each of habitation modules 14A and 14B to individually
balance habitation modules 14A and 14B relative to rail 30.

Space within housing 38 can be used for habitation or
other purposes by occupants, e.g., personnel 64 (FIG. 5B).
Thus, the space within housing 38 can include walls, ceil-
ings, floors and the like, which are not illustrated for
simplicity. The interior of housing 38 can be configured 1n
any desirable manner. As such, housing 38 can be configured
as a transportation module (e.g., transportation modules 72A
and 72B of FIG. 6) or service module as described herein.
Balancing elements 50A-50P can be connected to housing
38 so as to minimize with the occupiable or habitable space
within housing 38. Balancing elements S0A-50P can be
enclosed within walls of housing 38.

In some embodiments, balancing elements S0A-50P can
comprise solid counterweights. Balancing elements S0A-
50P can be configured to move to, for example, balance
habitation module 14A. The process of balancing of habi-
tation module 14A can be coordinated 1n conjunction with
the process ol balancing of habitation module 14B (FIG. 1).
Thus, habitation modules 14A and 14B can be balanced to
mimmize or eliminate imbalance of spacecraft 10 as a
whole. In particular, habitation modules 14A and 14B can be
balanced to maintain the weight distribution of each of
habitation modules 14A and 14B centered within each of
habitation modules 14A and 14B so that the effects of
habitation modules 14A and 14B on spacecrait 10 cancel
cach other out. Thus, as people and cargo move around
within housing 38, balancing clements S0A-50P can be
moved to maintain the center of gravity.

In other examples, the mass of one or more balancing
clements 50A-50P can be changed, such as by pumping a
liquid, such as water, into and out of balancing elements
50A-50P.

Additionally, as people and cargo move mnto and out of
housing 38, solid or liquid-filled balancing elements can be
subtracted and added to housing 38. For example, transport
modules 72A and 72B (FIG. 6) can be used to transport
additional balancing elements to and from housing 38. In
additional examples, balancing elements S0A-50P can be
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added through non-contact injection of counterweights from
frame 16 and removed through ejection of counterweights
onto {rame 16.

The mass balancing system can be operated continuously
to reduce to acceptable levels any dynamic mass imbalances
created 1n housing modules 14A and 14B due to, for
example, movement ol people and other activities.

In examples, balancing eclements 50A-50P can be
mounted on rails connected to the frame of housing 38. The
position of balancing elements 50A-50P on such rails can be
adjusted electromagnetically or mechanically, such as by
using a chain and gear system. The positions of balancing
clements 50A-50P can be controlled in real time using a
spacecrait controller that coordinates operation of spacecrait

10 and habitation modules 14A and 14B. Habitation mod-

ules 14 A and 14B, as well as each balancing element, can be
provided with various sensors to provide feedback to and
from the spacecraft controller (e.g., controller 150 of FIG.
13) to mnform the positional adjustments of and caused by
balancing elements 50A-50P. For example, housing 38 can
be provided with sensors 38A-58D. In examples, sensors
58A-58D can comprise load sensors or load cells that can
convert tension and compression forces mnto an electrical
signal. A combination of three load sensors can be used to
determine force and moment to determine mass properties of
habitation module 14A. Balancing of habitation modules
14A and 14B can be 1nitiated upon the beginning of their
traveling about frame 16 such that modules 14A and 14B
will be balanced with the final rate of revolution 1s reached.

With further reference to FIG. 4, in order to facilitate
real-time and rapid balancing of habitation module 14A,
balancing elements 50A-50P can be distributed about hous-
ing 38. Balancing elements S0A-50P can be grouped 1n pairs
along opposite portions of the edges of planes 56 A and 56B.
Planes 56A and 56B can be perpendicular to each other.
Balancing elements S0A and 50B can extend in the X
direction on an upper edge of plane 56B. Balancing elements
50C and 50D can extend in the X direction on a side edge
of plane 56A. Balancing elements SOE and S0F can extend
in the X direction on a bottom edge of plane S6B. Balancing
clements 50G and 50H can extend 1n the X direction on a
side edge of plane 56 A. Balancing elements S0I and 50J can
extend in the Y direction on an end edge of plane 56B.
Balancing elements 50K and 50L can extend in the Z
direction on an end edge of plane 56A. Balancing elements
50M and 50N can extend in the Y direction on an end edge
of plane 56B. Balancing elements 300 and S0P can extend
in 7 direction on an end edge of plane S6A.

