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1.3. Purpose
The project Polus is intended to satisfy three primary purposes. Foremost, the conceptual
development and design of the space habitat Polus fulfills the senior capstone project required by all
aerospace engineers enrolled in the University of Maryland. The capstone course, titled “Space
Systems Design”, is constructed to facilitate subsystem design, configuration control, costing, risk
analysis, and programmatic development. The instructor for the class, as well as the mentor for the
project, is Dr. David Akin of the Space Systems Laboratory.
The penultimate goal of the project is to compete in the Revolutionary Aerospace Systems ConceptsAcademic Linkage (RASC-AL) forum. NASA and National Institute of Aerospace (NIA) sponsor
this competition, which provide students an opportunity to apply engineering disciplines learned
during their studies in a realistic engineering environment. Of particular interest to NASA is the
inclusion of new technology and university research, both of which have potential to significantly
increase performance characteristics of the proposed designs. Following this notion, NASA
embodies their current space exploration directives and goals in the themes for the RASC-AL
competition, which are: enabling long duration missions through holistic habitat design, human
assisted asteroid sample return, and use of a tele-operated robot. Polus features particular hardware,
structure, and mission design applications to satisfy the first of these themes that supports NASA’s
ongoing missions.
Finally, the living habitat of Polus is competing in the X-Hab challenge; this NASA sponsored
competition places an emphasis on materials and hardware that can be recycled for multiple
applications. This effort is meant to support the development of innovative designs for long duration
habitats that will be required for deep space missions planned by NASA with the use of the Space
Launch System currently in development. The habitat of Polus is tested in an iterative design process
to ensure ease of mobility and hardware manipulation for the onboard crew. Using physical and
simulation mockups, this team has developed crucial concepts for configuring a habitat that
astronauts will use in a variable gravity environment.

1.4. Scope
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In this report, a conceptual design for a variable gravity cislunar space habitat is presented in
technical detail. A general overview of the project preludes a more rigorous and comprehensive
analysis of individual subsystems. The subsystems span six specialized groups:
•
•
•
•
•
•

Loads, structures, and mechanics
Mission planning and analysis
Avionics and software
Crew systems
Power, propulsion, and thermal
Systems integration

The first five groups focus on the science and physical implementation of the system Polus. The
Systems Integration group provides estimates for system cost, risk & reliability, and intended
program schedule for this report.

2. Project Overview
2.1. Station Overview
The final architecture for the Polus space station, incorporates three main structures: the habitat, the
central hub, and the ballast, connected using a Stewart cable configuration, which is further discussed
in §4.10. The two-floored habitat will be capable of supporting a crew of six for 1000-day missions.
Crew and structural launch upper stages will be used to provide the ballast mass in order to stabilize
the space station. In addition, during Phase III of the mission, the one-floored Mars Surface
Imitation Module (SIM) will be launched and connected to bottom of the habitat.
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The main hub is an integral part of Polus, as it not only is the point at which the station spins about
to create artificial gravity, but also where the crew launch vehicles will dock during Phases II and III.
The communication and power tower is also connected to the center hub because it is not rotating,
which is necessary to help keep solar panels and communication antennas pointing in the right
directions. The Polus architecture will be discussed in more details below in §4.

2.2. Gantt Chart
As a way to keep the project on schedule and meet the milestones and deadlines, a Gantt chart was
created. The full task lists and Gantt chart can be found in the Appendix §12.1.3 and §12.1.4,
respectively. Major milestones of the project included the Preliminary Design Review (PDR), the
Critical Design Review (CDR), and the final report. The final milestones of the project are the
RASC-AL design report and presentation and then the RASC-AL competition in the middle of June.
The start and end dates in the task lists, found in Appendix §12.1.3, indicate how much time was
allocated for specific tasks. It was essential to complete tasks before their end date, since many early
tasks were requisites for a successive task to begin. Tasks that are related or necessary to be
completed before another task can begin are linked through the black arrows that connect the
taskbars. In addition to the taskbars, the diamonds on the chart timeline indicate important
milestones.
During the semester the Gantt chart had to be reevaluated and adjusted after a few setbacks to the
group’s testing schedule. Issues with the Institutional Review Board (IRB) Forms to conduct human
testing and the construction and clean up of the HAVEN site, pushed the start of testing back a few
weeks. Due to testing being pushed back, official testing was not conducted until after the CDR.
Since testing was not complete in time for CDR, testing conducted could not influence the interior
layout of the Polus station presented at CDR.
Currently, testing and all the design reviews have been completed and the only milestones left to
complete is creating the presentation and final report for the RASC-AL competition.

2.3. Work Breakdown Structure
The Work Breakdown Structure (WBS) for Polus breaks down individual components of the space
station based on different subsystems. The WBS also includes testing and project management
aspects of this project, such as creating the presentations and reports and renovating the HAVEN
site. Below in Table 1, are the first three levels of this project’s WBS, the full WBS can be found in
the Appendix §12.1.5. In the full WBS, the space station is broken down to level 7, but also includes
cost, Technological Readiness Level (TRL), and risk, both likelihood and severity. Cost estimates are
included in the full WBS, however, many cost estimates are still to be determined (TBD). The reason
many of the costs are TBD is due to the fact that a lot of the equipment for Polus needs to be
custom-made and will not be manufactured for several years, making current cost estimation
insignificant.
Table 1. Partial Work Breakdown Structure

Polus
A Variable Gravity Space Habitat
Level 1
1 Project

Level 2

Level 3

1.1 Project Management
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Management

1.2 Risk Management
2.1 Administrative

1.2.1 Risk Matrices
1.2.2 Contingency
2.1.1. Coordination of Design Activities
2.1.2 Document Organization
2.2.1 Creation of Budget

2.2 Cost

2.2.2 Tracking of Budget
2.2.3 Cost Estimation

2 Systems
Integration

2.3.1 Creation of Mass Budget
2.3 Mass

2.3.2 Tracking of Mass Budget
2.3.3 Vehicle Center of Gravity
2.3.4 Vehicle Moment of Inertia

2.4 Trade Studies
2.5 Configuration/Control

2.5.1 Stability
3.1.1 Launch Vehicle

3.1 Launch Architecture

3.1.2 Crew Vehicle
3.1.3 Launch Integration
3.2.1 Asteroid Redirect
3.2.2 Human Physiology

3.2 Science Objectives
3 Mission
Planning

3.2.3 Mars EVA Simulation
3.2.4 Data Measurement and Storage
3.2.5 Mars Science Orbiter
3.3.1 Life Support System
3.3.2 Interior Design

3.3 Crew System

3.3.3 Extra-Vehicular Activity
3.3.4 Data Measurement and Storage

3.4 Assembly

3.4.1 Robotic Arm
4.1.1 Pressure Hull

4.1 Structures

4.1.2 Tunnels
4.2.1 Solar Panels

4 Spacecraft
System

4.2.2 Energy Storage
4.2 Power

4.2.3 Wiring/Distribution
4.2.4 Power Budget
4.3.1 Orbital Maneuvering System

4.3 Propulsion

4.3.2 Reaction Control System
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4.4.1 Modeling and Analysis
4.4 Thermal

4.4.2 Thermal Control System
4.4.3 Sensors
4.5.1 Sensors
4.5.2 Power Distribution
4.5.3 Control System

4.5 Avionics

4.5.4 Robot Control
4.5.5 Software
4.5.6 Communications
4.5.7 Guidance, Navigation, and Control
4.6.1 Sensors
4.6.2 Data Management

4.6 Information
Technology

4.7.1 Hardware
4.7.2 DragonRider
4.8.1 Control and Maintenance
4.8.2 Transfer System

5 Early
Simulation and
Training

5.1 1g Testing

5.1.1 Haven

5.2 0g Testing

5.2.1 Underwater Habitat

5.3 Oculus Rift Testing

5.3.1 Habitat Layout Testing
5.3.2 Virtual Window Testing

5.4 Extra-vehicular Activity
Testing
5.5 GUI

5.5.1 Emergency Situation Test

3. Mission Planning and Analysis
3.1. Nomenclature
ARM

= Asteroid Redirect Mission

AU

= Astronomical Unit

CI

= Carbonaceous Ivuna

CSD

= Canisterized Satellite Dispenser

EML1

= Earth-Moon Lagrange Point 1

EVA

= Extra Vehicular Activity
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EVA

= Extra Vehicular Activity

FIR

= Fluids Integrated Rack

FRGF

= Flight Releasable Grapple Fixture

GCR

= Galactic Cosmic Ray

HLLV

= Heavy Lift Launch Vehicle

IDSS

= International Docking System Standard

ISS

= International Space Station

JSC

= Johnson Space Center

LEE

= Latching End Effector

LEO

= Low-Earth Orbit

LMM

= Light Microscopy Module

MMU

= Manned Maneuvering Unit

MMS

= Mojave Martian Simulant

MPCV

= Multi-Purpose Crew Vehicle

NEA

= Near-Earth Asteroid

PDGF

= Power Date Grapple Fixture

r0

= Mean SDRO Radius

rp

= Earth Perigee Radius

SDRO

= Selenocentric Distant Retrograde Orbit

SIM

= Surface Imitation Module

SLS

= Space Launch System

TRL

= Technology Readiness Level

3.2. Mission Requirements
As stated in the project definition, Level 1 requirements are as follows:
1.

Design a Cislunar space habitat capable of providing data on long-term spaceflight
prior to human Mars missions
a. Effects of radiation in deep space
b. Effects of hypogravity
2. Employ a phased approach to utilization
a. Phase I: early microgravity
b. Phase II: artificial gravity
c. Phase III: full Mars mission simulations
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3. Each phase should take no more than one additional heavy-lift launch
A more detailed breakdown of these requirements is given below, and outlines the purpose and
scope of Polus’ mission.
1.

Phase I Requirements: Cislunar Habitation
a. The system shall be capable of operation at any Earth-Moon libration point, low lunar
orbit, or a distant retrograde orbit
b. The system shall support crew for nominal 30 day missions
c. The system shall be compatible with Orion and commercial crew vehicles
d. The system shall be designed for resupply to support multiple missions
e. Phase I habitat shall be capable of supporting Asteroid Redirect Mission in lunar DRO
2. Phase II Requirements: Partial Gravity Simulation
a. The system shall be upgraded to be rotated to provide artificial gravity up to 1g
b. The system shall be upgraded to the extent possible using surplus hardware (e.g., spent
upper stages, empty logistics modules) and additional hardware requiring no more than
one dedicated HLLV launch
c. The system shall support up to six-person crews for periods up to six months without
resupply
3. Phase III Requirements: Mars Mission Simulation
a. The system shall be capable of simulating a complete conjunction-type Mars mission
(1000 days) without nominal resupply
b. The system shall be capable of differing gravitation levels throughout the simulated
mission
c. The system shall provide some means of simulated EVA at Mars gravity during the
appropriate parts of the simulation
d. The system shall be upgraded with additional hardware requiring no more than one
dedicated HLLV launch
These were further refined and structured in a Requirements Verification Matrix, presented below.
Table 2. Level 1 Requirement Verification Matrix

Level 1

Mission Requirements

Mission
M-1

The system shall be capable of operation at Earth-Moon libration points L1
and L2, or lunar distant retrograde orbit.

M-2

The system shall be designed for resupply to support multiple missions.

M-3

The system shall be capable of docking and crew transfer.

M-4

The system shall be capable of providing means for maintenance and
assembly.

M-5

The system shall support an overall mission loss of crew probability no greater
than 0.001.

M-6

The system shall be capable of conducting meaningful science in the areas of
asteroid and lunar science and the effects of extended space habitation during
all mission phases.

M-7

Phase I habitat shall support a crew of 4 for up to 6 months.

M-8

Phase I habitat shall be capable of supporting Asteroid Redirect Mission in
lunar DRO.
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M-9

Phase I habitat shall require no more than 1 HLLV launch.

M-10

Before Phase II and III the system shall be upgraded to the extent possible
using surplus hardware (e.g., spent upper stages, empty logistics modules) and
additional hardware requiring no more than one dedicated HLLV launch per
phase.

M-11

During Phase II and III the system shall be capable of artificially generating
gravitation levels up to 1g.

M-12

During Phase II the system shall support a crew of 6 for periods up to 6
months without resupply.

M-13

During Phase III, the system shall be capable of simulating a complete
conjunction-type Mars mission of 1000 days with a crew of 6 without nominal
resupply.

M-14

During Phase III, the system shall provide some means of simulated EVA at
Mars gravity.

Level 2 System Requirements were established based on flow-down from the Level 1 Mission
Requirements:
Table 3. Level 2 Requirement Verification Matrix

Level 2

System Requirements

Source

Phase I
P1-1

The system shall support a crew of 4 for rotations of up to a 6
M-7
month duration.

P1-2

The system shall be capable of maneuvering between DRO
and L1/L2 lyapunov orbits.

M-1

P1-3

The system shall be able to maintain a Lunar DRO in close
proximity to a captured asteroid and pointing requirements.

M-1, M-8

P1-4

The system shall partake in opportunistic lunar observation
and associated science and telerobotics.

M-6

P1-5

The system shall support science and EVA operations in
lunar DRO in support of an Asteroid Redirect Mission.

M-6, M-8

P1-6

The system shall provide an airlock or other means of
supporting extravehicular activity without depressurization.

M-3, M-4

P1-7

The system shall have the capability of resupply, crew transfer M-2, M-3,
and emergency egress.
M-5

P1-8

The habitat shall maintain a constant power supply.

M-5, M-7

P1-9

The habitat shall have communication with Earth ground
stations at all times.

M-5, M-7

P1-10

The habitat shall contain all necessary life support systems.

M-5, M-7

P1-11

The habitat shall be thermally stable.

M-5, M-7
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P1-12

The habitat shall provide radiation protection to maintain
cumulative radiation dosage within current NASA limits.

M-5, M-7

P2-1

The system shall support a crew of 6 for 6 months without
resupply.

M-12

P2-2

The system shall support artificial gravity generation up to 1g. M-11

P2-3

The system shall support a crew of 6 to operate in Lunar
gravity for 6 months.

M-11, M12

P2-4

The system shall support a crew of 6 to operate in Mars
gravity for 6 months.

M-11, M12

P2-5

The system shall support a crew of 6 to operate in Earth
gravity for 6 months.

M-11, M12

P2-6

The system shall be upgraded with additional hardware
requiring no more than one dedicated HLLV launch.

M-10

P2-7

The system shall be capable of maneuvering in Cislunar space. M-1

P2-8

The system shall be capable of stationkeeping around
Lagrange points and maintaining pointing requirements.

M-1

P2-9

The system shall be capable of studying the long-term
physiological effects of artificially generated gravity.

M-6

P2-10

The system shall partake in opportunistic lunar observation
and associated science and telerobotics.

M-6

P2-11

The system shall provide an airlock or other means of
supporting extravehicular activity without depressurization
while despun.

M-3, M-4

P2-12

The habitat shall maintain a constant power supply.

M-5, M-12

P2-13

The habitat shall have communication with Earth ground
stations at all times while manned.

M-12

P2-14

The habitat shall contain all necessary life support systems.

M-5, M-12

P2-15

The habitat shall be thermally stable.

M-5, M-12

P2-16

The habitat shall provide radiation protection to maintain
cumulative radiation dosage within current NASA limits.

M-5, M-12

P3-1

The system shall support a crew of 6 for a 1000 days Mars
simulation mission without resupply.

M-13

P3-2

The system shall support artificial gravity generation up to 1 g. M-9

P3-3

The system shall be upgraded with additional hardware
requiring no more than one dedicated HLLV launch.

P3-4

The system shall be capable of maneuvering in Cislunar space. M-1

P3-5

The system shall be capable of stationkeeping around

Phase II

Phase III

M-10

M-1
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Lagrange points and maintaining pointing requirements.
P3-6

The system shall include a Martian environment analog for
simulated EVA

M-14

P3-7

The system shall partake in opportunistic lunar observation
and associated science and telerobotics.

M-6

P3-8

The system shall include facilities and instruments for analysis
M-6
of the effects of extended habitation in space.

P3-9

The system shall provide an airlock or other means of
supporting extravehicular activity without depressurization
while despun.

M-3, M-4

P3-10

The habitat shall maintain a constant power supply.

M-5, M-13

P3-11

The habitat shall maintain communication with Earth ground
M-12
stations at all times while manned.

P3-12

The habitat shall contain all necessary life support systems.

M-5, M-13

P3-13

The habitat shall be thermally stable.

M-5, M-13

P3-14

The habitat shall e radiation protection to maintain
cumulative radiation dosage within current NASA limits.

M-5, M-13

3.3. Mission Science
Similar to the Polus mission requirements, Polus mission science objectives are divided between
Phases I, II, and III. All of these objectives remain relevant throughout the course of the entire
mission; however, each phase will bring a special focus to its respective set of objectives. Phase I
primarily focuses on asteroid science, as the habitat and its crewmembers rendezvous with an
asteroid in microgravity for 6 months in SDRO. Phase II focuses primarily on bioastronautics and
physiology, as the habitat and its crewmembers undergo 6 month missions at varying gravity levels
(Lunar, Martian, and Earth). Phase III will focus on Martian EVA simulations and also
bioastronautics and physiology specifically under Martian gravity and microgravity as the habitat and
crewmembers undergo 1000 day mission simulations. Distinct from mission science objectives, each
phase of the mission also presents a corresponding set of operations objectives. These objectives
analyze the effectiveness of operations such as EVA proximity operations, habitability and station
operations, Martian simulation operations, etc. Operations objectives, like science objectives, will be
divided into Phases I, II, and III. While these phases present their own specific primary science and
operations objectives, all other mission science and operations objectives remain applicable, although
secondary, throughout the entire duration of the mission.

3.4. Asteroid Redirect Mission
The Asteroid Redirect Mission (ARM) is a proposed mission concept being considered by NASA. In
this mission a 7-10 m diameter near-Earth asteroid (NEA) weighing about 500 tons, will be captured
and relocated to a selenocentric distant retrograde orbit (SDRO) by 2021. From this stable orbit,
astronauts will be able to visit the asteroid. This mission is divided into three main segments: asteroid
identification, asteroid redirection, and asteroid crewed exploration. The first segment is currently
ongoing. Both ground and space-based observation platforms are being used to identify and
characterize potential targets. However, currently no final target has been selected. The second
segment involves using a robotic spacecraft to encapsulate or attach to a desired asteroid, and
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relocated it to SDRO. Several designs are being considered for this spacecraft. Currently, most
concepts employ solar electric propulsion to reach the asteroid and a large bag that would engulf the
asteroid and tighten around it. Segment three utilizes SLS and Orion to bring a crew to the asteroid
at its relocated position to collect samples. Segment three is currently expected to last 3-4 weeks. In
addition to enhancing scientific knowledge about asteroids, this mission is designed to greatly
increase NASA’s crewed exploration capabilities. It requires immense improvement in launch and
crew vehicles, life support, propulsion, and EVA operations. ARM provides the next step closer to
the ultimate goal of a long-duration Martian surface presence. Polus’ orbit in SDRO provides
convenience in location to assist ARM and the study of asteroid science.

3.5. Phase I
The habitat and crew will be in microgravity for the duration of Phase I. This phase serves as a
precursor to the study of bioastronautics and physiology in variable gravity, and as a result, the focus
is shifted to asteroid science in support of the Asteroid Redirect Mission (ARM).
The particular asteroid that has been chosen for ARM is a C-type carbonaceous asteroid. C-type
asteroids are compositionally diverse and contain rich mixtures of volatiles, complex organic
molecules, dry rock, and metals. Their complex composition makes this type of asteroid desirable;
carbonaceous asteroid material is similar to Carbonaceous Ivuna (CI) chondrites in that they are easy
to cut or break apart because of low material strength and can yield up to 40% of their mass in
extractable volatiles, including water and carbon-bearing compounds. Apart from volatiles, C-type
asteroids also consist of native metal alloy similar to iron meteorites (Keck Institute for Space
Studies, 2012).
Close inspection of such an asteroid will help the scientific community learn more about all types of
asteroids in terms of parameters such a their physical characteristics including size, density,
composition, rotation characteristics, etc. Furthermore, human interaction and sample return will
pave the way for the use of asteroid materials in future space exploration including human deepspace expeditions such as a manned mission to Mars. A 500-ton, carbonaceous C-type asteroid such
as a candidate asteroid for ARM may hold up to 200-t of volatiles (100-t water, 100-t carbon-rich
compounds), 90-t of metals, and ~200-t of silicate residue (i.e. average lunar surface material) (Keck
Institute for Space Studies, 2012; Santo, Lee, & Gold). Future exploitation of this asteroid material in
space will greatly reduce the mass required to launch from Earth, and it can not only be used for
additional radiation shielding against galactic cosmic rays, but also be used for materials extraction
such as the extraction and purification of water, electrolysis of water into hydrogen and oxygen, the
liquefaction of both gases, etc.
As a result of the above-mentioned benefits, the habitat’s close proximity to this asteroid in SDRO
allows the mission to take advantage of this accessibility to learn more about the asteroid and its
composition and characteristics.

3.5.1. Science & Operations Objectives
The science team addressed the following Phase I primary science questions:
1. What is the asteroid’s composition & chemical history? Asteroid composition is
currently known to vary from body to body, but it is a subject that is not understood to high
fidelity. Present asteroid classification is based on object albedo (brightness); however,
further understanding of a given asteroid’s composition and chemical history will allow
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scientists to understand the characteristics of other similar asteroids to a level of higher
fidelity.
2. What are the physical & surface characteristics of the asteroid? Similar to asteroid
composition and chemical history, better understanding of the asteroid’s physical and surface
characteristics would improve knowledge of general asteroid characteristics such as size,
composition, density, rotation speeds and poles, and gravity fields. This will also improve
assessment of the safety and effectiveness of astronaut interaction.
3. What is the deep space environment near 1 AU? Since the asteroid is classified as a Near
Earth Object (NEO), a better understanding of radiation levels in such an environment can
be developed from analyzing the asteroid through methods such as sample collection and
radiation detection. Radiation is an ongoing concern for both human and robotic aerospace
operations that can be better understood through the investigation of this question.
4. What volatiles exist & can be extracted from the asteroid? A better understanding of
what volatiles exist within and can be extracted from the asteroid can begin the use of
asteroid materials in manned deep-space missions.
The application of these science questions thus results in the following Phase I operations questions:
1. In what ways can an asteroid be repurposed to support space exploration? As
previously mentioned, the use of asteroid materials in future deep space expeditions can
significantly reduce the launch pass, and thus the cost, of these missions. Asteroid material
can, for example, be broken up and used to upgrade radiation shielding against galactic
cosmic rays in a deep space habitat. Other repurposing may include processing materials
retrieved from the asteroid to improve our methods for the production of propellants, lifesupport materials, structural metals, and as mentioned, radiation shielding in support of
future large-scale human and or/autonomous space activities. Additionally, extraction of
water from an asteroid can provide propellant resupply in space, and the electrolysis of water
(through solar power) can provide hydrogen and oxygen for chemical propulsion in addition
to oxygen for life support on human space exploration.
2. What are the most effective proximity operations procedures? An asteroid in SDRO is
a great opportunity to gather knowledge on the types of tools and maneuvers that are
effective in close proximity EVA operations. This development will assist in the
development of tools and maneuvers to be performed on a future manned Mars mission.

3.5.2. Science Payload
A suite of payload instruments capable of accomplishing Phase I science and operations questions
was identified through the application of a traceability matrix, a table that correlates select scientific
instruments to detailed objectives that apply to the general Phase I science questions (Table 4).
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Table 4. Phase I Traceability Matrix

Based on this analysis, four imaging instruments were chosen for the primary payload for Phase I:
1. Camera Suite: Remote sensing imaging over various wavelengths for composition,
morphology, and high resolution mapping of the surface of the asteroid.
2. Laser Rangefinder: High-resolution digital terrain models to assist proximity operations
planning.
3. Gamma Ray Neutron Spectrometer: Surface and sub-surface element and volatile
composition, verification of water ices, and verification of classification.
4. Visible Infrared Spectrometer: Surface and sub-surface element and volatile composition,
and verification of classification.
These payload instruments can be packaged together and placed on a platform to be mounted onto
the structure of the habitat. In this way, these instruments can image and analyze the asteroid
remotely in Phase I as the rest of the structure is being assembled for future phases of the mission.
However, once the mission moves onto Phases II and III and the habitat will be rotating in order to
simulate variable gravity, the feasibility of a mounted platform of remote sensing payload that will
have to be gimbaled or otherwise detached from the spinning of the habitat in order to continue
imaging decreases significantly. As a result, in order to decrease the complexity and costs of
mechanisms and increase the effectiveness and usage of the remote sensing payload instruments, the
informed decision can be made to remove the package from the habitat structure and make it its own
entity through the creation of the Asteroid Redirect Mission Orbiter.

Asteroid Redirect Mission Orbiter
The Asteroid Redirect Mission Orbiter is a fully capable and independent spacecraft from the habitat,
comprised of the remote sensing payload package listed above, a propulsion system, solar arrays and
a battery along with other power system electronics, guidance and control sensors, thermal
components, and avionics components with capabilities to communicate with the habitat directly or
to Earth by relaying through a lunar orbiter (Santo, Lee, & Gold).
The orbiter will be launched as part of the Phase I structural launch. The orbiter will be secured in a
specialized housing such as the Canisterized Satellite Dispenser (CSD) from Planetary Systems
Corporation (Planetary Systems Corporation, 2013), which will be mounted to the structure of the
habitat (Figure 1). After successful insertion into SDRO and before Phase I deployment, the
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Asteroid Redirect Mission Orbiter will be dispensed from the CSD and, after safely clearing the
habitat structure, will use its own propulsion system to insert itself into an orbit in SDRO that will
track a safety ellipse around the asteroid. This results in an orbit that never crosses paths with the
asteroid’s velocity vector, clearing the orbit from zones that could potentially cause collision
(Barbee). The Asteroid Redirect Mission Orbiter will have capabilities for a nominal mission of four
6-month phases (Phases I, IIA, IIB, IIC).

Figure 1. The Asteroid Redirect Mission Orbiter
Housed in CSD (gold box) During Phase I
Transit and Deployment

For each of the four science payload instruments, heritage instruments have been chosen to serve as
design references. These heritage instruments provide necessary mass, volume, power, and data rate
information required to determine general requirements for the Asteroid Redirect Mission Orbiter.
They are listed in Table 5 below:
Table 5. Primary Science Payload and Design Reference Heritage Instruments

Primary Science Payload
Camera Suite
Laser Rangefinder
Gamma Ray Neutron
Spectrometer
Visible Infrared Spectrometer

Heritage Instrument
OSIRIS-REx Camera Suite (OCAMS) (Smith, 2013)/ Hayabusa
AMICA (Ishiguro)
NEAR Laser Rangefinder (JHU APL)
Dawn Gamma Ray and Neutron Detector (NASA JPL)
Dawn Visible and Infrared Spectrometer (NASA JPL)

From specifications drawn from heritage instruments along with requirements for propulsion, power, data
handling, and communications, subsequent informed decisions were made to result in the following mass and
power breakdown table (

Table 6) which shows the mass and power divisions between various general components of the
orbiter:
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Table 6. Orbiter Mass and Power Budget

Component
Science Payload:
Camera Suite
Laser Rangefinder
Gamma Ray Neutron Spectrometer
Visible Infrared Spectrometer
Propulsion (including propellant1)
Power
Telecommunication
Guidance and Control
Command and Data Handling
Mechanical
Thermal
TOTAL

Mass
(kg)
42
7
10
15
10
446
27
25.5
34
19
100
49
742.5

Power
(W)
91.3
16.3
20
25
10
–
7
60
68
24
–
186
436.3

All components listed in the table above (

Table 6) will fit within a 10-m3 bulk volume with a 2-m2 base (Santo, Lee, & Gold). As most power figures in

Table 6 indicate configuration at minimum power point, the orbiter will have capabilities of up to
1000W of power, with a 500W minimum power point (Santo, Lee, & Gold). In terms of data
handling, the habitat will be able to store 40GB (minimum) to 80GB (maximum) of dynamic
memory collected by the remote sensing imagers aboard the orbiter during each 6-month phase. All
data will also be downlinked to Earth, which will expect four times the memory aboard the habitat,
as the orbiter’s primary mission covers Phase I and Phases IIA, IIB, and IIC.

Polus Asteroid Science Laboratory
Apart from the remote sensing imagers aboard the Asteroid Redirect Mission Orbiter, the habitat will
contain capabilities to preliminarily analyze asteroid samples collection through EVA operations
before they are returned to Earth for further examination. This science laboratory rack within the
habitat is modeled after the Fluids Integrated Rack (FIR) and the Light Microscopy Module (LMM)
currently aboard the International Space Station (ISS) (Griffin, 2009).
Contained in a 0.7-m3 volume (1100mm x 095mm x 495mm) with a mass of 300-kg, this asteroid
science rack nominally requires ~680W of power (Griffin, 2009). This self-contained laboratory
provides its own power, memory, computing, thermal cooling, and even its own portable vacuum
cleaner for off nominal situations (NASA Glenn Research Center, 2007). This asteroid science
laboratory rack will thus have the capability to examine asteroid rock samples and preliminarily learn

1

Application of rocket equation; Hydrazine Isp = 336 seconds.

2

NASA Risk-Informed Decision Making Handbook. NASA/SP-2010-576, April 2010.
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more about the asteroid’s composition and determine what types of volatiles and other elements exist
within the asteroid.
Specific features contained that will work towards achievement of Phase I science objectives include:
•
•
•
•
•
•

High resolution & color digital imaging
Image processing
LMM (capable of a variety of forms of microscopy)
Gas chromatography
Mass Spectrometry
Sealed glove box

As a result, this laboratory serves as an intermediate step, between sample collection and sample
return to Earth, in determining Phase I science objectives such as the asteroid’s composition, its
chemical history, and the radiation environment it was exposed to pre-ARM. It shall also serve as a
step in determining what volatiles exist and can be extracted from the asteroid.

3.6. Phase II
3.6.1. Science & Operations Objectives
In Phase II, with the station becoming capable of generating artificial gravity, remote asteroid science
will continue to be conducted, but the mission's science objectives shift toward studying the effects
of artificial gravity on the human body. Currently, it is known that long-duration exposure to
microgravity is very detrimental to human health, particularly in the areas of bone structure, muscle
mass, brain function, vision, and the immune system. As such, the main science questions that will be
examined are:
1. How does long-term artificial gravity affect habitability and station operations? As
the station will be spinning to generate lunar gravity for 6 months in Phase IIA, Martian
gravity for 6 months in Phase IIB, and Earth gravity for 6 months in Phase IIC, the goal is
to determine trends among the crews' vital functions as they live under each level of
experienced gravity. When compared to the extensive control data provided from decades of
0 g spaceflight, these trends will help determine if, and how much, artificial gravity generated
by the station's spinning is capable of reducing the detrimental effects that would typically be
experienced by a crew spending a 6 month rotation in microgravity.
2. How do the generated coriolis forces affect habitability and station operations?
Similarly, another main science objective is to examine how the coriolis forces that will be
generated along with artificial gravity will affect crew health and overall station habitability.

3.6.2. Science Payload
In order to achieve the science goals of Phase II of the mission, it is necessary for the station to have
the means to observe the crews' health in as much detail as possible. To this end, the habitat module
of the station, sent up in Phase I, will contain an integrated physiological workstation that will
incorporate a number of diagnostic medical instruments, including:
1. Ultrasound: The station will utilize a portable Ultrasound, similar to the Ultrasound 2
currently used on the International Space Station, to perform the majority of diagnostic
imaging and health monitoring. While ultrasound is not as effective as other techniques,
such as magnetic resonance imaging, at imaging bone structure or the brain, the
prohibitive mass and crew radiation exposure of superior imaging systems made them
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unfeasible for use on the station. With sufficient training, useful imaging of all parts of
the body can be accomplished with the ultrasound.
2. Thermography: The station's physiological workstation will also incorporate a
handheld thermal imaging device. This instrument will be used to conduct
thermography of the crew, which will be used to augment the ultrasound's capabilities.
The thermal imager will be especially useful for monitoring the crew's circulatory
function, muscle mass, and intracranial pressure.
3. Integrated ECG/EEG/EMG/ENG: The physiological workstation will also contain
a combined electrode suite that will be able to be used for electrocardiography (ECG) to
monitor cardiac function, electroencephalography (EEG) to monitor brain function,
electromyography (EMG) to monitor muscle function, and electronystagmography
(ENG) to monitor eye and vestibular system function.
4. Retinoscope: A retinoscope will be used along with a standard vision test to monitor
deterioration of the crew's vision.
5. Blood Testing Equipment: Blood testing kits will also be included to monitor the
crew's immune system function.
6. Photoacoustic Tomography: Photoacoustic tomography, utilizing the ultrasound in
conjunction with the microscopy module
Table 7. Phase II Physiological Study Objectives and Science Payload

3.7. Phase III
3.7.1. Science & Operations Objectives
Phase III's overarching primary science objective is to determine and examine the challenges posed
by conducting human activity on the Martian surface. In order to effectively determine appropriate
and meaningful science goals in this context, it is important to note what is already known prior to
this phase of the mission. This can be divided into three main categories: conditions on the Martian
surface, operational information learned from the Apollo experience, and the effects of Martian
gravity inside a habitable module learned from Phase IIB of this mission.
From previous observation and unmanned science missions to Mars, there is a fairly good
understanding of the conditions on the surface of Mars. In particular, there already is detailed
knowledge of the general composition of the Martian surface, atmosphere, and weather. However,
there is no current knowledge of how a human being conducting a real EVA will fare in these
conditions. As a result, it was considered imperative to simulate these conditions in as high of fidelity
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as possible in order to gain the most meaningful knowledge regarding the effects on potential
manned operations.
Similarly, some information on the implications of surface EVA operations can be derived the
Apollo Lunar landings, such as ease of mobility under lunar gravity, and the difficulty of operating
science packages in EVA suits. Additionally, by Phase III of the mission, there will already have been
six months of observation of a crew living inside the station under Martian gravity, giving prior data
on the effects of living inside a habitable module under Martian gravity. This allows Phase III to
focus on the effects of more realistic longer-term stays as well as the impact of Martian gravity on
EVA operations.
Given all of this, the objective of Phase III of the mission is therefore to examine what remains
unknown with regard to surface EVA operations, in particular:
1. How will Martian conditions affect mobility in comparison to lunar gravity? The
impact of Martian conditions on walking, running, jumping, climbing, and overall
astronaut balance are not known beyond what can be extrapolated from the Apollo
landings. However, mobility testing needs to be done on the more exotic terrain that
may be found on Mars, sloped terrain that is rockier than the lunar surface. It is
unknown if stability assists will be needed for a Mars surface EVA, so
2. How effective will the suits’ life support systems be under Martian conditions? In
particular, it is of critical importance to ensure that suit oxygen, water, temperature, and
pressure levels can be maintained under Martian gravitational and atmospheric
conditions.
3. How can the crew accomplish more complex surface tasks than were done
during Apollo? A manned landing on Mars would need to have a longer duration and
accomplish more than the Apollo landings, as well as accomplish more than past Mars
probes or surface rovers. As such, it is also of importance to examine techniques for
more complex and interesting sample collection and excavation than was done during
the Apollo landings. Similarly, it is also important to evaluate other critical tasks for a
long duration Mars stay, such as transport and handling of materials, construction tasks,
and interaction with stairs, ramps, ladders, or other features of a potential Mars lander.
4. How will Martian atmospheric conditions affect surface operations? The Martian
surface is frequently subject to winds of up to 40 mph, with up to 125 mph possible
during major windstorms. Surface wind also stirs up surface dust, which stays up for
longer than on Earth due to the reduced level of gravity. There is also the problem of
dust storms, which could rapidly envelop a crew on the surface within an hour,
drastically reducing visibility. As such, Phase III of the mission will investigate the
impact of wind and low-lighting conditions on EVA operations.