Balancing elements 50A-50P can be balanced utilizing
artificial intelligence (Al) technologies to perform dynamic
mass balancing in near real-time. In examples, balancing
clements 50A-50P can be operated according to procedures
and methods described in the following publications, the
contents of which are hereby incorporated by reference as 1f
tully set forth herein:

a. Mah, R. W., Automated Centrifuge Balancing Using

Neural Net/Fuzzy Logic Controllers-Mass Balancer

Tradeofl Analysis, NASA Ames Research Center, Sep-
tember 1993;
b. Wilson, E., Mah, R. W., Automatic Balancing and

Intelligent Fault Tolerance for a Space-Based Centri-

:hge AIAA Guidance, Navigation, and Control Con-

ference, San Francisco, August 2003;

c. Mah, R. W,, et. al., Development of Telescope Balanc-
ng Methedelegles for SOFIA, Astronomical Tele-
scopes and Instrumentation, Kona, Hawai, March
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1998. Also published 1n Society of Photo-optical
Instrumentation Engineers, Volume 33354-127; and

d. Wilson, E., Mah, R. W., et. al., Imbalance Identification
and Compensation for an Airborne Telescope, 1n Pro-
ceedings of the 1998 American Control Conference,
Volume 2, pp. 856-860, Philadelphia, Pa., June 1998.

The present disclosure can utilize an “active interroga-
tion” methodology that can sately and accurately determine
the effect of mass 1mbalances on artificial gravity 1in space.
The interrogation can provide space station controllers (e.g.,
controller 150 of FIG. 13) with operational constraints that
can maintain artificial gravity at an acceptable level (e.g.,
s1ze and location of people and group gatherings, and the
number and quantity of people/supply transported to/from
habitation modules.

The basic configuration for artificial gravity in space 1s
paired habitation modules traveling at a constant velocity on
opposite sides of a stationary circular rail while approxi-
mately 180 degrees apart, as described herein. The habita-
tion modules can be balanced in real-time during the slow
ramp-up from O velocity to the final velocity using the
onboard mass balancing mechanisms, e.g., balancing ele-
ments S0A-50P. During this process, any mass imbalance
will be small and will be minimized in real-time by the
automated mass balancing mechanism. Such a process can
produce an accurate artificial gravity level at the habitation
modules, and the non-rotating large diameter platform can
remain stationary.

“Active 1nterrogation” 1s proposed as a way to determine
how much mass 1mbalances can be tolerated (1.e., accept-
able) before the artificial gravity level 1s negatively
impacted, 1.e., causing significant extranecous centrifugal
force/moment vibrations, gyroscopic precession, and gyro-
scopic nutation. Active mterrogation can involve generating
a known mass 1mbalance using one (or more) of the coun-
terweights (e.g., balancing elements 50A-50P) in the mass
balancing mechanism onboard a habitation module. This
way, a known mass imbalance will directly aflect the arti-
ficial gravity, and the effects can be measured using load
cells (e.g., sensors 58A-58D) mounted on the module’s
bearings, or directly using accelerometers.

Another way to generate a larger known mass 1imbalance
1s to use a single or a set of paired transport/servicing
modules. A known mass can be added to a single transport/
servicing module whose mass 1s known from load cell
measurement of the forces on the module’s bearings, or to
a pair of (and balanced) transport/servicing modules. The
transport/servicing module(s) can slowly ramp up from O
velocity to the velocity before which the artificial gravity
level becomes unacceptable. The effects of the mass 1mbal-
ance can be measured using load cells mounted on the
transport/servicing module’s bearings, or directly using
accelerometers.

In short, the knowledge gained from determiming the
cllect of mass 1mbalances on artificial gravity in space can
provide operational constraints that space station controllers
(e.g., controller 150) can use to maintain artificial gravity
level at an acceptable level.

FIGS. 5A and 5B are schematic top and side views of
habitation modules 14A and 14B configured to orbit space-
craft 10, respectively, showing habitation space axes 62A
and 62B of habitation modules 14A and 14B relative to
rotation axis 62. Personnel 64 can be located within habi-

tation modules 14A and 14B.

Rotation axis 62 can extend through center 18 (FIG. 1)
perpendicular to the plane of frame 16. Habitation modules
14A and 14B can be configured to travel along frame 16 1n
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curvilinear motion about axis 62 as described herein to
generate artificial gravity. As shown 1n FIG. 2 at arrow (1,
artificial gravity can generate radially outward forces. As
such, personnel 64 can be disposed within habitation mod-
ules 14 A and 14B with their feet positioned radially outward
of their heads from center 18 to simulate gravity.

The total acceleration experienced by personnel 64 (re-
terred herein as “Artificial Gravity”) can be defined by Egs.