3.7.2. Mars Surface Imitation Module (SIM)
Polus will be upgraded through the use of one HLLV prior to the start of Phase III. This additional
launch will be used to transport the Mars Surface Imitation Module (SIM) to SDRO. The module
will be attached to the station through the use of IDSS as well as an additional structural support to
withstand the loads generated during gravity simulation. The Mars SIM will be used to simulate high
fidelity EVA simulations and serve as additional storage space for consumables during Phase III.

Structural Requirements Overview
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Multiple options were considered for the design of the Mars SIM. The current design of the SIM is a
single additional level that will be attached to the existing habitat through the use of IDSS and an
additional structural support. For simplicity, the diameter of the module was chosen to be the same
as the existing habitat and will feature the same 4:1 ellipsoidal end caps used on the habitat. The
ceiling height of the floor was chosen to be 3.5 meters. The initial design was a 2.5 m ceiling
however, with the addition of the plateau for testing, the height was raised by 1 meter so as to
provide a 2.5 meter ceiling above the highest location in the EVA chamber. The possibility of an
astronaut suffering an injury to their head, neck or back by jumping and hitting the ceiling was also
considered. While initial designing for this was impractical, the additional 1 meter ceiling height is
sufficient to account for this. In addition to these size requirements, the SIM include an airlock,
storage for two space suits, space to don and doff space suits, two suit ports, and additional space for
consumables storage.

Gravity and Pressure
In order to provide the highest fidelity Mars EVA simulation, the Mars SIM will have the capability
to provide both simulated pressure and gravity. The Mars SIM will maintain a pressure of 600 Pa, the
atmospheric pressure of Mars. By incorporating this pressure, crew will be able to provide feedback
on space suit mobility in the Martian environment. The Mars SIM will maintain a gravity level of
0.41g, which is slightly greater than actual Mars gravity, 0.38 g. This design choice is discussed in
detail in the section on gravity gradients (3.18).

Internal Layout
The Mars SIM will be divided into two sections. The majority of the structure will be devoted to the
EVA camber, while a smaller portion will be made up of the airlock and additional consumable
storage. The airlock is a 4.5 meter diameter space, set tangentially to the wall of the module, with a
height of 3.5 meters. In addition to serving as an airlock, this space will also contain storage for two
suits, space to don and doff suits, two suit ports, and additional storage for consumables. The EVA
chamber will have the capability to be very modular, allowing the crew to modify the layout as
needed to perform experiments. The initial layout will include terrain simulations as well as testing
area for several potential Mars lander methods of ingress and egress, including: stairs, a ramp, and a
ladder. Storage space for additional materials will be included around the edges of the airlock to
maximize the use of space in the module.
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Figure 2. Mars SIM Internal Layout

Terrain Simulation
The Mars SIM will feature terrain simulation. A type of low outgassing fiberglass will be used to
simulate a variety of rocks of different diameter. The base terrain will be recreated with variable
sloped fiberglass or acrylic panels onto which the simulated rocks will be placed to create the desired
terrain. As with the rest of the module, the terrain will be modular so that various terrains can be
simulated. Additional rock simulation will be available in the storage areas for use in different
simulations. Possible terrains include but are not limited to chaos terrain of the southern hemisphere
of Mars and the sandy flatlands of the northern hemisphere.
The terrain simulation could conceivably be upgraded during future missions. A possible upgrade
could include the use of hard foam to create higher fidelity slopes. Eventually the system could be
upgraded to include the use of regolith simulant, such as Mojave Martian Simulant (MMS) or JSC
MARS-1 soil simulant (Beegle, Peters, Bearman, Smith, & Anderson, 2005). The addition of regolith
simulants would provide the highest fidelity simulation but also intentionally introduces dust and
other debris to the system. With a more advanced method filtering these particles from the air this
could become a conceivable upgrade but not something that will be included at this time. Advanced
methods of dust and contaminate mitigation could potentially be tested on Polus during asteroid
science missions. Before humans can land on Mars the issue of dust mitigation will need to be
answered. Polus could be the platform that enables this advancement.
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Experiments
The purpose of the Mars SIM is to enable high fidelity simulation of Martian EVA’s to provide
valuable data relating to astronaut performance in Mars gravity and pressure. Two fully suited
astronauts entering the Mars SIM will have the ability perform various tasks in Martian conditions.
Priorities will include testing ingress and egress methods for potential Mars landers, astronaut
mobility on varied terrain, and space suit performance. Possible ingress and egress methods will
include a ladder, stairs and a ramp. Each of these methods will have the ability to be modified by the
crew to determine the optimal configuration for each and to provide feedback on which would be
preferred on a future lander.
The space of the EVA chamber not dominated by the ingress and egress testing will feature terrain
simulations. The terrain simulation, discussed in the previous section, will enable the astronauts to
provide feedback on mobility and stability and varied conditions. Missions to Mars will include
longer duration EVA’s and points of interest that cannot be easily explored by rovers, making this
study a high priority. The goal is to determine difficulty of basic mobility, such as walking and
jumping, and to determine methods of assist (if any) that would be required for terrain that could be
found at possible points of interest on Mars.
In addition to providing an area to conduct mobility and stability testing, the terrain simulations will
allow crew to perform tests with various forms of sample collection. During the Apollo missions,
astronauts used basic tools, such as rakes, tongs, and scoops to collect samples. Due to the longer
duration of a Mars mission and the considerable ability of planetary rovers, it would not be useful for
astronauts to perform the same basic collection tasks. The goal will be to optimize the tools to be
used during sample collection so as to enable astronauts to increase efficiency and sample return.
Due to the nature of surface exploration missions on Mars, it can be expected that astronauts would
need to be able to perform basic construction tasks, such as assisting with the construction of a
habitat and remote field camps (Charles, et al., 2001). Types of these structures may be automatically
deployable by the time astronauts are actually on Mars, but in the interest of ensuring crew is fully
prepared to handle any challenges that may be associated with that deployment, it is intended for
Polus crew to perform basic construction tasks during simulated EVA. Tasks may include modifying
the existing lander ingress/egress test features or the construction of a scaled down version of a field
camp. Additional building material will be present to facilitate tasks such as these.
Mars surface crews have the potential to work in varying degrees of lighting. While it will not be a
nominal mission to conduct surface operations in darkening conditions, this is still a possibility
(Charles, et al., 2001). The Mars SIM will have the capability of simulating various levels of lighting
during EVA operations. Variable lighting will assist with the design of suits, in terms of external
lighting and visors, and also with the design of stability assists and tools.
The Mars SIM will also feature the ability to simulate wind storms. The Martian surface is frequently
subject to winds of up to 40 mph, with up to 125 mph possible during major wind storms.
Simulating wind of this speed and testing crew performance during those simulations compared to
non-windy conditions will provide more insight into overall mission design as well as stability assists.
Surface wind also stirs up dust, which stays up for longer than on Earth due to the reduced level of
gravity. These dust storms can rapidly envelop a crew on the surface within an hour and drastically
reducing visibility. As such, the ability to simulate wind and variable lighting simultaneously will
provide valuable data that will contribute to future mission design. The potential for crew conducting
EVA to become unable to return to a safe location during a dust storm is high. One of the goals of
the Mars SIM is to develop a type of emergency EVA shelter that is easily deployable by an astronaut
conducting an EVA, similar to the fire shelters that are employed by wildland firefighters. This
shelter could be used to protect the astronaut for a limited period of time if unable to return to a
permanent shelter.
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The modular design of the Mars SIM grants considerable versatility in experiments. Once the initial
phase of testing is completed, additional experiments can be devised based off of crew feedback.
Conceivably, the Mars SIM could also be upgraded to incorporate simulated regolith for even higher
fidelity missions. The addition of regolith would greatly improve sample collection testing. Continued
testing in Phase III and beyond will be invaluable in preparing astronauts for future missions to
Mars.

3.8. High Level Mission Planning
3.8.1. Defining the Mission
The main objectives of Phases I, II, and III can be briefly re-summarized as follows:
I.
II.
III.

Interaction with a 7-10 meter NEA in SDRO by a crew of 4 for 6 months
Human testing of varying levels of artificial gravity by crews of 6 for 6 months (per
rotation)
Full conjunction-class Mars mission simulation by a crew of 6 for 30 months

While the primary focus of Phase I is contingent on close proximity to a NEA notionally placed in
SDRO (Stich, 2014), Phases II focuses on the study of human physiology under multiple gravity
levels and thus requires no specific orbit. Phase III also focuses on physiology; additionally, a high
fidelity mission simulation should take place beyond the protection Van Allen radiation belts, in
order to study the combined effects of long term exposure to GCRs and rotation induced artificial
gravity. Table 8 summarizes these constraints:
Table 8. Phase summary

Phase

Duration

Crew

Orbit or Constraint

I

6 months

4

70,000km SDRO

II

18 months

6

---

III

30 months

6

rp > 60,000km

The simplest design implementing these constraints utilizes SDRO as a staging and operational area
for all mission phases. This approach has several advantages, including minimal to nonexistent
stationkeeping requirements for upwards of 100 years. It also creates repeatable, well-defined launch
and trajectory parameters for the purposes of mission design and proves to be the strongest
candidate for a basic mission architecture.

3.9. Mission Timeline
Figure 3 shows a general mission timeline of launches and reentries for each phase. Each phase is
supported by one SLS block 1A structural launch. Structure launches will use a low ΔV transfer
taking 100 days. All crew launches will use a Space-X DragonRider crew vehicle launched on a
Falcon Heavy. These launches will follow a faster, higher ΔV trajectory taking only four days.
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Figure 3. Overall Mission Timeline

3.9.1. Phase I
The timeline for Phase I is shown in Figure 4. Phase I consists of one 6 month crew rotation of 4
crew members. This phase focuses on fulfilling the final segment of ARM, asteroid crewed
exploration. During this phase, Polus will rendezvous with the relocated asteroid in SDRO.
Astronauts will be capable of traversing between Polus and the asteroid. The structural launch will
occur in September of 2021. This enables the crewed portion of Phase I to begin in 2022, a
requirement dictated by the ARM timeline stating that the asteroid will be relocated to SDRO by the
end of 2021. In the middle of Phase I, the Phase II structure will be launched. Phase I concludes
halfway through 2022.

Figure 4. Phase I Timeline
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3.9.2. Phase II
Phase II consists of three independent crew rotations, as shown in Figure 5, with the goal of
evaluating the physiological effects of various gravity levels on the human body, and determining
differences in operational protocol required for each gravity level. The main structural addition in this
phase is the central hub and the infrastructure required to enable rotation. Polus will now have the
capability to generate artificial gravity up to 1 g. Each crew rotation will last six months and support
six astronauts. The first rotation will be at Lunar gravity, the second will be at Martian gravity, and
the third will be at Earth gravity. Halfway through the third crew rotation, the structural launch for
Phase III will occur. Phase II will conclude early in 2024.

Figure 5. Phase II Timeline

3.9.3. Phase III
Phase III is a simulation of a full-scale, crewed, Martian surface mission, based on the Human
Exploration of Mars Design Reference Architecture 5.0. The timeline for this phase is shown in
Figure 6. The structural launch will include a simulated Martian environment, to explore surface
operations. The phase will last 1000 days, and support a crew of 6. The first and last 6 months of the
phase will be at 0 g, simulating an Earth to Mars transfer. During the middle 21 months Polus will
operate at Martian gravity, simulating a long-duration stay on Mars. The primary mission concludes
in January of 2027.
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Figure 6. Phase III Timeline

Alternate Phase III
An alternate Phase III, shown in Figure 7, involving the use of the International Space Station (ISS)
was explored. In this architecture the 0 g portions of the Mars mission simulation would be
conducted on ISS. The crew would transfer from ISS to Polus after the first 6 months, and return to
ISS before the last six months. This architecture allows Phase III to begin six months before Phase II
ends, with components of the mission occurring in parallel utilizing both Polus and ISS
simultaneously. This shifts the timeline forward six months. In addition, this maximizes Polus’
capabilities by avoiding operating it at 0 g. This architecture also provides a valuable and worthy
mission extension opportunity for ISS.
There is a loss of simulation fidelity by using ISS. ISS is significantly larger than Polus, or a crewed
Mars mission spacecraft would be. Additionally, it is not beyond the Van Allen Radiation Belt,
reducing long-term space habitability complexity. There would also be interaction with astronauts
outside of the simulated mission. Ultimately, it does not provide a truly realistic mission simulation.
Perhaps more important however, is the difficulty in transferring from ISS to Polus. Plane changes
typically involve high ΔV’s. The transfer can be modeled as a simple inclination and radius change
using ISS’s velocity and the velocity for the trans-lunar injection (TLI).
ΔV =

!
!
V!""
+ V!"#
− 2V!"" V!"# cos Δi

Using this approximation a one-way transfer ΔV of between 4.3 and 5.5 km/s was found depending
on the Moon’s position at the time of transfer. This corresponds to additional required propellant
masses of 40,000 to 65,000 kg for a one-way transfer. These numbers could potentially be driven
down using more complex transfers and lunar gravity assists. However, this analysis was deemed
beyond the scope of this research. The first Phase III discussed in Section 3.9.3 will be used for this
report. However this alternate Phase III is included for completeness.
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Figure 7. Alternate Phase III Timeline

3.9.4. Mission Extensions
Extended Manned Studies
Polus’ unique and unprecedented capabilities provide some exciting opportunities for potential
mission extensions. If the results from Phase III conclude that after six months in 0 g, unassisted
operation in Martian gravity is not feasible or too difficult for astronauts, or that after the entire
simulation, astronauts suffer significant physiological damage, the minimum conditions for a
successful mission must be identified. Gravity levels and mission duration can be adjusted and the
mission can be simulated under new conditions, to verify the minimum successful mission criteria.
This information would be invaluable for defining the architecture for a mission to Mars and
developing the required capabilities. Polus can also support smaller scale additional manned studies
on variable gravity, long-term space health, asteroid science, and lunar science. It can also provide a
platform for lunar telerobotic support.

Extended Unmanned Studies
If left unmanned, Polus is still a valuable asset. Remote lunar and asteroid observations can be
conducted and managed from Earth-based ground stations. Polus can also serve as a support
platform for other missions. It can store logistics, such as fuel and life support. It can also provide a
habitable environment for use in contingency if other crewed missions go awry.

Upgrade for Mars Mission
Lastly, if deemed suitable, the system could be upgraded for a full-scale Mars mission. It would
require additional propulsion capabilities and a landing vehicle. However, with significant upgrades, it
may be converted to a Mars traverse spacecraft and support early missions to Mars.

3.10. SDRO
SDRO, or Selenocentric Distant Retrograde Orbit, describes a family of stable periodic solutions of
the Circular Restricted Three-Body Problem (CRTBP) for the Earth-Moon system. “Distant” refers
to the typically large mean radius r0 of the orbiting body with respect to the Moon, and “Retrograde”
to the direction of motion. Selected Distant Retrograde Orbits exhibit long term stability
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characteristics which make them function as “storage” or “quarantine” locations in space; it follows
that a redirected asteroid would be placed in one.

Figure 8. Lunar Orbit and 70,000 km SDRO Comparison

Values of r0 for this family of orbits can vary from 12,500 km to upwards of 70,000 km; a 70,000 km
orbit is expected to be used in the ARM and therefore is the design target for this mission. As seen in
Figure 8, a period of a 70,000 km SDRO is approx. 26 days, which is very similar to the period of the
Moon’s orbit. Because of this, SDRO motion appears somewhat similar to lunar motion from the
Earth’s perspective.