2-4.
Total Acceleration=Artificial Gravity+Coriolis
Force+Acceleration (2)
Artificial Gravity=w“r (3)
Coriolis Force=2wxv (4)
where:

o(rpm): angular acceleration
r (m): radius
v (m/s): velocity

As 1s known, the Coriolis eflect can result 1n an inertial
force acting on an object within a frame of reference as the
frame of reference rotates. Thus, with reference to FIG. 5,
Coriolis forces are generated when personnel 64 moves
along frame 16 1n a habitation module. The Coriolis force 1s
perpendicular to the direction of motion and perpendicular
to the rotation axis 62. For motions 1n a plane perpendicular
to rotational axis 62, the Coriolis force 1s 1n the same plane
in FIG. SA tangent to the artificial gravity forces, or to the
left and right of habitation modules 14A and 14B in the
plane of FIG. 5A. Coriolis forces are generated 1nto and out
of the plane. For motions in a plane perpendicular to the axis
(62A, 62B) of the habitation modules, the Coriolis force 1s
in the same plane 1n FIG. 5B. However, Coriolis effects are
minimized for motions in the direction parallel to rotation
axis 62 1into and out of the plane of FIG. 5A and for motions
in a direction parallel to the axis (62A, 62B) of the habitation
modules to the left and right 1n FIG. 5B.

The orientation of the habitation modules 14A and 14B 1s
an i1mportant factor in configuration. Human beings can
experience the Coriolis effect as dizziness, nausea, disori-
entation, and the like. Coriolis forces are generated relative
to the direction of motion to the rotation axis and the effects
are thereby more pronounced as a human being moves 1n
different directions relative to rotation axis 62 the Coriolis
forces. For example, perpendicular movement toward/away
from the rotational axis 62 within the rotational plane can
exacerbate the Coriolis experience of a human being, while
oblique movement within the rotational plane causes less
Coriolis experience, and movement perpendicular to the
rotational plane causes no Coriolis experience.

As such, according to some embodiments, habitation
modules 14 A and 14B can be constructed as narrow and long
structures, and oriented perpendicular to the track of frame
16 1n a T-configuration, such that personnel 64 primarily
move mto and out of the plane of FIG. SA, and primarily
leftwards and nightwards 1n as shown in FIG. SB. Such
configuration of habitation modules 14A and 14B 1s perpen-
dicular to the typical configuration of a train car on a
railroad. Habitation spaces axes 62A and 62B thus extend
through elongate tubular bodies extending parallel to the
rotation axis 62. The cross-sectional area of habitation
modules 14A and 14B can be minimized to, for example, the
height and width of a single level long and narrow building
structure to eliminate large scale movement in the plane of
rotation. Thus, movement of personnel 64 in directions that
exacerbate Coriolis effects 1s minimized. With the orienta-
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tion of habitation modules 14A and 14B 1llustrated 1n FIGS.
5A and 5B, personnel 64 move less 1n the direction toward/
away/circumierentially to the rotation axis 62, the direction
that causes Coriolis effects. With this orientation of habita-
tion modules 14A and 14B, personnel 64 also move less in
the plane the habitation modules are traveling on rail 30, the
direction that causes Coriolis forces. For motions circum-
terentially 1n a plane that 1s perpendicular to the rotational
axis 62, personnel 64 will experience an increase 1n artificial
gravity force when moving in the spin direction of rotation
axis 62, and a decrease in artificial gravity force when
moving opposite the spin direction of rotation axis 62.
Personnel 65 will move primarily along axes 62A and 62B
of modules 14A and 14B, which 1s perpendicular to the
direction modules 14A and 14B are traveling on rail 30,
which 1s the direction that does not cause Coriolis eflects.

FIG. 6 1s a schematic view of spacecrait 10 having rail 30
and rail 70 located concentrically within rail 30. Habitation
modules 14A and 14B can be configured to operate with rail
30, as was previously discussed. Transportation modules
72A and 72B can be configured to operate with rail 70.
Habitation modules 14A and 14B can interact with rail 30
via bearing assemblies 28A and 28B, respectively. Trans-
portation modules 72A and 72B can iteract rail 70 via
bearing assemblies 74A and 74B, respectively. Bearing
assemblies 74 And 74B can be configured similarly as
bearing assemblies 28A and 28B such that transportation
modules 72A and 72B function with rail 70 in a similar
manner as habitation modules 14A and 14B interact with rail
30. Rail 70 can be independently supported by frame 16 (not
shown; see description with reference to FIG. 2) or can be
connected to frame 16 through connection to rail 30.

Spacecrait 10 can be provided with rail 70 and transpor-
tation modules 72A and 72B as a system for facilitating
interaction with habitation modules 14A and 14B. Trans-
portation modules 72A and 72B can be provided as a pair
configured to be operated opposite to one another, set to be
one-hundred-eighty degrees apart, to minimize disturbance
on spacecraft 10. Additionally, transportation modules 72A
and 72B can be provided with a balancing system, as 1s
described with reference to FIG. 4. Thus, transportation
modules 72A and 72B can be configured to travel on rail 70
independently of habitation modules 14A and 14B. Trans-
portation modules 72A and 72B can be configured to travel
in the opposite direction as habitation modules 14A and 14B.