3.11. The SDRO Environment
3.11.1. Eclipsing
To adjust power storage and meet the requirements for the spacecraft, solar eclipsing in orbit will be
important. Because the system is also in a distant retrograde orbit around the moon, the earth will
also be eclipsed which will effect communications. To study the eclipsing time in this selenocentric
orbit, data was used from a 170 day simulated mission from July to December 2013 at the desired
radius of 70,000 km.
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Figure 9. Plot of eclipsing data at a radius 70,000 km [17]

Results showed that the Earth was eclipsed every 13 days for 207-221 min and the sun only once for
246 min. As the desired stable orbit to support the ARM in Phase I, this orbit also had much less
eclipsing than a SDRO with a smaller radius. The following data is from a simulated 10 day mission
at a radius of 12,500 km.
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Figure 10. Plot of eclipsing data at a radius 12,500 km

This result means that the Earth would be eclipsed about 100 minutes every 1-2 days and the sun
would be eclipsed about 80 minutes every 1-2 days. This was far more than the orbit with a radius of
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70,000 km, which stayed in view of the earth 98.8% of the time. It also stayed in view of the sun
99.9% of the time.

3.11.2. Transfers & Orbital Mechanics
As described previously, the DRO families arise as periodic solutions to the CRTBP. Minimum ΔV
trajectory solution searches therefore involve complex three-body trajectory and stability analysis; to
further complicate things, these solutions often additionally include lunar gravitational assists. To
simplify the problem down to a systems engineering level, a few heuristics were used:
•
•
•
•
•

At r0 = 70,000 km, the specific SDRO we utilize resides on the boundary of the Moon’s
sphere of influence. This is defined as rSOI = amoon(mmoon/msun)2/5, and is approximately equal
to 66,100 km.
Transfer trajectories from LEO to this region do not vary significantly and can be
approximated in the first order by transfers to high lunar orbit.
The bulk of the ΔV for these types of transfers is attributed to the primary insertion burn,
analogous to the Apollo-era Trans-Lunar Insertion (TLI), typically about 3.2 km/s. For the
purposes of analysis, this burn is referred to as TLI, Trans-Lunar Injection.
The secondary burn, analogous to Lunar-Orbit Insertion (LOI), is highly dependent on the
transfer trajectory flight time and can be up to 0.8 km/s. For the purposes of analysis, this
burn is referred to ROI, Retrograde Orbit Insertion.
Transfers to Earth-Moon L1 (EML1) and SDRO require similar ΔVs.

In addition to these estimation methods, analysis was done of existing research conducted at the
graduate level. Two numerically computed SDRO transfers explored by Ming et. al. are presented
below.
Table 9. Trajectory summary (Xu Ming, 2009)

Trajectory

ΔV1
(km/s)

ΔV2
(km/s)

ΔV3
(km/s)

Total ΔV
(km/s)

Transfer
Duration (days)

1

3.1349

0.6665

0.075439

3.8768

32.5

2

3.1990

0.089978

-

3.2890

100.5

Trajectory 1 is a higher energy transfer, taking roughly one third of the time to arrive in SDRO while
being approximately 0.6 km/s larger than Trajectory 2. Trajectory 2 was therefore selected for use
with non-crewed transfers to maximize deliverable mass. Crewed transfer trajectories have an
additional constraint on flight time, which is bounded by the endurance of the crew transfer vehicle.
General Mission Analysis Tool (GMAT), which provides support for Lagrangian point three-body
dynamics, was used to model feasible crew transfers (which likely require a shorter flight time than
Trajectory 1. A 4 day transfer to Earth-Moon L1 is shown below.
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Figure 11.1. GMAT Scenario depicting a Hohmann-like
trajectory from a 200 km altitude LEO to EML1. This
transfer is used as the crew transfer model, and has a
transit time of approximately 4 days.

Figure 11.2. GMAT Scenario depicting a Hohmannlike trajectory from a 200 km altitude LEO to EML1.
The full transfer is shown here, looking down on the
Earth-Moon plane.

A brief analysis of return trajectories was also performed for the purposes of ensuring an acceptable
Earth Atmospheric Entry Interface velocity, the speed at which the crew return capsule enters the
atmosphere. Using a 12 km/s design limit ensures that reentry speeds will not exceed the maximum
speeds achieved during the Apollo era. A trajectory greatly resembling Figure 11.2 but instead with a
spacecraft returning from EML1 in four days will achieve an entry velocity of approximately 11
km/s, well under the design limits.

3.12. Selecting a Crew Vehicle
Multiple crew vehicles, both in existence and under development, were considered for getting crew
from Earth to Polus in SDRO. The following vehicles were considered:
1. DragonRider Crew Vehicle
2. Orion Multi-Purpose Crew Vehicle (MPCV)
3. Soyuz
During Phase II and beyond the station will be supported by a crew of six. This requirement
eliminates Soyuz, as it can only support a crew of three. Both DragonRider and Orion, while still in
development, are intended to support a crew of six. Both vehicles are also intended to support
missions beyond the Van Allen Radiation belts, a driving constraint for the mission.
The decision between DragonRider and Orion MPCV was largely determined by cost and by mass.
DragonRider is projected to be significantly less massive and SpaceX has a reputation for producing
low cost launch vehicles, thus it can also be assumed the DragonRider will cost significantly less than
the Orion MPCV. While Polus will be capable of supporting both vehicles, DragonRider will be the
vehicle of choice.
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Table 10. Crew Vehicle Comparison

Length
Diameter
Sidewall Angle
Pressurized Volume
Trunk Extension
Mass
Endurance
Max Crew

Orion MPCV
3.3 meters
5.0 meters
57.5°
19.6 cubic meters
X
8913 kg
210 days
6

DragonRider
2.9 meters
3.6 meters
15.0°
10 cubic meters
34 cubic meters
4200 kg
2 years
7

3.13. Selecting a Launch Vehicle
3.13.1. Cargo Launches
Cargo launches transport major station structure from Earth to SDRO for assembly. Three cargo
launches are planned over the course of the mission, with each launch corresponding to a unique
mission phase. Choosing an appropriate cargo launch vehicle to support the mission requires the
comparison of a number of factors, including deliverable mass to LEO, payload faring dimensions
and total volume, and launch price. The sheer scale of the Polus mission immediately suggests that
only heavy lift launch vehicles should be considered, so the comparison is limited to two existing
vehicles and two planned vehicles. The vehicles and their specifications are presented below:
Table 11. Launch Vehicle Trade Study (United Launch Alliance)

Launch
Vehicle

Mass To
LEO (kg)

Payload Faring
Diameter (m)

Payload Faring
Height (m)

Cost Per
kg[28]

SLS Block 1A

105,000

8.4

~25

$14,300

Falcon Heavy

53,000

4.6

11.4

$7,200

Atlas V 551

18,500

4.5

16.5

$13,450

Delta IV Heavy

20,500

4.5

15

$12,900

Atlas V and Delta IV can be ruled out almost immediately by virtue of the LEO/SDRO transfer
ΔVs, which exceed 3 km/s in all cases. These values will place extremely restrictive constraints on the
final deliverable mass to SDRO, which will be less than 50% of the LEO deliverable mass. This
analysis is detailed in the next section of the report.
Ultimately, a top-level requirement of the mission is that only one HLLV be used per mission phase
for station construction. Restricting the total number of launches to 3 places a larger emphasis on
one time launch volume and mass numbers, and indicates that the vehicle of choice should be SLS
Block 1A. While costly, limiting the construction of the station to only three launches yields an
architecture that is not overcomplicated or made impractical by impossibly high numbers of launches
in order to provide all necessary station structure.

3.13.2. Crew Launches
Crew launches serve to transport the crew from Earth to the Polus station. Five crew launches are
scheduled over the course of the mission, with one occurring in Phase I, three in Phase II, and one in
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Phase III. The basic composition of the payload is as follows: crew vehicle with extended trunk or
cargo area; six crewmembers; life support and consumable resupply for up to six months; propellant
replenishment. The crew vehicle, DragonRider, is displayed below along with estimated six month
mass values.

Total (+30% margin): 10,600kg

Figure 12. DragonRider Layout

In the interest of minimizing the number of HLLV launches required to support the mission and
conforming to the requirements as best as can be achieved, Falcon Heavy was selected for crewed
launches. Both Atlas V and Delta IV would require 2+ launches to support the insertion of at least
10,600 kg into SDRO. Selecting Falcon Heavy allows for an upper stage of up to 36,500 kg to be
launched with a crew vehicle of up to 16,500 kg, leaving room in the DragonRider resupply scenario
for propellant replenishment of up to 6000 kg per crew launch.

3.14. Launch Sites
There are only a two launch sites projected to support heavy lift launch vehicles, namely Cape
Canaveral Air Force Station and Vandenberg Air Force Base. The next criterion examined is the
desire to minimize inclination. Inclination is a function of latitude, !, and azimuth range, A, both
properties of the launch site. The equation for inclination is shown below.
cos ! = sin ! cos !
Lastly, the ability to launch prograde imparts an initial ΔV on the spacecraft. The equation to
determine the ΔV gain is shown below.
!! = !!"#$! ! cos !
The results from this analysis are tabulated in Table 12. Cape Canaveral offers a lower inclination and
a higher ΔV, making it the chosen launch site for all launches.
Table 12. Launch Site Trade Study

Launch Site

Latitude

Azimuth Range

Minimum Inclination

ΔV gain [m/s]

Cape Canaveral

28.5˚

35-120˚

28.5˚

409

Vandenberg

34.8˚

158-201˚

51˚

-382
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3.15. Determining SDRO Deliverable Mass
3.15.1. Launch Architecture
Once a launch vehicle is selected, it becomes necessary to determine the sequence of events by which
the habitat achieves a stable SDRO. There are several different methods by which this same final
goal can achieved, and the most efficient and logistically feasible method must be identified from
these. Efficiency can be defined by comparing the quantity of propellant expended to reach SDRO
for each case; logistic feasibility can be thought of as decreasing when mission complexity increases.
Three cases are presented below:
1. Utilize SLS for both the initial LEO insertion and the following TLI burn (ΔV1). Utilize the
habitat’s on-board thrusters for ROI (ΔV2).
2. Utilize SLS for the initial LEO insertion and use the habitat’s on-board thrusters for the TLI
burn (ΔV1). Utilize (again) the habitat’s on-board thrusters for ROI (ΔV2).
3. Utilize SLS for the initial LEO insertion and use an upper stage for the following TLI burn
(ΔV1). Utilize the habitat’s on-board thrusters for ROI (ΔV2).
Case one requires that SLS conserve some significant portion of propellant once LEO is achieved in
order to perform TLI. It also is immediately inferior to case three by virtue of the benefits of staging
– inert mass is removed from the system and deliverable mass increases. Case two is only marginally
less complex than case three, since upper stages are commonly used in spaceflight; additionally, case
two makes the implicit assumption that the habitat’s on-board thrusters can efficiently produce a 3.2
km/s ΔV without large loss of efficiency due to finite burn duration. Case three combines efficiency
(by using cryogenic propellants in an upper stage) with feasibility and is the superior option. Case
three can be visualized below.

Figure 13. A visualization of the cargo launch process with the Phase I payload depicted. SLS Block 1A achieves
LEO, the upper stage separates and performs the TLI burn. The habitat’s thrusters perform the ROI burn.

3.15.2. Rocket Equation & Linear Systems
Using the architecture described in the previous section, payload mass values can be determined and
constraints thus applied to the design of the habitat. The system is modeled with four variables:
upper stage structural mass, upper stage propellant mass, habitat structural mass, and habitat
propellant mass. These variables can be determined using four relations: two applications of the
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rocket equation, one derived relationship between the upper stage structural mass and gross mass,
and the 105,000 kg payload capacity of the launch vehicle – all four variables must sum to this value.
•
•

Variables: MUpper Stage Structure , MUpper Stage Propellant , MHabitat Structure , MHabitat Structure
Constraints
o Rocket Equation – TLI

o

Rocket Equation – ROI

o

Upper Stage Structural Mass/Gross Mass Proportionality: The equation is presented
below, along with its representation as a least-squares fit.

Figure 14. Comparison of three existing upper stage gross masses vs. structural masses. Gross mass is defined as
the sum of structural mass and propellant mass. A linear fit has been applied and the equation used to determine
the system of equations.
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o

SLS Block 1A payload capacity (LEO):

MUpper Stage Structure + MUpper Stage Propellant + MHabitat Structure + MHabitat Structure = 105,000 kg
Substitutions can be made into these four equations for known values such as ΔV1, ΔV2, g, and Isp
(336s for habitat thrusters, 450s for cryogenic upper stage engines). Solving the four equations via
row reduction on the equivalent augmented matrix yields the following:
Table 13. Structural Launch Mass Summary

Variable

Value (kg)

Habitat Dry Mass

52,000

Habitat Propellant Mass

2000

Upper Stage Dry Mass

5250

Upper Stage Propellant Mass

45,750

Notes:
•
•

Habitat propellant mass models only the required mass for the ROI insertion burn, and not
for any stationkeeping or spin up/down maneuvers.
This analysis process assumes that it is desirable to minimize upper stage dry mass. In some
cases, especially given the fact that the upper stage is repurposed as a counterweight during
Phases II and III, it is not desirable to minimize this value. In this case, the upper stage dry
mass can increase as long as it is paired with a corresponding decrease in habitat dry mass.

3.16. Docking
Docking procedures will be based on the latest operations used between the DragonRider vehicle
and the ISS. On May 25, 2012, the Dragon spacecraft attached to the ISS for the first time making it
the only privately developed vehicle in history to do so. This early success is encouraging for the
future of the Polus mission.

3.16.1. DragonEye
The sensor that DragonRider uses for proximity operations is called DragonEye. It is an
autonomous system that can dock to the habitat in Phase I and the Hub in Phase II & III. In 2009,
this system was successfully demonstrated on the Space Shuttle when it was tested in proximity of
the ISS. It utilizes Light Detection and Ranging (LIDAR) to measure exact distances from the
docking port. LIDAR also calculates closure rate and it was proven again in 2012 when Dragon
docked with the station. An infrared video system is used in concert with LIDAR on this mission to
output similar data and check its accuracy. Without flight-tests of other systems, the design of the
docking ports is simple. The current ports used on the ISS will be incorporated on Polus to comply
with IDSS standards.

3.16.2. Approach
For the approach of crew vehicle, several holds will be needed to confirm position before
proceeding. These holds will be issued by the crew. Because the system automatically docks, the
ability of the crew to pause the procedure and check for problems is essential. Depending on the
orientation of the spacecraft at the time of docking, one of two approaches will be used. It will either
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approach in-line with the flight path of the spacecraft (called V-bar) or perpendicular to the flight
path along the line of the radius of the orbit (called R-bar). The R-bar was successfully implemented
during the 2012 mission with Dragon and the ISS. The most logical approach will be used
depending on the orientation of Polus in SDRO at the time of docking.

3.17. Orientation & Pointing
3.17.1. Overview
It is necessary to determine the ways in which the habitat will rotate in space during each phase, and
to formulate a plan for its orientation. This must incorporate several different competing factors:
thermal dispersion across the surface of the exterior structure from solar heating; exposure of the
solar panels to direct sunlight; the orientation of the antenna(e) relative to earth and obstructing
station structure; operational objectives including relative orientation of the habitat and the NearEarth Asteroid in Phase I. In Phases II and III, the large angular momentum of a rotating habitat
places a constraint on changes in orientation and leads to a design that minimizes these changes.

Figure 15. Changes to the angular momentum vector that alter the direction of the vector but not the magnitude
are proportional to the magnitude of the vectors. A 90-degree rotation in Phase II or III would require more
propellant than is required for spin up/down.

3.17.2. Phases II and III
The strategy devised for orienting the habitat in Phases II and III is presented first as they include
the driving constraints; only after satisfying these constraints is Phase I designed. As shown in the
previous section, changes in the plane of rotation (which can be thought of as reorienting the space
station) require massive amounts of propellant and are quickly deemed infeasible. Therefore a
configuration which is inertially fixed must meet all the previously listed requirements.
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Figure 16. Mock up depiction of the station orientation during Phases II, III with respect to the Sun, Moon, and
Earth. The rotation plane is chosen to be the ecliptic plane, and an alpha joint is placed between the solar
panel/antenna tower and the rest of the rotating habitat

Fixing the station rotation plane as parallel to the ecliptic plane is a viable option, and is shown
above. There are several advantages to taking this approach – first and most importantly, there are
no changes in orientation that must be performed during the mission and thus propellant
consumption is minimized. Additionally, no beta joint is needed as the panels need only articulate
around one axis as the Earth moves around the Sun. The antenna only needs to articulate to ± 5°,
the inclination between the ecliptic plane and the plane of the moon’s orbit. Thermal homogeneity is
also achieved by avoiding any constant exposure to sunlight; if the station were oriented any other
way; one side would receive constant sun at some incident angle.

3.17.3. Phase I
The strategy devised for orienting the habitat in Phase I is derived as a simple follow up to the Phase
II/III configuration. Since it is preferable to re-use the antenna/solar panel structure in multiple
phases, Phase I is designed to use the same alpha joint and solar panel configuration as Phases II and
III.
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Figure 17: Mock up depiction of the station orientation during Phase I with respect to the Sun, Moon, and Earth.
The rotation plane is also chosen to be the ecliptic plane, and an alpha joint is placed between the solar
panel/antenna tower and the rest of the rotating habitat. The habitat is free to alter its orientation

In this configuration, everything above the alpha joint is moved to the non-rotating section of the
station in the beginning of Phase II. An Apollo style “barbecue roll” is proposed as a way to
thermally regulate the exterior of the habitat.

3.18. Artificial Gravity on Polus
The success of future human deep space exploration missions will almost certainly require some
form of artificial gravity generation. Extended missions in deep space will ultimately result in bone
and muscle density loss that could potentially render the crew incapable of surviving reentry or to
regain the ability to walk under their own power in Earth gravity. The ability to provide artificial
gravity onboard a spacecraft will enable longer duration missions in deep space. The goal of Polus is
to provide much needed data on the effect of artificial gravity on astronauts on long duration
missions. As of now, the only method to achieve artificial gravity is by spinning a vehicle about some
axis of rotation. Polus is a rotating variable gravity space station, capable of providing varied levels of
artificial gravity depending on the spin rate and the radius of rotation. The apparent gravity for each
floor of Polus in all three phases is discussed in the following sections. The gravity levels can be
calculated using the equation for centripetal acceleration:
!! = ! ! !.

3.18.1. Phase I
During Phase I there will only be microgravity. The crew rotation during Phase I will live and work
in zero gravity conditions. At the culmination of Phase I, the station will be outfitted to support
artificial gravity operation for Phase II and beyond.

3.18.2. Phase II
Polus will be upgraded prior to the start of Phase II to provide the capability of artificial gravity on
station. This upgrade will be accomplished through the use of one additional HLLV. This upgrade
consists of the addition of a central hub, cables, and a holder for ballasting the spent upper stages
from all launches.
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The radius from the axis of rotation is shown in Figure 18. The maximum rotation rate was chosen
to be four revolutions per minute. With this operational maximum and locating the desired gravity
for a given phase of the mission on the bottom floor of the habitat, the operational rotation rates can
be determined.
L=56.2 m

L=50 m

L=58.4 m
Figure 18. Phase II Radii of Rotation

Due to the nature of rotating mechanics, the local apparent gravity is dependent on the radius of
rotation and the rate of rotation. The habitat has multiple floors and there exists a gravity gradient
between the floors. The floors are flat, and therefore there exists a gravity gradient along each floor
in the plane of rotation.
When moving along the floor in the directions perpendicular to the plane of rotation there is no
gravity gradient. When moving in this direction, there is no change in distance from the axis of
rotation and therefore no change in the local perceived gravity. A summary of the gravity gradients
are shown in Table 14. The percent change exists between the first and second floor gravity levels.
Table 14. Phase II Gravity Gradients

Gravity
Lunar
Mars
Earth

Rotation Rate
[RPM]
1.59
2.41
3.91

1st Floor
[g]
0.16
0.36
0.96

1st Floor Edge
[g]
0.16
0.37
0.96

2nd Floor
[g]
0.17
0.38
1.00

2nd Floor Edge
[g]
0.17
0.38
1.00

%
Change
3.77
3.77
3.77

3.18.3. Phase IIA – Lunar Gravity
Phase IIA is a 6 month mission in which Polus will be spun up to provide artificial lunar gravity on
the second (bottom) floor of the habitat. To simulate this gravity, the station will need to be spinning
at a rate of 1.59 revolutions per minute. The gradient from the center of the floor out to the wall
along the plane of rotation shows a minimal increase in gravity in the fourth and fifth significant
digits. This increase will essentially be unnoticeable by the crew. The gravity decreases towards the
axis of rotation. This decrease represents a percent change of 3.77% in the apparent gravity level.
The expectation is that the crew will not notice this minor change in gravity. The gradients
experienced during this simulation are demonstrated in Figure 19.
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0.1658 G

0.1654 G

0.1592 G

Figure 19. Top View of Plane of Rotation Showing the Difference between Constant Radii of Rotation and the
Flat Floors during Lunar Gravity Simulation

3.18.4. Phase IIB – Mars Gravity
As in Phase IIA, Phase IIB will be a 6 month mission in which Mars gravity will be simulated. Again,
the apparent gravity will exist on the 2nd floor of the habitat. In order to provide the specified gravity
the station will be spinning at a rate of 2.41 revolutions per minute. The gradient from the center of
the floor out to the wall along the plane of rotation shows a minimal increase in gravity in the fourth
and fifth significant digits. This increase will essentially be unnoticeable by the crew. The gravity
decreases towards the axis of rotation. This decrease represents a percent change of 3.77% in the
apparent gravity level. The expectation is that the crew will not notice this minor change in gravity.
The gradients experienced during this simulation are demonstrated in Figure 20.
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0.3651G
0.3793 G

0.3784 G

0.3641 G

Figure 20. Top View of Plane of Rotation Showing the Difference between Constant Radii of Rotation and the
Flat Floors during Mars Gravity Simulation

3.18.5. Phase IIC – Earth Gravity
Phase IIC is identical to Phases IIA and IIB except the station will be rotating at a speed of 3.91
revolutions per minute to simulate Earth gravity. The gradient from the center of the floor out to the
wall along the plane of rotation shows a minimal increase in gravity in the fourth and fifth significant
digits. This increase will essentially be unnoticeable by the crew. The gravity decreases towards the
axis of rotation. This decrease represents a percent change of 3.77% in the apparent gravity level.
The expectation is that the crew will not notice this minor change in gravity. The gradients
experienced during this simulation are demonstrated in Figure 21.
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Figure 21. Top View of Plane of Rotation Showing the Difference between Constant Radii of Rotation and the
Flat Floors during Earth Gravity Simulation

3.18.6. Phase III
Phase III of the mission will simulate a 1000 day Mars mission without nominal resupply. The first
and last 180 days of the mission will be conducted in zero gravity to simulate the outgoing and return
trips to Mars. The rest of the mission will be conducted at Mars gravity. In order to minimize the
gravity gradient between floors, it was decided to set the bottom of the habitat, which is now the
middle floor, to Mars gravity, 0.38 g. This decision is supported by the fact that the overriding
science objectives of Phase III are to perform physiological tests to determine the effects of extended
duration missions in zero and artificial gravity outside of the Van Allen radiation belts. Therefore the
crew should be subjected to actual Mars gravity for the majority of the mission.
The bottom floor of the habitat houses the crew quarters and galley and it is expected for the crew to
spend the majority of time in that area. The science floor will be the second most used area and has a
minimal increase in gravity. Due to the distance from the bottom of the habitat, the Mars SIM will
operate at nearly 10% above Mars gravity. Intended EVA simulation missions will total
approximately 12 hours per week. Due to the minimal amount of time the crew will spend in the
Mars SIM compared to the other floors of the habitat, it is expected that the effects will be negligible
on the crew.
As in Phase II, the local apparent gravity is dependent on the radius of rotation, shown in Figure 22,
and the rate of rotation. The habitat has multiple floors and there exists a gravity gradient between
the floors. The floors are flat, and therefore there exists a gravity gradient along each floor in the
plane of rotation.
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L=6.2 m
L=50 m

L=13.9 m

L=8.4 m
Figure 22. Phase III Radii of Rotation

When moving along the floor in the directions perpendicular to the plane of rotation there is no
gravity gradient. When moving in this direction, there is no change in distance from the axis of
rotation and therefore no change in the local perceived gravity. A summary of the gravity gradients is
shown in Table 15. The percent change exists between the identified floor and the second floor of
the habitat, which is set to Mars gravity.
Table 15. Phase III Gravity Gradients

Gravity

Rotation Rate
[RPM]

1st Floor
[g]

1st Floor
Edge [g]

2nd
Floor [g]

2nd Floor
Edge [g]

%
Change

Mars

2.41

0.36

0.37

0.38

0.38

3.77

Gravity

Mars SIM Floor
[g]

Mars SIM
Floor Edge
[g]

%
Change

Mars

0.41

0.41

9.42

3.19. Astronaut Mission Operations
3.19.1. Asteroid EVA Operations
During Phase I, in addition to conducting science experiments on the asteroid using telerobotics,
another objective of this mission was to successfully perform EVA on the asteroid. The general
procedure, tools, strategy, and safety features/requirements are outlined to give a brief description of
how EVA would be conducted on the asteroid.

EVA Safety Features and Requirements
EVA safety features and requirements are listed in

Table 16 as follows:
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Table 16. EVA Safety Features and Requirements

Safety Features

Requirements

Radiation

EVA system design and operational procedures
shall protect the EVA crewmember from
radiation for the duration of the EVA exposure
during the mission

Micrometeoroids and Orbital Debris

EVA suit design shall protect the EVA
crewmember from micrometeoroids and debris

Ingress/Egress

EVA crew members shall always have a positive
method and means to return to the pressurized
module

Tethering

EVA crew members will be safely tethered to the
habitat at all times in microgravity, unless they
are equipped with an EVA propulsive unit

Pressurization

EVA space suit shall be protected in the event
that it ruptures by over pressurization due to
failure of the pressure supply system

Sharp Edges and Protrusions

All structures which require EVA interface shall
be designed to preclude sharp edges and
protrusions, or be covered to protect
crewmembers critical support system

The safety features and requirements were based off NASA’s man-systems and integration standards
(NASA). Assessing the risk analysis matrix, only specific hazards with the highest risk were chosen to
be included in the safety features table. EVA procedure will account for and protect the
crewmembers from any hazards experienced during EVA.

3.19.2. Phase I EVA Procedure
EVA on the asteroid will be conducted using the following procedure:
1. Two crew members suit up with EVA suits
2. Pre-breathing occurs within suit and will take no more than 40 minutes
3. The habitat, being in close proximity with the asteroid during Phase I, will allow for
astronauts to use propulsion module to intercept asteroid
4. Astronauts shall perform local anchoring techniques, required for stabilization on asteroid,
before conducting science experiments
5. Astronauts shall not need to be anchored when collecting floating/drifting samples of
regolith
6. Astronauts shall return to habitat to refuel or end EVA
Astronauts will use a new space suit, as opposed to the extravehicular mobility unit space suits
currently in use now, to perform EVA. The new space suits shall allow crewmembers to start the
pre-breathing process within the suit. In order to perform anchoring techniques on the asteroid, it is
a requirement for there to be a minimum of two astronauts performing asteroid EVA.
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3.19.3. Tools & General Strategy
Many tools went into consideration when determining what the best method of stabilization was for
an astronaut, so that he/she could translate on the asteroid. The tools considered and general
strategies are listed in Error! Reference source not found. as follows:
Table 17. Tools and General Strategy for EVA

Tools

General Strategy

MMU/EVA Jetpack

Propulsive unit for navigation

Asteroid Harness Unit

Allows stabilization for astronaut when
anchoring to asteroid

EVA Translation Lines

Used to set up translation circuit on asteroid

Hand Rails

Used as a translation path on asteroid

Portable Foot Restraints

Used as an astronaut positioning system to
increase stability

EVA Toolbox

Attached to asteroid to allow for easy access to
EVA tools

EVA Saddle Bags

Used to collect regolith samples from asteroid.
Can be stored on asteroid harness

The two main tools from the table above include the EVA jetpack and the asteroid harness unit. Due
to mass budget constraints, the EVA jetpack will be the only form of transportation from the habitat
to the asteroid. The asteroid harness unit is a device that was designed which would allow astronauts
to perform anchoring techniques on the asteroid.

EVA Maneuvering Unit
For safety reasons, the asteroid will not be rotating relative to the astronaut performing the EVA.
The asteroid will also follow a 26 day period which is the same period as the habitat in SDRO. To
minimize the possibility of a collision, the habitat motion will track a safety ellipse around the body.
Very few tests have been conducted in which EVA jetpacks were used as the means of translation to
a near Earth asteroid (NEA). In the fall of 2011, NASA conducted a three week long field test, which
involved the planning and execution of a series of exploration scenarios, to simulate multiple aspects
of mission operation approaches being considered for human exploration of NEA (Abercromby,
Chappell, & Gernhardt, 2013).
Crew members were constrained to walk within 25 m and maintain line-of-sight with each other.
Crew members walked in straight lines and the rate of translation was limited to 0.3 m/s. Researchers
were able to obtain a first order understanding of the operational implications of a finite propellant
load. The tests determined that tasks required two minutes to establish a local anchor, and one
minute to detach from anchoring. The delta-V required for anchoring was found to be 1.2 m/s
(Abercromby, Chappell, & Gernhardt, 2013).
A manned maneuvering unit (MMU) allows for a six hour EVA. It is assumed that by the time this
mission takes place, crewmembers will have a new space suit to perform EVA as well as a new EVA
jetpack, which will allow for a minimum of six hour EVA.
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3.19.4. EVA Harness Concept
After astronauts EVA to the asteroid, in order to successfully interact with the asteroid through
means such as sample collection, imaging, etc., they will need to be stabilized through a method of
resistance. For this, multiple methods are considered:
•

Handrails and footholds: when attached to the surface of the asteroid, these would be used
to allow astronauts to navigate the surface of the asteroid. However, the issue lies in the
initial set-up of these handrails and footholds. Without an initial support, astronauts would
not be able to secure the first supports. To alleviate this issue, one possibility is to create
handrails and footholds that have highly adhesive attachments. These adhesive attachments
could then stick to the surface of the asteroid and help support the astronauts while
navigating the surface of the asteroid. While this partially solves the initial set-up issue,
without knowing the amount of dust on the surface of the asteroid, these supports could
prove unhelpful. In addition, these adhesive attachments could harm the astronaut’s space
suits in off-nominal situations.

•

Recoilless anchor deployment: when approaching the asteroid, one concept is to deploy an
anchoring mechanism that will embed itself into the asteroid and be used as a support
structure such as a tether or an intermediate support structure for additional supports. At the
same time, a balance force would be deployed in the opposite direction of the anchor in
order to keep the astronaut stable during launch. However, this recoilless deployment must
be done with high precision in order to avoid causing undesirable movement to the
astronaut launching the mechanism. The level of complexity of this mechanism increases
opportunities for off-nominal situations. If the mechanism were to deploy improperly, the
astronaut may not survive. As a result, this option is unfavorable due to its level of
complexity.

•

Adjustable belt tethering: when the astronauts reach the asteroid, an adjustable belt tether
can be installed as a means of stabilization. As pictured in Figure 23, the tether would be
secured in and extended from within a reeling mechanism, shown in more detail in Figure
24. One concept involves two astronauts working together to install the belt tether. One
astronaut would extend half of the tether across as the asteroid as the other secures the
mechanism. Once complete, this side would lock in place and the other astronaut would
work to extend the second half of the tether, which would lock into the other side of the
tether and locked into place on the mechanism. Ratcheting buckles would then be used to
tighten the tether to the asteroid. In this way, an astronaut could use a harness attached to
the tether (Figure 26) for stability while collecting samples and interacting with the surface of
the asteroid.
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Figure 23. Adjustable Belt Tethering Concept

This adjustable belt tether is one concept for stabilization during an asteroid EVA. Proximity
operations that such a concept would support include sample collection. Tools used for sample
collection include handheld cameras for documentation and recording of progress during the EVA,
hammers, brushes, hand lenses, scribers, core tubes to hold samples, and sample containers, bags,
and boxes (Lunar and Planetary Institute , 2014; Allton, 2014; NASA). Hand tool boxes and sample
collection boxes can be attached to the belt tether, and in the case of hand tool boxes, can be left on
site for future EVAs.

Figure 24. Adjustable Belt Tether Reeling/Spooling Mechanism

The reeling mechanism that will hold 35-40 meters of belt tether is shown in detail in the figure
above (Figure 24). This belt tether will be made of material similar to what is currently used for safety
tethers in EVA operations, such as strong synthetic and heat-resistant fibers known as Aramids
(NASA; NASA, 2008). Examples include Nomex or Kevlar Nomex (DuPont, 2001; Sturges). Also
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pictured are deployable support legs that will aid in stabilizing the mechanism on the surface of the
asteroid. In addition to the spools of tether and support legs, lock, unlock, and reel-in switches
(shown in Figure 25) on the mechanism allow more control of the belt tether.

Figure 25. Lock, Unlock, and Reel-In Switches on Tether Housing

The harness that will provide direct resistance to the astronaut interacting with the asteroid’s surface
is picture below (Figure 26), along with a ratcheting buckle and emergency release in close proximity
for easy adjusting when necessary and release in off-nominal situations.

Figure 26. Harness, Ratcheting Buckle, and Emergency Release of Belt Tether Concept

The complete adjustable asteroid harness and belt tether concept, along with the tether housing and
reeling mechanism is shown below (Figure 27). This concept can allow for a resistance method for
the astronauts to use at the surface of the asteroid in order to effectively interact with the surface of
the asteroid and successfully collect samples, take data, and document the asteroid EVA process.
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Figure 27. Complete Adjustable Belt Tether Concept

3.19.5. Dust Mitigation
The EVAs on the asteroid add the issue of dust contamination. The chemical makeup and
consistency of asteroid regolith is currently unknown and no sample testing will be conducted prior
to the mission. This means that any dust particles could possibly be toxic to the human respiratory
system. The chance of a crewmember inhaling this dust is much greater in space with no gravity
where the dust grains remained airborne indefinitely. Risks of silicosis and other respiratory diseases
caused by dust will be a concern. In addition to this internal health risk, asteroid dust also creates
external issues for the astronauts.