Transportation modules 72A and 72B can be configured to
move personnel and cargo, such as from operations modules
12A-12K to habitation modules 14A and 14B. Though
described as transportation modules, transportation modules
72A and 72B can be configured to perform a wide variety of
functions related to or not related to transportation, such as
providing servicing functions including waste removal or
providing adjustment of balancing elements 50A-50P.

In examples, transportation modules 72A and 72B can be
parked on rail 70 1n positions to interact with operations
modules 12A-12K. Thus, personnel of spacecrait 10 can
operate 1n a zero-gravity environment to move cargo from a
transport ship at a docking station of operations modules
12A-12K. Transportation modules 72A and 72B can be
propelled, such as by the use of thrusters, to move about rail
70. The speed of transportation modules (e.g., the rotational
speed about center 18, can be brought up to a speed that
matches the speed of habitation modules 14A and 14B such
that transportation modules 72A and 72B are radially inward
of habitation modules 14A and 14B, respectively. As such,
personnel and cargo of transportation can be considered
stationary relative to habitation modules 14A and 14B such
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that exchange of personnel and cargo therebetween can be
conducted 1n radial direction R2, such as by using appro-
priate transportation systems (e.g., transport device 144)
discussed with reference to FIG. 12.

In sum, paired transportation modules 72A and 72B can
operate by coming up to speed to habitation modules 14A
and 14B, connecting thereto, beginning service procedures
and transport operations, dis-connecting when all tasks are
completed, and then slowing to a stop.

In examples, rail 70 can be provided concentrically out-
side of rail 30. As 1s shown 1 FIGS. 9 and 10, multiple
levels of concentric tracks can be included 1n spacecrait 10.

FIG. 7 1s a schematic perspective view of spacecrait 90
having axially aligned rails 92A, 92B and 92C for habitation
modules 94A, 94B and 94C, respectively, and transport
modules. Rails 92A, 92B and 92C can be mounted to {frame
96. Each of habitation modules 94A, 948 and 94C can have
a paired module one-hundred-eighty degrees apart. Space-
craft 90 1illustrates a construction for spacecrait having
multiple rail systems for, among other things, facilitating
movement of personnel and cargo between modules aligning
in axial directions, such as axial direction A2, as compared
to FIGS. 6 and FIGS. 8A-12 that show radial movement of
personnel and cargo.

Frame 96 can comprise a non-rotating cylindrical body
that extends along axis 98. Habitation modules 94 A-94C can
travel about axis 98 on rails 92A-92C, respectively. Thus,
the rotational speed of modules 94A-94C can be coordinated
to axially align modules 94A-94C to facilitate transierring of
personnel and cargo therebetween. Modules 94A-94C could
also be moved 1n sync and connected to provide additional
habitation space.

In examples, habitation modules 94A-94C can be oper-
ated to reduce or cancel momentum eflects of each other. For
example, habitation module 94 A, as well as a paired habi-
tation module set at 180 degrees from module 94A, can be
configured to travel 1n a clockwise direction, and habitation
module 94C, as well as a paired habitation module set at 180
degrees from module 94C, can be configured to travel 1n a
counterclockwise direction to generate momentum that ofl-
sets momentum generated by habitation module 94A. Habi-
tation module 94B, as well as a paired habitation module set
at 180 degrees from module 94B, can be operated intermiat-
tently as a transportation module to service habitation mod-
ules 94 A and 94C.

FIGS. 8A and 8B are schematic views showing attach-
ment of additional habitation modules 100A and 100B to
orbiting habitation modules 14A and 14B using transport
modules 72A and 72B on a radially inward rail 70. Space-
craft 10 can additionally include stored habitation modules
102 that are mounted to the inner structures of frame 16.

Habitation module 100A can be moved from a storage
area within an 1nner structure of frame 16 to a rail on frame
16 via any suitable manner. In examples, spacecrait 10 can
be provided with an elevator system to move habitation
module 100A to a rail of frame 16. Habitation module 100 A
can be coupled to transportation module 72A via coupling
104 A. Transportation module 72 A can be accelerated slowly
up to the speed of habitation module 14 A to bring habitation
module 100A 1nto engagement with habitation module 14A.
Thereatter, a coupling device, such as coupling hitches 24 A
and 26 A (FIG. 2), can be used to attach habitation module
100A to habitation module 14A. Subsequently, transporta-
tion module 72A can detach from habitation module 100A.

Habitation module 100B can be moved from a storage
area within frame 16 to frame 16 via any suitable manner. In
examples, spacecrait 10 can be provided with an elevator
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system to move habitation module 100B to frame 16.
Habitation module 100B can be coupled to transportation
module 72B wvia coupling 104B. Coupling 104B can com-
prise a docking system, such as appropnate scatfolding and
the like. Additionally, coupling 104B can comprise an
clevator or other transport device, such as a tunnel, to
tacilitate transier of personnel and cargo between transpor-
tation module 72B and habitation module 14B. Transporta-
tion module 72B can be accelerated slowly up to the speed
of habitation module 100B to bring habitation module 1008
into engagement with habitation module 14B. Thereafter, a
coupling device, such as coupling hitches 24A and 26A
(FIG. 2), can be used to attach habitation module 100B to
habitation module 14B. Subsequently, transportation mod-
ule 72B can detach from habitation module 100B and
decelerate to a stop.

FIGS. 8A and 8B illustrate one specific example of
concentric frames and tracks. However, other arrangements
can be used. For example, frame 16 and rail 70 could be
axially aligned, similar to what 1s shown 1 FIG. 7. In
another example, rail 70 could be arranged radially outward
of frame 16 with transportation modules 72A and 72B
operating radially mmward of rail 70, and rail 70 could be
arranged radially outward of frame 16 with transportation
modules 72A and 72B operating on rail 70 (as shown 1n FIG.
9), instead of hanging from rail 70.

FIG. 9 1s a schematic view of three concentric module
tracks 16, 70 and 108 that can be used to generate different
levels of gravity for habitation modules 14A and 14B and
habitation modules 110A and 110B. Transportation modules
72A and 72B can be used concentrically between habitation
modules 14A and 14B and habitation modules 110A and
110B to exchange cargo therewith and perform other func-
tions. As with the configuration of FIG. 7, habitation mod-
ules 14A and 14B can be configured to travel 1n the opposite
direction as habitation modules 110A and 110B to offset
generated momentum.

FIG. 9 1illustrates a configuration of spacecrait 10 where
independent sets of habitation modules can travel at different
velocities. For example, habitation modules 110A and 110B
can travel 1n curvilinear motion with an angular acceleration
that generates artificial gravity simulating a 1G environ-
ment, and habitation modules 14A and 14B can travel with
an angular acceleration that generates artificial gravity simu-
lating a 0.4G environment. Thus, habitation modules 110A
and 110B can be operated independently of habitation
modules 14A and 14B without risk of collision. Transpor-
tation modules 72A and 72B can be selectively used to
service either of habitation modules 110A and 110B and
habitation modules 14A and 14B.

FIG. 9 additionally illustrates a configuration for trans-
portation modules 72A and 72B that allow for servicing of
outer and mner habitation modules. Transportation modules
72A and 72B can be configured to ride concentrically on rail
70 such that outer portions of transportation modules 72A
and 72B can reach, such as with the aid of a transport device
like coupling 104 A, habitation modules 14A and 14B, and
inner portions of transportation modules 72A and 72B can
reach, such as with the aid of a transport device like coupling
104A, habitation modules 110A and 110B.

FIG. 10 1s a schematic view of a plurality of habitation
modules 14A and 14B and habitation modules 110A and
110B being linked in trains on different tracks 16 and 108.
Trains of habitation modules 14A and 14B and habitation
modules 110A and 110B can be linked using coupling
devices, such as coupling hitches 24A and 26A (FIG. 2).
Additionally, trains of habitation modules 14A and 14B and
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habitation modules 110A and 110B can include portals 112
between and joining the modules to allow movement of
personnel and cargo between modules. In some embodi-
ments, portals 112 can be configured with folding bellows
forming doorways or tunnels, where the folding bellows can
be extended between modules when 1n used and contracted
and stowed when the modules are not connected 1n trains. In
some embodiments, portals 112 can be constructed of any
enclosing material capable of withstanding the pressurized
environment of the modules for human survival in space,
including rigid or flexible materials.

FIG. 11 1s a schematic view of spacecraft 120 comprising,
concentric rails 122A and 122B, habitation module 124
linked to rails 122A and 122B. Habitation module 124 can
be configured as habitation module 14A described herein.
Thus, habitation module 124 can comprise housing 130 and
inner chassis 132A that can connect to inner rail 122A and
outer chassis 132B that can connect to outer rail 122B.
Chassis 132A and chassis 132B can connect to inner and
outer rails 122A and 122B, respectively, via any suitable
mechanism described herein, such as bearing assembly 40.
As such, habitation module 124 can be configured to selec-
tively operate with both or only one of rails 122A and 122B.
For example, rails 122A and 122B can be connected with
spoke rail 134. Spoke rail 134 can comprise a curved track
that can be selectively engaged by habitation module 124 to
cause movement of habitation module 124 between rails
122A and 122B.

FIG. 12 15 a schematic view of spacecrait 120 comprising,
transportation module 126 transferring cargo from inner rail
122 A to habitation module 128 on outer rail 122B.