3.19.6. Internal Health Concerns
Working in high particle density atmosphere can be fatal to humans depending on the material.
Serious silica exposure in 1927 caused the death of 30% of the 2,000 workers while boring a tunnel.
Silicosis is a respiratory disease that caused by breathing in silicon dust that damages the lungs to
varying levels of severity depending on the amount inhaled. A more general lung disease caused by
dust inhalation is known as Pneumoconiosis. A secondary effect of these diseases can be pulmonary
fibrosis, which scars the lung with excess connective tissue. The following table sums up issues
relating to certain materials.
Table 18. Types of Pneumoconiosis According to Dust and Lung Reaction

Inorganic Dust
Asbestos
Silica (Quartz)
Coal
Beryllium
Tungsten Carbide
Iron
Tin
Barium

Type of Disease
Asbestosis
Silicosis
Coal Pneumoconiosis
Beryllium Disease
Hard Metal Disease
Siderosis
Stannosis
Baritosis

Lung Reaction
Fibrosis
Fibrosis
Fibrosis
Fibrosis
Fibrosis
No Fibrosis
No Fibrosis
No Fibrosis
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3.19.7. External Health Concerns
In addition to future health issues, astronauts can experience immediate problems related to dust
externally. Lunar regolith was the cause of many astronaut complaints in the Apollo program.
Beginning with Apollo 11, the crew reported that dust covered everything and despite their best
attempt to brush it off, it remained attached. The airborne particles were also evident noticed a
gunpowder smell after removing their helmets. The next mission a cloud of dust almost blinded the
crewmember after removing his helmet. This large dust addition to the lunar module atmosphere
caused astronauts to remain in the suit loop with helmets on as much as possible. Later missions
involved dust control procedures and a vacuum but the smell of gunpowder was consistent. One
astronaut even had airborne dust scratch his eye. Astronauts living and working in an environment
where the potential to inhale or ingest airborne dust or debris is highly undesirable.

3.19.8. Mitigation Methods
Several options were studied for dust control. Each was evaluated in terms of removal ability, ease
of use, mass, and technological readiness. No definite strategy exists for dust contamination
prevention but a combination of different methods is ideal.

Air Showers
Air showers are used very commonly on earth for clean rooms. They are effective in removing
contaminates from a worker before they enter the room with clean material. This method was
considered for the airlock, which could be similar to a clean room. Pressurized air could enter the
airlock directed at the astronaut and remove large dust particles. However the key difference in this
case would be the lack of gravity because every EVA would be conducted in zero gravity. Instead of
remaining inside the airlock, the particles would remain airborne and simply enter the habitat when
the astronaut comes in from the airlock. As a result, this method was not used.

Magnetic Wand
Another option was using a magnetic wand to remove dust from different areas of the suits after
entering the airlock. This would be ideal because of the relatively small mass of a wand and the fact
that it would not require any power from the spacecraft. Assuming the dust particles from the
asteroid are magnetized, the dust on the suit could easily be attracted by the wand. Any airborne dust
would then be collected by air filters equipped with magnets. The issue here is that not all asteroids
have regolith that is magnetized. This assumption cannot be made because of the current asteroid
uncertainty in the ARM. Therefore, this option was not pursued.

Lint Rollers
A simpler technique would be to use an adhesive surface to remove dust similar to lint rollers, which
could remove dust on contact. There are many different kinds that exist on earth and all of them are
lightweight. Also like the magnetic wand, they do not require power. Unfortunately, they are
completely untested on surfaces like those on a spacesuit and also with the types of regolith found on
asteroids. Multiple tests would need to be performed with the proper materials to determine how
effective it would be at removing dust and which sticky surface worked the best. The lack of
sufficient testing to provide accurate numbers makes it difficult to include this option for our
mission. It will remain in consideration if future analysis is done.

Brush Tool
A bristled brush has similar particle removal capability to a sticky surface like a lint roller. During
Apollo missions after the first moon landing, a wire brush was taken for large particle removal. No
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numbers exist for the exact amount of removal capability but the tool was space-rated and a similar
one can be used for asteroid regolith. In a recent evaluation of brushing as a dust mitigation strategy,
90% of dust was removed using certain tools. Specifically, the Escoda Fan brush cleaned off the
most dust. However this tool must be used only for dust removal outside of the spacecraft to avoid
airborne dust particles entering the airlock. It also must be used in combination with a finer method
that can remove smaller particles. The difficulty of brushing every surface of a suit is also undesirable
and it would be easier to use if only certain surfaces require cleaning by the brush. For the tests
performed for different brushes, a rotational motion was used.
Table 19. Characteristics of Brushes

Brush

Material

Geometry

Length
(cm)

Bristle Diameter
(µm)

Bristle
Packing

Black Gold #6

Nylon

Fan

2.5

35-50 w/taper to 6

Straight

Locked Fan #4

Nylon

Fan

2.8

32-45

Locked

Escoda #6

Nylon

Fan

2.6

35

Straight

B&B Carbon

Carbon

Round

6

10

Twisted

B&B Glass

Fiberglass

Round

5

35-40

Twisted

Zephyr Lighting

Fiberglass

Round

5.7

15

Bundled

Figure 28. Average Percentage of Dust Removed for the Seven Brush Types. Error Bars Show One Standard
Deviation [16]
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Electrodynamic Dust Shield (EDS)

Figure 29. Cleaning Performance of a Transparent Electrodynamic Dust Shield [14]

This is a technology currently being developed at the Electrostatics and Surface Physics Laboratory
but the progress so far is very encouraging. It is based on the electric curtain concept developed at
NASA in 1967. One of the items being tested is a shield to prevent dust accumulation on spacesuits.
The layer of material can be very thin and even transparent. When it is activated, 99% of all dust is
removed from the surface. This shield is useful for any surface that will not covered by the mobility
unit or other important material. The technology will be flight-tested in 2015 so it can be considered
a viable option in 2021 for Phase I. It would be effective outside of the airlock releasing the dust into
space. The surfaces not covered by EDS would require another method.

Vacuum Cleaner
A vacuum cleaner is another option that has been tested in space. There is currently a vacuum
cleaner with attachments on the ISS that has been used in zero gravity. It can hold up to 1.4 kg of
debris with 1639 cm3 of volume for storage. Different attachments are currently still being developed
to maximize dust removal from all surfaces. Eventually it will evolve into the Vacuum All-surface
Cleaner (VAC). The current mass of the vacuum cleaner and its attachments is 6.8 kg. There have
also been tests to determine which materials are cleaned more by the vacuum and this can be used to
choose spacesuit material. The key to the vacuum is the use of a High-efficiency particulate air
(HEPA) filter, which is capable of removing particles down to 0.3 µm and storing them so that they
cannot enter the habitat.

Conclusion
Based on the removal ability, ease of use, mass, and technological readiness, three mitigation
methods were chosen for the mission. The first two will be used outside of that airlock after an
asteroid EVA is Phase I. The spacesuits will utilize the EDS, which will be incorporated in surfaces
on the legs, arms, and chest. After removing 99% of dust from these surfaces, the remaining surfaces
will be brushed off with the most effective brush tool. Right now, that seems to be the Escoda Fan.
This will leave a small amount of regolith on the spacesuit, which will be removed once the astronaut
has entered the airlock and it is pressurized. Then the VAC will be used to clear all other surfaces of
particles down to 0.3 µm before entering the habitat. The HEPA filter will collect dust and exchange
filtered air in the airlock.

3.19.9. Prior to EVA
The procedure prior to an EVA in all phases is the same. First, the station will spin down to zero
gravity to avoid any rotational issues. While still inside the habitat, the astronaut will put on space suit
and attach necessary EVA tools and materials. Then suit denitrogenation will begin to avoid a longer
period inside the airlock. Afterward, the astronaut can simply float up into the airlock. It will
commence with pressurization before the astronaut exits the vehicle.
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3.19.10. Sample Astronaut Schedules
Sample weekly schedules are shown below for an astronaut aboard the Polus habitat in Phases I, II,
and III (NASA, 2014). Figure 30 focuses on Phase I; astronauts perform two six-hour EVA
operations a week based on this sample schedule in support of the Asteroid Redirect Mission. Figure
31 focuses on Phase II; astronauts are subject to variable gravity during Phase II (IIA – Lunar, IIB –
Martian, IIC – Earth), and do not nominally leave the habitat. Human physiology science is
conducted within all of Phase II through examination of the adaptation of the human body to
variable gravity. Additionally, continued asteroid science is performed during this phase through the
use of the Asteroid Science Laboratory (see Phase I Science Payload). Figure 32 focuses on Phase III,
during which astronauts experiment in the Mars Surface Imitation Module (SIM), performing three
four-hour EVA simulations a week.

Astronaut Weekly Activities -- Concept: Phase I
Time
Monday
Tuesday
Wednesday
Thursday
Friday
Saturday
Sunday
(CST/CDT)
7:30:00
8:00:00
Morning Routine; Breakfast
Morning Routine; Breakfast
8:30:00
9:00:00
Daily check-in with Earth; check up on health of habitat & instruments aboard
Daily check-in/check up
9:30:00
Additional Mission
Additional Mission
10:00:00 Additional Mission
Leisure
Support
Support
Support
10:30:00
11:00:00
Maintenance
Leisure
11:30:00
Science Operations
Science Operations
Science Operations
12:00:00
& Secondary
& Secondary
& Secondary
Science Operations
Asteroid EVA
Asteroid EVA
12:30:00
Science Operations
Science Operations
Science Operations
& Secondary
Mission
Mission
Personal Logging of
13:00:00
Science Operations
Activities
13:30:00
14:00:00
Lunch
Lunch
Lunch
Lunch
Lunch
14:30:00
EVA Mission
EVA Mission
Personal Logging of
15:00:00
Briefing
Briefing
Activities
15:30:00
Exercise
Exercise
16:00:00
16:30:00
Maintenance
Lunch; Break
Maintenance
Lunch; Break
Maintenance
17:00:00
17:30:00
18:00:00
EVA Debrief
EVA Debrief
Team Meeting
Public Outreach
18:30:00
Exercise
Exercise
Exercise
Personal Logging of
Personal Logging of
19:00:00
Activities
Activities
19:30:00
20:00:00
Dinner
Dinner
Dinner
Dinner
Dinner
Dinner
Dinner
20:30:00
21:00:00
Leisure
Leisure
Leisure
Leisure
Leisure
Leisure
Leisure
21:30:00
22:00:00

Figure 30. Phase I Sample Schedule
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Astronaut Weekly Activities -- Concept: Phase II
Time
Monday
Tuesday
Wednesday
Thursday
Friday
Saturday
Sunday
(CST/CDT)
7:30:00
8:00:00
Morning Routine; Breakfast
Morning Routine; Breakfast
8:30:00
9:00:00
Daily check-in with Earth; check up on health of habitat & instruments aboard
Daily check-in/check up
9:30:00
Additional Mission
Additional Mission
10:00:00
Support
Support
10:30:00
Exercise
Exercise
Exercise
Leisure
11:00:00
Leisure
11:30:00
Science Operations
Science Operations
12:00:00
& Secondary
& Secondary
Personal Logging of
Personal Logging of
Secondary Science
12:30:00 Personal Logging of
Science Operations
Science Operations
Activities
Activities
Activities
Operations
13:00:00
Maintenance
13:30:00
14:00:00
Lunch
Lunch
Lunch
Lunch
Lunch
Lunch
Lunch
14:30:00
15:00:00
Mission Support
Public Outreach
Mission Support
Public Outreach
Mission Support
15:30:00
Science Operations
Exercise
16:00:00
16:30:00
Maintenance
Maintenance
Maintenance
Maintenance
Maintenance
17:00:00
17:30:00
18:00:00
Team Meeting
Public Outreach
Secondary Science
Secondary Science
18:30:00 Secondary Science
Exercise
Exercise
Operations
Operations
Operations
19:00:00
19:30:00
20:00:00
Dinner
Dinner
Dinner
Dinner
Dinner
Dinner
Dinner
20:30:00
21:00:00
Leisure
Leisure
Leisure
Leisure
Leisure
Leisure
Leisure
21:30:00
22:00:00

Figure 31. Phase II Sample Schedule

Astronaut Weekly Activities -- Concept: Phase III
Time
Monday
Tuesday
Wednesday
Thursday
Friday
Saturday
Sunday
(CST/CDT)
7:30:00
8:00:00
Morning Routine; Breakfast
Morning Routine; Breakfast
8:30:00
9:00:00
Daily check-in with Earth; check up on health of habitat & instruments aboard
Daily check-in/check up
9:30:00
Additional Mission
Additional Mission
10:00:00
Leisure
Leisure
Support
Support
10:30:00
11:00:00
Maintenance
Mars EVA
Mars EVA
Mars EVA
11:30:00
Science Operations
Science Operations
Science Operations
Simulation
Simulation
Simulation
12:00:00
& Secondary
& Secondary
12:30:00
Science Operations
Science Operations
Science Operations
EVA Mission
13:00:00
Briefing
13:30:00
14:00:00
Lunch
Lunch
Lunch
Lunch
14:30:00
Lunch; Break
Lunch; Break
Lunch; Break
EVA Mission
EVA Mission
15:00:00
Briefing
Briefing
15:30:00
Exercise
Exercise
Personal Logging of
Personal Logging of
16:00:00 Personal Logging of
Activities
Activities
Activities
16:30:00
Maintenance
Maintenance
17:00:00
Maintenance
Maintenance
Maintenance
17:30:00
18:00:00
EVA Debrief
EVA Debrief
EVA Debrief
Team Meeting
Public Outreach
18:30:00
Exercise
Exercise
Secondary Science
Secondary Science
19:00:00 Secondary Science
Operations
Operations
Operations
19:30:00
20:00:00
Dinner
Dinner
Dinner
Dinner
Dinner
Dinner
Dinner
20:30:00
21:00:00
Leisure
Leisure
Leisure
Leisure
Leisure
Leisure
Leisure
21:30:00
22:00:00

Figure 32. Phase III Sample Schedule
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3.20. Robotic Arm
3.20.1. Usage
Polus includes an exterior robotic arm, launched with the initial structure. This arm will be used
primarily for moving large objects through coarse motions in assembly, as shown in Figure 33. Since
there is only one manipulator, astronauts will be required to assist in assembly. The arm will move
and position components. The robotic arm will also be able to complete maintenance tasks, aid in
exterior vehicle inspection, support astronauts during EVAs, assist in docking, and aid in refueling if
necessary.

Figure 33. Robotic Arm Assisting with Assembly

3.20.2. Specifications
Figure 34 shows the dimensions of Polus’ robotic arm. It is approximately 11 m long, and
constructed from 32 cm diameter cylindrical sections. The manipulator has seven degrees of
freedom, three at each wrist and one elbow pitch joint in the center. The arm is symmetric about the
elbow pitch axis. This is required to enable mobility about the station through a walking motion,
described further in Section §3.20.3. Both ends are equipped with a Latching End Effector (LEE),
which can interface with standard grapple fixtures, also discussed in Section 3.20.3. All joints have
540˚ of articulation. This is enabled by the joint offsets. This allows for the arm to be easily folded
and reduces the likeliness of the arm impacting itself. The arm is designed to allow a maximum
loaded speed of 5 cm/s, with a maximum acceleration of 1 cm/s2. Its maximum load is 50,000 kg.
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32 cm
11 m

!

Latching End
Effectors
Figure 34. Polus' Robotic Arm

3.20.3. Mobility
As mentioned previously, each end of the manipulator will be equipped with a LEE, capable of
interacting with standard grapple fixtures. The Power Data Grapple Fixture (PDGF), shown in
Figure 35, provides the LEE a mechanically strong connection as well as the ability to transmit power
and data across the fixture. These will speckle the exterior of Polus roughly every 5 m. To move
about the station, the robotic arm will grab a PDGF, release itself from the PDGF it was previously
attached to, and grab the next one. In this way, the manipulator can “walk” about the entire exterior
of Polus, providing it a workspace extending 11 m from any part of the station. The Flight Releasable
Grapple Fixture (FRGF), shown in Figure 36, provides a mechanical hold. These will be used on
components that the robotic arm may need to manipulate, but does not need to communicate with.
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Figure 35. Power Data Grapple Fixture. Image Source:
NASA

Figure 36. Flight Releasable Grapple Fixture. Image
Source: NASA

3.20.4. Kinematic Configuration
Figure 37 shows the link frame assignments for the robotic arm. Although the left end is designated
as the base frame and the right as the tip frame, this schematic can easily be reversed as both end
effectors act equivalently. Two views are shown to make all offsets apparent. The DenavitHartenburg parameters are tabulated in Table 20. The link offsets, d, are all 32 cm, or the width of
the cylindrical structure. This enables the arm to fold into a compact form and ensures links do not
overlap.

Figure 37: Robotic Arm Link Frame Assignments
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Table 20. Denavit-Hartenburg Parameters

i

αi (˚)

ai (m)

di (m)

Θi (˚)

1

90

0

0

Θ1

2

90

0.62

0.32

Θ2

3

0

4.22

0.32

Θ3

4

0

4.22

0.32

Θ4

5

-90

0.62

0.32

Θ5

6

-90

0

-0.32

Θ6

7

0

0

0

Θ7

3.20.5. Workspace Analysis
Using these parameters the equations for forward kinematics were derived. A workspace analysis was
done by substituting an array of joint configurations into the forward kinematics equation and
plotting the resulting tool tip location. In this case, joints 1 and 2 varied by 30˚ and all other joints
varied by 45˚. These joint steps were chosen to maintain a tolerable runtime. This analysis does not
include the available dexterity at these locations. However, due to the nature of the work the arm will
be doing (moving large objects through coarse motions); it will not need to be completely dexterous
over most of its workspace. The cylinder is shown for scale. It is approximately the dimensions of
the habitat. The base of the arm is centered on the top of the cylinder.
Figure 38-Figure 41 show the results of this analysis. If unobstructed, the robotic arm can reach
anywhere within an entire sphere of about 11 m in all directions. Any perceived patterns or
asymmetry is due to the joint angle step sizes, and is not a feature of the robotic arm design. The
joint configuration enables the arm to reach around corners as well, although that feature is not clear
in these images. This analysis indicates that the robotic arm will be suitable to reach objects anywhere
within 11 m of a PDGF.
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Figure 38. Diagonal View of the Robotic Arm Workspace Analysis

Figure 39. Zoomed in Diagonal View of the Robotic Arm Workspace Analysis
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Figure 40. Side View of the Robotic Arm Workspace Analysis

Figure 41. Top View of the Robotic Arm Workspace Analysis
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3.20.6. Operations
The robotic arm will only be operated while Polus is de-spun. While spinning, it will be in a stowed
configuration, shown in Figure 42, where it can be attached to the central hub at two adjacent
PDGFs, providing maximum support. Once de-spun, the arm can be activated and un-stowed.