Transportation module 126 can be configured as trans-
portation module 72A described with reference to FIG. 10.
Transportation module 126 can comprise housing 138 and
inner chassis 136 that can connect to inner rail 122A.
Chassis 136 can connect to mner rail 122A via any suitable
mechanism described herein, such as bearing assembly 40,
as described with reference to FIG. 3. Habitation module
128 can be configured as habitation module 14A described
herein. Thus, habitation module 128 can comprise housing
142 and chassis 140 that can connect to outer rail 122B.
Chassis 140 can connect to outer rail 122B via any suitable
mechanism described herein, such as bearing assembly 40.
As such, transportation module 126 and habitation module
128 can be configured to operate 1n a configuration where
rails 122A and 122B provide radially outward barriers for
the operation of modules 128 and 126. Transport device 144
can connect housing 136 and housing 138. Transport device
144 can be used to move personnel and cargo between
housing 142 and housing 138. In examples, transport device
144 can comprise an elevator comprising a shaft with a car
that can move therein. In examples, transport device 144 can
comprise a tunnel with or without a stairrway.

FIG. 13 1s a schematic diagram illustrating components of
controller 150 for spacecrait 10 of FIGS. 1-12 and with
which any of the methods described herein can be executed.
Controller 150 can include circuit 152, power supply 154,
memory 156, processor 158, mnput device 160, output device
162 and communication interface 164. Controller 150 can
provide 1nstructions to spacecrait 10 for controlling opera-
tions of habitation modules 14 A and 14B and, in particular,
balancing of habitation modules 14A and 14B, as well as
other modules such as transportation modules 72A and 72B,
and spacecrait 10. Controller 150 can also be 1n communi-
cation with sensors 168 (e.g., sensors 538 A-38D), balancing
clements 170 (e.g., balancing elements S0A-50B), thrusters
172 (e.g., thrusters 20A and 20B), air pumps 174 (e.g., air
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source 46), and transfer devices 176 (e.g., transport device
144) and other systems and components of spacecrait 10.
For example, spacecraft 10 can be equipped with a wide
variety of sensors to enable reliable, fail-safe, and autono-
mous/semi-autonomous operations.

Controller 150 can be configured to control the balancing
processes carried out 1n habitation modules 14A and 14B
using balancing elements 50A-50P and sensors 38A-58D), as
well as the overall operation of spacecrait 10, including the
rotation of habitation modules 14A and 14B. Controller 150
can control the rotational or orbital speed of modules 14A
and 14B and modules 72A and 72B to control Coriolis
cllects. Controller 150 can be operated with input from
mission control 166 to coordinate operation (e.g., attitude/
navigation control) of spacecrait 10.

Controller 150 can include various computer system
components that facilitate recerving and 1ssuing electronic
instructions, storing istructions, data and information, com-
municating with other devices, display devices, input
devices, output devices and the like.

Circuit 152 can comprise any suitable computer architec-
ture such as microprocessors, chips and the like that allow
memory 156, processor 158, mput device 160, output device
162 and communication interface 164 to operate together.
Power supply 154 can comprise any suitable method for
providing electrical power to controller 150, such as AC or
DC power supplies. Memory 156 can comprise any suitable
memory device, such as random access memory, read only
memory, flash memory, magnetic memory and optical
memory. Input device 160 can comprise a keyboard, mouse,
pointer, touchscreen and other suitable devices for providing
a user mput or other mput to circuit 152 or memory 156.
Output device 162 can comprise a display monitor, a view-
ing screen, a touch screen, a printer, a projector, an audio
speaker and the like. Communication interface 164 can
comprise devices for allowing circuit 152 and controller 150
to recerve mnformation from and transmit information to
other computing devices, such as a modem, a router, an I/O
interface, a bus, a local area network, a wide area network,
the internet and the like.

Circuit 152 can communicate with, that 1s, read from and
write to, a memory device such as memory 156. Memory
156 can include various computer readable instructions for
implementing operation of spacecrait 10. Thus, memory 156
can include 1nstructions for monitoring requests from mis-
s1on control 166. Memory 156 can include various computer
readable instructions for implementing operation of space-
craft 10. Thus, memory 156 can include instructions for
solving Equations 1-3 for balancing of various modules and
spacecrait 10 and the generation of artificial gravity control.
Output of sensors 168 can be provided to circuit 152 for
solving Equations 1-3.

In examples, the present disclosure utilizes paired habi-
tation modules 180 degrees apart traveling on a circular rail
to house the space inhabitants. This paired configuration
mimmizes any mass 1mbalance that would perturb the 0G
environment of the vehicle. The present disclosure also uses
paired service/transport modules 180 degrees apart traveling
on an adjacent circular rail to service and transport space
inhabitant to and from the habitation modules. This paired
configuration minimizes any mass imbalance that would
perturb the 0G environment of the vehicle. In the present
disclosure, the mass balancing task 1s much simpler when
compared to mass balancing a rotating vehicle, such as
designs for space stations or modules to rotate their whole
structure, from center to edge. This 1s because in the present
embodiments, load sensors and/or tension sensors mounted
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on each traveling module are used to directly measure the
load of the module. These measurements are used to deter-
mine the mass imbalance between the paired modules. The
mass balancing system in each module operates continu-
ously to reduce the net mass imbalance between the paired
modules to an acceptable level. In contrast, mass balancing
a whole rotating segment or structure entails complex
motion analysis to estimate the mass imbalances and to
determine how to mass balance the rotating vehicle. More-
over, larger counterweights and a complex network of mass
balancing mechanisms are required to minimize the mass
imbalances. Whereas in the present embodiments, the mass
balancing system onboard each module 1s simpler and
compact.

With the concepts of the present disclosure, spacecraits
can be built that are affordable 1n the near term, then add
additional capabilities can be added when funding 1s avail-
able. The concepts of the present disclosure are very cost-
cllective and allow for the building of a mimmum system to
produce artificial gravity in space at the time of construction
of the 1mtial structure, without having to wait for a full
structure to be built. An additional benefit 1s that construc-
tion and assembly of new capabilities can be performed
without disrupting the ongoing artificial gravity environ-
ment of the existing structure. Furthermore, the concepts of
the present disclosure simplify the implementation of 1mpor-
tant systems, such as articulated solar power systems, heat
rejection systems, guidance, navigation and control systems,
etc. In comparison, it 1s very challenging to add new
capabilities to a rotating space station because of the mass
imbalance problem it produces.

The present disclosure has several major benefits. Space-
craft described herein are practical and cost-eflective 1n that
they enable early implementation of artificial gravity in
space, starting with a minimal configuration of 1) one set of
paired habitation modules, 2) one set of paired service/
transport modules, and 3) two circular rails around the
circumierence of a non-rotating large diameter wheel struc-
ture. This basic configuration can be easily expanded over
time to accommodate more space inhabitants and more
capabilities without perturbing the ongoing artificial gravity.

Each of these non-limiting examples can stand on 1ts own,
or can be combined in various permutations or combinations
with one or more of the other examples.

The above detailed description includes references to the
accompanying drawings, which form a part of the detailed
description. The drawings show, by way of illustration,
specific embodiments 1n which the invention can be prac-
ticed. These embodiments are also referred to herein as
“examples.” Such examples can include elements 1n addi-
tion to those shown or described. However, the present
inventor also contemplates examples 1 which only those
clements shown or described are provided. Moreover, the
present inventor also contemplates examples using any
combination or permutation of those elements shown or
described (or one or more aspects thereof), either with
respect to a particular example (or one or more aspects
thereol), or with respect to other examples (or one or more
aspects thereol) shown or described herein.

In the event of inconsistent usages between this document
and any documents so incorporated by reference, the usage
in this document controls.

In this document, the terms “a” or “an” are used, as i1s
common 1n patent documents, to include one or more than
one, independent of any other instances or usages of “at least
one” or “one or more.” In this document, the term “or” 1s
used to refer to a nonexclusive or, such that “A or B”
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includes “A but not B,” “B but not A,” and “A and B,” unless
otherwise 1indicated. In this document, the terms “including”
and “in which” are used as the plain-English equivalents of
the respective terms “comprising” and “wherein.” Also, 1n
the following claims, the terms “including” and “compris-
ing” are open-ended, that 1s, a system, device, article,
composition, formulation, or process that includes elements
in addition to those listed after such a term 1n a claim are still
deemed to fall within the scope of that claim. Moreover, 1n
the following claims, the terms “first,” “second,” and
“thard,” etc. are used merely as labels, and are not intended
to 1impose numerical requirements on their objects.

Method examples described herein can be machine or
computer-implemented at least 1n part. Some examples can
include a computer-readable medium or machine-readable
medium encoded with 1nstructions operable to configure an
clectronic device to perform methods as described in the
above examples. An implementation of such methods can
include code, such as microcode, assembly language code,
a higher-level language code, or the like. Such code can
include computer readable nstructions for performing vari-
ous methods. The code may form portions of computer
program products. Further, 1n an example, the code can be
tangibly stored on one or more volatile, non-transitory, or
non-volatile tangible computer-readable media, such as dur-
ing execution or at other times. Examples of these tangible
computer-readable media can include, but are not limited to,
hard disks, removable magnetic disks, removable optical
disks (e.g., compact disks and digital video disks), magnetic
cassettes, memory cards or sticks, random access memories
(RAMs), read only memories (ROMs), and the like.