Figure 42. Robotic arm in stowed configuration

The manipulator has two primary modes of control. It can be controlled from Earth by sequences
developed and tested through mission control. It can be also controlled by astronauts onboard Polus
using a set of translational and rotational controllers. This enables real-time Cartesian control by
onboard astronauts. This will be required between Phase II and III, when the communication
systems will be moved from the habitat to the central hub. During this brief assembly task, the arm
will not be operable from Earth. A secondary operator may be used to control camera and
information displays. Cartesian control from Earth is also an option; however due to the distance of
Polus from the Earth, operators will experience an average of about a three second latency. Polus’
arm can provide a testbed to increase the Technology Readiness Level (TRL) on several mid-latency
telerobotic control interfaces developed to deal with this difficulty, that have not had the opportunity
to be proven in real operation conditions. The control environment will also include some semiautonomous features, such as automatic grappling, automatic collision avoidance, and the use of
common waypoints.
Prior to use, all components involved in the operation must be electronically isolated. This is
particularly relevant for replacing electrical components. Next, all support systems much be activated.
This includes cameras and force-torque sensors on each end of the arm. Lastly, any disruptive
onboard activities must be halted, such as exercise that may perturb the station, making operation
difficult.
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4. Loads, Structures, and Mechanisms
This section provides the detailed analysis on the loads, structures, and mechanisms of the final Polus
embodiment. Many trade studies and prior work that are not directly apart of the final embodiment,
but led to the final design, are included in the appendix and cited throughout this section.

4.1. Habitat Structure
The habitat is the primary piece of structure responsible for keeping the crew alive during the
mission. This is accomplished by providing an atmosphere that can sustain the crew, ensuring that
under all operating conditions there are no structural failures, and allowing enough habitable volume
that the crews are comfortable. By following those guidelines and designing to the given
requirements, an effective solution for the habitat structure was found.

4.1.1. Design Requirements
The following requirements have been placed on the design of the habitat.
The Polus habitat shall have:
- A structure that fits into the SLS Block 1A fairing
- An internal habitable volume of at least 230 m³
- An internal habitable volume pressure of 71.71 kPa
- Four windows, two on each floor located 45° off the spin axis
- Ballistic shielding to prevent projectiles from puncturing the pressurized volumes
- Radiation shielding around the structure to limit crew radiation exposure
These requirements drive the design process to produce a final habitat embodiment that satisfies the
needs of our mission.

4.1.2. Overall Architecture
The habitat is composed of four parts. Each part is responsible for handling a specific part of the
design requirements. A Computer-Aided Design (CAD) representation of the habitat can be seen in
Figure 43.
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Figure 43. Habitat Architecture

The first feature is the interior pressure vessel. The pressure vessel is designed to hold the pressure
required to keep a livable atmosphere for the crew. In addition, the pressure vessel will work as a
secondary defense for ballistic shielding in a Whipple shield configuration. The second feature is
radiation shielding that attaches to the outside of the pressure vessel. The dimensions of the
radiation shielding were determined by NASA specifications for radiation dosage. The third feature
of the habitat is the support structure, which attaches to the inner pressure vessel and outer Whipple
shield. The support structure was designed to handle the majority of the loads that will be
experienced by the habitat. The final feature is the outer Whipple shield, composed of a thin piece of
aluminum that will attach to the support structure and encase the entire habitat. In addition, there are
four windows on the habitat and are located on 45º diagonals off of the spin axis. There are two
windows on each of the two floors.

Habitat Dimensions
The inner diameter of the pressure vessel is 8 m with an outer habitat diameter of 8.13 m. The
height of the entire structure is 6.37 m. The pressure vessel has two floors each with a height of 2.13
m, and two 4:1 ellipsoidal end caps with a height of 1.0 m. The volume of the pressure vessel,
including end caps, is 281.5 m³. The surface area of the entire habitat is 271.3 m². The total mass of
the habitat is 21600 kg.

Habitat Layering
The habitat has five specific layers. From inner to outer the layers are: interior pressure vessel (1),
radiation shielding (2), support structure (3), empty Whipple gap (4), and outer Whipple shield (5) as
seen in Figure 44.
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Figure 44. Habitat Layering Detail

The interior pressure vessel (1) has a wall thickness of 10 mm. Attached directly outside the pressure
vessel is the polyethylene radiation shielding (2) which has a thickness of 20 mm on the cylindrical
section and 15 mm on the end caps. The support structure (4) spans a 50 mm gap between the
pressure vessel and outer Whipple shield. There is a 30 mm Whipple gap (3) in between the radiation
shielding and the outer Whipple shield. The outer Whipple shield (5) is 6 mm thick and attaches to
the outside of the support structure.

4.1.3. Pressure Vessel Structure
The interior pressure vessel was designed specifically to hold only the pressurization loads; this was
done to minimize mass. The outer support structure will take all the exterior loads and keep the high
stresses away from the pressurized volume. The pressure vessel is a cylinder with height 4.27 m and
4:1 ellipsoidal end caps and is composed of 6061-T6 Aluminum. The minimum required thickness in
the cylindrical section is calculated by the follow formula:
𝑝𝑟
𝜎𝑚𝑎𝑥 =
𝑡
The minimum thickness for the cylindrical sections is 2.08 mm. The minimum required thickness in
an ellipsoidal end cap is calculated as (Baličević, Dražan, Tomislav, & and Josip, 2008):
𝑝𝑅
ℎ
Given the previous equations, the minimal wall thickness for the pressure vessel is 2.85 mm. This
value is smaller than the required Whipple shield thickness calculated in §Ballistic Limit
Equations4.2.2. The habitat pressure vessel wall was increased to the necessary 10 mm.
(𝜎𝑒 )𝑚𝑎𝑥 = 1.42!

4.1.4. Support Structure
The support structure is composed of three different features. The first feature is the axial members
(1) that run the length of the habitat and will hold the weight of the structure during launch while
attaching to the inner pressure vessel. The second is the lateral hoops (2) that will support the
habitat floors and ellipsoidal end caps. The last feature is the top I-beam structure (3) that attaches
to the cable system on the top of the habitat, as can be seen in Figure 45.
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Figure 45. Habitat Support Structure

The axial members were designed to support the whole habitat under launch loading. The mode in
which the members would fail under is buckling from the compressive launch loads. Using the
following equations a required moment of inertia was determined:
!

𝐹𝑐𝑟 =

𝜋! 𝐸𝐼
𝑏ℎ
6𝑀 !/!
!!!!!!!!!!𝐼𝑥 =
!!!!!!!!!ℎ = (
)
!
𝐾𝐿
12
𝑏𝜎

The following conditions were applied to each of the eight members:
𝐹𝑐𝑟 = 83! 𝑘𝑁 !!!!!𝐿 = 2.134! 𝑚 !!!!!𝐾 = 1.2!!!!!!𝑏𝑤ℎ𝑖𝑝𝑝𝑙𝑒 = .05![𝑚]
Therefore, the required h dimension of the each axial supporting member is 0.124 m.
For the second feature, the lateral hoops, the design load was the moment created on the bottom
hoops by the Mars SIM under rotational forces. The load of the Mars SIM under 1g will be
distributed along the 8 sections of the hoops and will be applied as moments in the center of the
beams. Simplifications were made by assuming the beam is straight, instead of slightly curved as it is
in the true embodiment. By using the following equations to solve for the required dimension, h.
!

𝜎=

𝑀𝑦
𝑏ℎ
6𝑀 !/!
!!!!!!!!!!!𝐼𝑥 =
!!!!!!!!!ℎ = (
)
𝐼𝑥
12
𝑏𝜎

The following conditions were applied to each of the eight members:

ℎ
𝑀 = 25! 𝑘𝑁 !!!!!!𝑦 = ! !!!!!!!𝑏𝑤ℎ𝑖𝑝𝑝𝑙𝑒 = .05![𝑚]
2
The required h is 0.180 m. In addition, the loading case of floor bending during launch was analyzed
through the same equations. The required thickness of the lateral hoops to support the floor is 0.185
m.
The third and final feature, the I-beam cable connection, was designed to hold the weight of the
habitat and Mars SIM while under gravity loads produced by the rotation of the station. The I-beams
join the outer support structure to the cable sheaves.
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Figure 46. I-Beam Structure

The I-beam structure needs to hold the entire weight of the habitat and Mars SIM rotating at 1g.
Since the members are in pure bending, the most efficient use of mass is with an I-beam. The
following equations were used to determine the dimensions of the I-beam:
!

𝑀𝑦
𝑏𝑑! − ℎ (𝑏 − 𝑡)
!𝜎 =
!!!!!!𝐼𝑥 =
𝐼𝑥
12
The following conditions were applied to each of the eight members:

ℎ
!!!!!!𝑏 = 𝑑!!!!!!2𝑡 = 𝑑 − ℎ
2
From the previous equation the dimensions of the I-beam were determined to be d= 0.21 m and t=
0.08 m.
𝑀 = 55![𝑘𝑁]!!!!!!!𝑦 = !

4.2. Whipple Shield System
To protect a human inhabited spacecraft from small projectiles, such as orbital debris and small
meteoroids, a commonly used system is a Whipple shield. Invented Fred Whipple, the Whipple
shield is an impact shield configuration. It involves an outer “bumper” wall and spacing-gap exterior
of the main, pressure vessel walls of the spacecraft’s inhabited volume. The projectiles impact the
Whipple shield bumper wall and lose energy as they penetrate the bumper wall and break apart into
smaller pieces. The smaller pieces disperse while traveling from the bumper wall through the spacinggap before they impact the pressure vessel wall. This imparts a lower energy and more dispersed
impact on the main wall, reducing the likelihood of rupturing the pressure hull. The Whipple shield
provides an increased shielding to mass ratio over a single, thick wall design, which is important for
spaceflight. This section will discuss the design of the Polus Whipple shield based on the design
requirements and mission specifications.

4.2.1. Meteoroid Data
Little research has been done on micrometeoroids and orbital debris (MMOD) in Distant Retrograde
Orbit (DRO), which is the area of operation for Polus. Thus, data from another region will have to
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be used to design the spacecraft. One region for which there is a lot of MMOD research and
information is Low Earth Orbit (LEO). LEO has a higher density of MMOD than DRO. Thus,
designing Polus to survive LEO MMOD impacts ensures we have conservatively designed our
shielding. Although this is not an optimal design process, collection of meteoroid data for DRO
would take a considerable amount of research and time that would have to be factored into the
budget and timeframe of the mission. By designing the spacecraft for LEO MMOD, the actual
probability of failure will be lower than the predicted probability of failure for LEO estimation while
saving time and expense. If the mass of the habitat needs to be reduced in the end, another design
iteration can be done that takes into account ballistic shielding needs specifically for DRO.
Data about orbital debris and meteoroids in the orbit of the ISS (LEO) is compiled in the literature
(Committee on International Space Station Meteoroid/Debris Risk Management, 1997). Figure 47
depicts a plot of the size of MMOD versus the number of impacts per area that occur every year.

Figure 47. Comparison of Meteoroid Debris Flux in ISS Orbit. (Committee on International Space Station
Meteoroid/Debris Risk Management, 1997)

Since DRO is out of the range of satellites that contribute to orbital debris, we can ignore orbital
debris and direct the design focus to only meteoroids. Using the number of meteoroid impacts per
area per year for the different sizes, we can determine the probability of impact for each size. This
requires knowing the mission duration as well as the surface area of the protected volumes. With this
information we can find the probability of impact using:
𝑷𝒊𝒎𝒑𝒂𝒄𝒕 = 𝜱𝒎𝒆𝒕𝒆𝒓𝒐𝒊𝒅 ∙ 𝑻𝒎𝒊𝒔𝒔𝒊𝒐𝒏 ∙ 𝑨𝒔𝒖𝒓𝒇𝒂𝒄𝒆 ∙
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Where 𝑃𝑖𝑚𝑝𝑎𝑐𝑡 !is the probability of impact,!Φ𝑚𝑒𝑡𝑒𝑟𝑜𝑖𝑑 is the meteoroid flux, 𝑇𝑚𝑖𝑠𝑠𝑖𝑜𝑛 is the mission
duration, and 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is the projected surface area. Using the data from Figure 47 and finding the
probability using this equation, the probability of impact of projectiles is listed in the following table:

Table 21. Micrometeoroid Impact Probabilities for LEO

Projectile Diameter

𝚽𝒎𝒆𝒕𝒆𝒓𝒐𝒊𝒅 (Meteoroid Flux)

𝑷𝒊𝒎𝒑𝒂𝒄𝒕 (Probability of Impact)

[cm]

[# of impacts/m2/yr]

[%]

0.04

10-5

1.04

0.7

10-6

0.104

1.2

10-7

0.0209

2

10-8

0.001

The probabilities of different sized meteoroids will drive the design for the habitat shielding. The
speed of the meteoroids, coupled with the size, will determine the thickness of and spacing between
the walls. The average velocity of micrometeoroids in LEO, 19 km/s, is used to approximate the
speed of the projectiles impacting the shielding (Committee on International Space Station
Meteoroid/Debris Risk Management, 1997).

4.2.2. Ballistic Limit Equations
To determine the strength of a Whipple shield design, the ballistic limit equations generate a curve
showing the projectile speeds and sizes at which the walls will fail based on the wall’s characteristics.
The shield will fail to stop any projectile having a velocity and size above the ballistic limit curve. The
equations are broken into three regimes: Low-Velocity Range, Intermediate-Velocity Range, and
High-Velocity Range. For a normal Whipple shield, the equations are as follows (Kalinski, 2004):
𝑭𝒐𝒓!𝒗 ≤ 𝒗𝒍𝒐 𝐜𝐨𝐬 𝝓

𝑿𝒍𝒐

! (Low-Velocity Range)

𝑑𝑐𝑟𝑖𝑡 = 𝐾𝐿 𝑡𝑟𝑤

𝑭𝒐𝒓!𝒗𝒍𝒐 𝐜𝐨𝐬 𝝓

𝑿𝒍𝒐

< 𝑣 < 𝒗𝒉𝒊 ! 𝐜𝐨𝐬 𝝓

𝜎
40

𝑿𝒉𝒊

!
!

+ 𝐶 𝐿 𝑡𝑏 𝜌 𝑏

cos 𝜙

!! !
!
! ! !! !!
𝜌𝑝 𝑣

(Intermediate-Velocity Range)
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𝑑𝑐𝑟𝑖𝑡 =

! ! ! !
! !
𝐾𝐻 𝑣ℎ𝑖! 𝜌𝑝 ! 𝜌𝑏 ! !𝑆! !
!

+
∗

𝑭𝒐𝒓!𝒗 ≥ 𝒗𝒉𝒊 ! 𝐜𝐨𝐬 𝝓

𝑿𝒉𝒊

𝑡𝑟𝑤 𝜌𝑟𝑤

!
𝐾𝐿 𝑣𝑙𝑜!
!

𝑣 ℎ𝑖

!
!

𝑡𝑟𝑤

𝜎
40

𝜎
70
!
!

!
!

∗

𝑣 ℎ𝑖
!

𝑣 − 𝑣𝑙𝑜 cos 𝜙 𝑋𝑙𝑜
cos 𝜙 𝑋ℎ𝑖 − 𝑣𝑙𝑜 cos 𝜙
!

+ 𝐶𝐿 𝑡𝑏 𝜌𝑏 𝜌𝑝 ! cos 𝜙

𝑣ℎ𝑖 cos 𝜙 𝑋ℎ𝑖 − 𝑣
cos 𝜙 𝑋ℎ𝑖 − 𝑣𝑙𝑜 cos 𝜙

𝑋𝑙𝑜

!! !
! ! !!𝑋𝑙𝑜

𝑋𝑙𝑜

(High-Velocity Range)
𝑑𝑐𝑟𝑖𝑡 =

! !
!
𝐾 𝐻 𝜌𝑝 ! 𝜌𝑏 !
!

𝑣 cos 𝜙

!
!!

!
!𝑆! !

𝑡𝑟𝑤 𝜌𝑟𝑤

!
!

𝜎
70

!
!