The above description 1s intended to be illustrative, and
not restrictive. For example, the above-described examples
(or one or more aspects thereol) may be used 1n combination
with each other. Other embodiments can be used, such as by
one of ordinary skill in the art upon reviewing the above
description. The Abstract 1s provided to comply with 37
C.F.R. § 1.72(b), to allow the reader to quickly ascertain the
nature of the technical disclosure. It 1s submitted with the
understanding that 1t will not be used to interpret or limit the
scope or meaning of the claims. Also, 1n the above Detailed
Description, various features may be grouped together to
streamline the disclosure. This should not be interpreted as
intending that an unclaimed disclosed feature 1s essential to
any claim. Rather, inventive subject matter may lie 1n less
than all features of a particular disclosed embodiment. Thus,
the following claims are hereby incorporated into the
Detailed Description as examples or embodiments, with
cach claim standing on 1ts own as a separate embodiment,
and 1t 1s contemplated that such embodiments can be com-
bined with each other 1n various combinations or permuta-
tions. The scope of the invention should be determined with
reference to the appended claims, along with the full scope
ol equivalents to which such claims are entitled.

The claimed invention 1s:

1. A method of generating artificial gravity environments
in spacecrait modules, the method comprising:

operating a frame 1n space, the frame forming a portion of

a spacecrait, the frame having a first track defining a
center and a rotation axis extending through the center,
the first track defining a path surrounding the center;
engaging a {irst module and a second module to the first
track of the frame, the first module configured to
engage the first track to travel along the first track 1n a
circular-type path with curvilinear motion and generate
an artificial gravity environment within the first mod-
ule, and a second module configured to engage the first
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track at a location relative to the first module that
minimizes mass 1imbalance for the spacecratt, the sec-
ond module configured to travel along the first track 1n
the circular-type path with curvilinear motion and
generate an artificial gravity environment within the
second module; and

mass balancing the first module relative to the second

module to reduce gyroscopic precession and nutation or

wobble of the frame, wherein said mass balancing

COMPrises:

sensing load imbalance between the first and second
modules; and

adjusting weight distribution of the first and second
modules.

2. The method of claim 1, wherein operating the frame 1n
space comprises orbiting the frame about a lunar or plan-
cetary mass.

3. The method of claim 1, wherein operating the frame 1n
space comprises propelling the frame through space.

4. The method of claim 1, wherein while traveling at
normal operating speeds for generating artificial gravity, the
first and second modules are arranged on substantially
opposites sides on the first track at positions that mimimizes
mass 1mbalance for the spacecraft.

5. The method of claim 1, wherein the first and second
modules comprise habitation modules.

6. The method of claim 1, wherein the {frame 1s maintained
stationary relative to frames of reference of the first and
second modules while the frame and the first and second
modules move together through space.

7. The method of claim 1, wherein engaging the first and
second modules includes using air bearings between the first
track and attachment points of the first and second modules.

8. The method of claim 1, the method further comprising,
operating the first and second module, wherein operating the
first and second modules comprises accelerating the first and
second modules along the first track to travel at a maximum
rate of about two revolutions per minute about the center.

9. The method of claim 1, wherein operating the first and
second modules comprises maintaining the first and second
modules at a distance from the center at least seven hundred
feet.

10. The method of claim 1, wherein sensing load 1mbal-
ance between the first and second modules comprises sens-
ing force and moment 1n at least one of the first and second
modules.

11. The method of claim 1, wherein sensing load 1imbal-
ance between the first and second modules comprises sens-
ing acceleration of at least one of the first and second
modules.

12. The method of claim 1, wherein adjusting weight
distribution of one of the first and second modules comprises
adding or subtracting weight from the one of the first and
second modules.

13. The method of claim 1, wherein adjusting weight
distribution of one of the first and second modules comprises
adjusting a position of a weight mounted to the one of the
first and second modules.

14. The method of claim 1, wherein adjusting weight
distribution of one of the first and second modules comprises
pumping a tfluid mto or out of the one of the first and second
modules.

15. The method of claim 1, wherein adjusting weight
distribution of the one of the first and second modules
comprise actively interrogating sensors measuring mass
distribution of the first and second modules.
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16. The method of claim 1, further comprising:

operating a transport module to travel about the frame
offset on a different track or rail from the first and
second modules:

accelerating the transport module to a velocity and posi- 53

tion that align with one or more of the first or second
modules; and

transferring cargo from the transport module to the one or

more of the first or second modules.

17. The method of claim 1, further comprising;: 10

operating a third module to travel about the frame oflset

on a different track or rail from the first and second
modules; and

accelerating the third module to a different rate than the

first and second transport modules. 15

18. The method of claim 17, further comprising operating
the third module, and a fourth module paired with the third
module, substantially opposite the first and second modules
to minimize mass imbalance of the frame.

19. The method of claim 1, wherein one or both of the first 20
or second module comprises an elongate tubular body
extending along a habitation axis, wherein the habitation
axis 1s parallel with the rotation axis.

% ex *H & o



	Front Page
	Drawings
	Specification
	Claims