Where:
𝑣 =!Projectile velocity [km/s]
𝑑𝑐𝑟𝑖𝑡 =!Maximum projectile diameter in [cm]
𝑣ℎ𝑖 =!7 [km/s]
𝑣𝑙𝑜 =!3 [km/s]
𝑋𝑙𝑜 =!-3/2
𝑋ℎ𝑖 =!-1
𝐾𝐿 =!1.8
𝐾𝐻 =!1.35
𝐶𝐿 =!0.37 [cm3/g]
𝑆 =!Standoff distance between two walls [cm]
𝜙 =!Impact Angle [degrees]
𝜎𝑌 =!Yield strength of pressure hull wall [ksi]
𝑡𝑟𝑤 =!Thickness of pressure hull wall [cm]
𝑡𝑏 =!Thickness of exterior Whipple bumper wall [cm]
𝜌𝑟𝑤 =!Density of pressure hull wall [g/cm3]
𝜌𝑏 =!Density exterior Whipple bumper wall [g/cm3]
𝜌𝑝 =!Density of projectile [g/cm3]
In addition to the normal Whipple shield, stuffed Whipple shields should also be considered in the
design of ballistic shielding. Stuffed Whipple shields involve filling the gap separating the pressure
hull wall and the Whipple bumper wall with a high strength, low-density material, such as Nextel or
Kevlar. The ballistic limit equations are different for these types of walls. The ballistic limit equations
for the U.S. Laboratory Module Enhanced Stuffed Whipple Shield, stuffed with Nextel, (Kalinski,
2004) are:
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𝑭𝒐𝒓!𝒗 ≤

𝒗𝒍𝒐

! (Low-Velocity Range)

𝐜𝐨𝐬 𝝓

𝑑𝑐𝑟𝑖𝑡 = 𝐶𝐿 cos 𝜙
𝑭𝒐𝒓

𝒗𝒍𝒐
𝐜𝐨𝐬 𝝓

<𝑣<

𝒗𝒉𝒊
𝐜𝐨𝐬 𝝓

(Intermediate-Velocity Range)
𝑣 ℎ𝑖

!
!
𝐶𝑙𝑖 𝜌𝑝 !

𝑑𝑐𝑟𝑖𝑡 =

𝑭𝒐𝒓!𝒗 ≥

𝒗𝒉𝒊

! !
!
!! !! !!
𝜌𝑝 𝑣

cos 𝜙

!
!!

∙

cos 𝜙
𝛿

!
!

−𝑣
+

!
!
𝐶 ℎ𝑖 𝜌 𝑝 !

cos 𝜙

!
!!"

𝑣−
∙

𝑣𝑙𝑜
cos 𝜙
𝛿

!
!

(High-Velocity Range)

𝐜𝐨𝐬 𝝓

𝑑𝑐𝑟𝑖𝑡 = 𝐶𝐻 cos 𝜙

!

! !!
!
!
!𝜌 !𝑣 !
𝑝

Where:
𝑣 =!projectile velocity [km/s]
𝑑𝑐𝑟𝑖𝑡 =!Maximum projectile diameter [cm]
𝑣ℎ𝑖 =!6.5 [km/s]
𝑣𝑙𝑜 =!2.7 [km/s]
𝐶𝐻 =!3.642
𝐶𝐿 =!2.063
𝐶 ℎ𝑖 = ! 𝐶 𝐻 ∙

!
𝑣ℎ𝑖!
!

!

!

𝐶𝑙𝑖 = 𝐶𝐿 ∙ 𝑣𝑙𝑜!
𝜙 =!Impact Angle [degrees]
𝜌𝑝 =!Density of projectile [g/cm3]
𝛿=

𝑣 ℎ𝑖
cos 𝜙

!
!

−

𝑣𝑙𝑜
cos 𝜙

!
!

The dimensions of the U.S. Laboratory Module Enhanced Stuffed Whipple Shield are not specified,
but they provide a source of comparison for the designed Whipple shield.
In addition to ballistic shielding, a second design requirement is to have radiation shielding as well.
The Polyethylene used to satisfy the radiation-shielding requirement is placed in the spacing-gap
between the Whipple shield bumper wall and the pressure hull wall to reduce total wall thickness.
Thus a stuffed Whipple shield is not feasible, however, using the equations while plotting curves for
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the designed shielding will provide a means of comparison with the strength of an actual used
Whipple shield (Kalinski, 2004).

4.2.3. Shielding Design Process
The thickness of the external Whipple bumper wall, the interior pressure hull wall, and the distance
between them will determine the projectile speed and size the station’s Whipple system will be able
to stop. The ballistic limit equations define what a specific shielding layout is capable of stopping. By
plotting these equations along with the size of the meteoroids and their probabilities, the probability
of failure can be determined. A requirement of the design for this shielding is for the system to have
less than a 0.1% probability of failure. The design is for the probability of failure in LEO, and will be
lower for DRO. The actual probability of failure will be less than a 1 in 1000 chance, but for the sake
of analysis, 0.1% will be used.
In designing the shielding, there are three variables that can be adjusted to determine the strength of
the walls. The variables include the exterior Whipple wall, the interior pressure hull wall and the
spacing-gap between the two different walls. The preliminary design allowed for a 10 cm gap in
between the two walls. With the decision to be able to withstand projectiles to a 0.1% probability, the
required wall thicknesses will be 6 mm for the pressure hull wall and 3 mm for the outer Whipple
wall. These values were determined by plotting the iterations and determining what values would
allow the size and speed of the 0.1% probability of impact meteoroids. Figure 48 depicts the final
iteration of the initial 10 cm gap design. It shows that the 0.104% probability meteoroids (0.7 mm
diameter and 19 km/s speed) stay below the failure regime in the curve. This is plotted next to the
U.S. Laboratory Module Enhanced Stuffed Whipple Shield curves for comparison.
Balistic Limit Equations for Whipple Shield Initial Design
7
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1.044% Probability
0.104% Probability
0.02% Probability
0.001% Probability

Projectile Critical Diameter (cm)

6

5

4

3

2

1

0
0

5

10
15
Velocity (km/s)

20

25

Figure 48. Ballistic Limit Curves for a 3mm Bumper Spaced 10 cm in Front of a 6 mm Main Wall

To improve the volume of the habitat for Crew Systems requirements, the decision was made to
reduce the gap distance to 5 cm. After further iterations to determine working wall thicknesses, the
final design wall thicknesses are 10 mm for the pressure hull wall and 6 mm for the bumper wall as
depicted in Figure 49.
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Balistic Limit Equations for Whipple Shield Final Design
10
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Figure 49. Ballistic Limit Curves for a 6 mm Aluminum Bumper Wall Spaced 5 cm in Front of a 10 mm Main
Wall

Thus, the final dimension for the pressure hull of the habitat is dictated by this analysis to be 10 mm.
As was previously discussed in §4.1.3: Pressure Vessel Structure, this is the driving dimension for the
habitat pressure hull wall thickness.

4.3. Window Design
Window placement is selected to reduce nauseating effects of motion sickness induced from
visualization of the star-field and the rotation of the station. Each floor of the habitat contains two
windows. The windows are placed 45° relative to the plane of motion. This layout was selected
based on the results from virtual reality testing, using an Oculus Rift headset. A group of test subjects
were evaluated and asked to record their dizziness and other nauseating symptoms caused from the
several different window placements. The window casing is 66 mm long and 199 mm in diameter.
The window casing is composed of 6061 aluminum, and the windows panes are 6.35 mm thick
aluminosilicate glass. To reduce stresses from thermal expansion, an adhesive to bond the windows
and casing must be selected with a similar coefficient of expansion. Silicone elastomer is the best
candidate to achieve such a bond.

4.3.1. Driving Design Factors
A variety of factors presented limitations and constraints on the window design. The window casing
must be integrated into the habitat’s pressure hull shell and outer Whipple shielding. This casing
must be able to handle buckling loads. Also, a desired line of sight for the crew members was
selected.

Habitat Structural Constraints
The window casing is 66 mm long. This allows for it to be constrained to the outer Whipple shield
and inner pressure hull. Also, induced stress from the cutout material present limitations on the
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diameter of the windows. An exterior shield is required to protect the windows from debris. This
shield is the same thickness as the habitat Whipple shield.

Desired Visual Requirements
Due to motion sickness, a small line of sight angle is acceptable. A line of sight angle of 10° from a
setback of 1 meter from the window is desired. This allows for a full view outside without inducing
significant motion sickness. A window of 19 cm in radius is required. Figure 50 below shows a
detailed and labeled visual of the line of sight. If crewmembers feel nauseas at any time due to
motion sickness, an interior curtain is available to block the view.

Figure 50: Line of Sight Representation

4.3.2. Analysis of Window Design
Buckling of the window casing to maintain pressure is analyzed to determine the thickness of the
casing. The equations used to model this buckling pressure are introduced below. Also, stress
concentrations in the pressure vessel from the windows had to be considered.

Window Casing Buckling
In order to analyze critical buckling pressure, the window casing was modeled as a thin walled
cylinder. The pressure differential required for the windows to hold is 10.7 psi. 6061 Aluminum is
selected as the casing material. The critical pressure for buckling can then be solved for by using the
equation:
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P≡

0.855
E u
2
0.75(1− v ) ⎛ r ⎞ 2.5 ⎛ L ⎞
⎜⎝ ⎟⎠ ⎜⎝ ⎟⎠
t
r

P is the critical buckling pressure, E is the modulus of elasticity, u is a theoretical value taken to be
0.75, v is Poisson’s ratio, r is the radius, L is the length of the cylinder, and t is the thickness of the
walls. When solving for thickness, a thickness below fabrication possibilities was required, so a
thickness of 1 mm was selected. With these geometries and a safety factor of 3, the buckling pressure
was found to be 66.7 psi. This yields a significantly high margin of safety. This is necessary to ensure
the safety and integrity of the structure considering the catastrophic scenario that would ensue should
the window structures fail.

Stress Increase in Habitat Shell
Stress concentrations occur around the hole of the window plates. The concentration factor Kn can
be determined from hole and plate geometries. For our application, a stress concentration of 2.73 is
expected. Our margins of safety for the pressure hull structure allow for this increase in stress.

4.3.3. Conclusion
The windows posed important considerations to increased stress in the habitat’s pressure vessel shell.
The shell was designed with these concentrations under consideration with a high safety factor. Lab
tests would be important to perform in order to confirm the analytical approximations.

4.4. Habitat Floor Design
The floors in the habitat are composed of honeycomb sandwiched by plates. The floors are made of
aluminum alloy and are designed to support the masses of the crew quarters and the scientific
instruments during launch. A bending stress and vibration analysis was performed for each floor.
The honeycomb cell diameter was determined by required crush strength. Cell height was determined
by limiting bending stress and deformation. The honeycomb data is found through market research
to find a representative set of honeycomb properties (Universal Metaltek).

4.4.1. Upper Floor Analysis
The upper floor is 8 meters in diameter. There is one hole near a sidewall for a ladder to transfer
between floors. The stress around the edge of the hole is assumed to be a factor of 3 times as high as
the theoretical maximum stress at the center.

Distributed Load Case
The upper floor loads were modeled as a distributed load around the edge of the floor to 1 meter
from the floor center. The floor is under launch loads of 6g axially and 2.5g laterally. The edges are
fixed. Figure 51 shows the plate under the described distributed load.
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Figure 51. Distributed Load Case For Upper Floor.

Design
Figure 51 displays the dimensions of the floors. The overall thickness is 15 mm, consisting of the
honeycomb cells 13 mm tall and the base and faceplates each 1 mm thick. The honeycomb cells are
25 mm in diameter. All materials are composed of an aluminum alloy and the total mass of the upper
floor is 362 kg.

Analysis
Analyses of bending stress, deformation from bending, and vibration analysis was performed. The
deformation proved to be the driving factor of design. The natural frequencies of the plates were
found. Once the expected vibrating frequencies are available for an SLS launch, adjustments can be
made for additional support if a natural frequency is reached.

Bending Stress and Displacement Analysis
Bending stress during launch was the critical design load. During launch, all mass on the upper floor
is moved within the radius described above in Figure 51. This mass was modeled as evenly
distributed about the area. To find the thickness required the following procedure was used:
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q=

SF(mass)(9.81)(6)
π (a 2 − ro 2 )

2
4
2
2
1 ⎡
ro ⎞ ⎛ a ⎞ ⎤
⎛ ro ⎞
⎛ r0 ⎞
⎛ ro ⎞ ⎛
L11 = ⎢1+ 4 ⎜ ⎟ − 5 ⎜ ⎟ − 4 ⎜ ⎟ ⎜ 2 + ⎟ ln ⎜ ⎟ ⎥
⎝ a⎠
⎝ a⎠
⎝ a⎠ ⎝
64 ⎣
a ⎠ ⎝ ro ⎠ ⎦
4
2
1 ⎡ ⎛ ro ⎞
⎛ r0 ⎞ ⎛ a ⎞ ⎤
L14 = ⎢1− ⎜ ⎟ − 4 ⎜ ⎟ ln ⎜ ⎟ ⎥
⎝ a ⎠ ⎝ ro ⎠ ⎦
16 ⎣ ⎝ a ⎠
EI
D=
(1− v 2 )

−qa 4 (L14 − 2L11)
δ=
2D
Mc = qa 2 (1+ v)L14
−q(a 2 − ro 2 )2
Mr =
8a 2
M = Mc + Mr
t req =

18 M
σ allow

6M
t2
σ hole = 3σ real

σ real =

The results found that the thickness required to handle bending stress was 13.9 mm. The
manufacturer of the honeycomb plates provided plate properties in varying thickness increments of 5
mm. For this reason, the selected thickness was 15 mm. The maximum stress is 188 MPa. The
allowable stress is 220 MPa. The displacement in the member was 22 cm. The allowable deformation
for the honeycomb plates is 1%. The floor will only stretch 6 mm due to this deformation, which is
less than the allowed deformation.

Vibration Analysis
The first natural frequency was found for the floors at 6g. The equation used to find the natural
frequency was

fn =

kn
2π

Dg
q((a − ro )2 a 2

kn = 10.2
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The first nodal natural frequency found for the upper floor is 3.3 Hz. Once launch frequencies are
released for SLS Block 1A, alterations can be made to prevent resonance.

4.4.2. Lower Floor
The analysis for the lower floor is different from that of the upper floor. This is because there is an
airlock in the center of the floor to provide access to the Mars SIM module attached to the habitat.
This provides a second fixed support for an interior radius of the habitat. This eliminates the need
for a deformation and vibration calculation. However, an additional calculation for shear was
performed.

Distributed Load Case
The upper floor loads were modeled as a distributed load around the edge of the floor to 2 meters
from the floor center. The floor is under launch loads of 6g axially and 2.5g laterally. The outside
edges are fixed and an interior radius of 0.55 m is fixed to the airlock structure. Figure 3 shows the
plate under the described distributed load.

Figure 52. Distributed Load Case For Lower Floor

Design
Figure 52 displays the dimensions of the floors. The overall thickness is 46 mm, consisting of the
honeycomb cells 38 mm tall and 25 mm in diameter. The base and face plates are each 1 mm thick.
All materials are composed of an aluminum alloy. The total mass of the upper floor is 511 kg.

Analysis
Analysis of bending stress, deformation from bending, and vibration analysis was performed. The
deformation proved to be the driving factor of design. The natural frequencies of the plate were
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found. Once the expected vibrational frequencies are available for an SLS launch, adjustments can be
made for additional support if a natural frequency is reached.

Bending Stress Analysis
Bending stress during launch was the critical design load. During launch, all mass on the upper floor
is moved within the radius described above in Figure 51. This mass was modeled as evenly
distributed about the area. To find the thickness required the following procedure was used.
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SF(mass)(9.81)(6)
π (a 2 − ro 2 )
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The results found that the required thickness to handle bending stress was 45 mm. The manufacturer
of the honeycomb plates provided plate properties in varying thickness increments of 5 mm. For this
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reason, the selected thickness was 45 mm. The maximum stress is 220 MPa. The allowable stress is
220 MPa. The displacement was ignored due to the fixed inside edge to the air lock.

Shear Stress Analysis
Shear along the inside edge was performed to ensure the attachment to the airlock would not tear.
The additional equations required were:

C3L14 − C6L11
)
C2C6 − C3C5
b q
Qa = Qb − (a 2 − ro2 )
a 2a
Qb = qa(

The max shear is 18.2 kN and is found along the outer edge. This stress found was well within the
plate’s allowable shear stress
€ of 1.94 MN.

4.4.3. Conclusion
After analyzing the loads on the plates, the overall critical design load for each floor was the launch
loading. The overall loads, stresses, and margins of safety can be found in the overall structure
margin of safety section, Table 115.

4.5. Central Hub Structure
The central hub is the structure at the center of Polus during Phase II and Phase III and serves
several roles critical to the operation of the station. In the following sections the requirements,
design loads, and final design of the central hub are discussed.

4.5.1. Requirements
The central hub design is defined by the requirements imposed by all of the subsystems for this
project. These requirements fall under one of two requirement categories: structural and operational.

Structural Requirements
The main structural requirements are that the central hub must withstand all loads imposed upon the
system by launch and normal operations. Launch loads consist of axial and lateral accelerations, as
well as vibrational loads. Normal operational loads include the cyclic loading of the structure from
the inertial tension loading of the wire rope system and docking loads. The other structural
requirements are that the central hub must fit within the SLS cargo launch fairing.

Operational Requirements
Operational requirements are defined as requirements that are not associated with significant loads.
The first operational requirement is that there must be a transfer tunnel capable of being pressurized
for crew transfer from the docked crew vehicle to the habitat while the station is spun down and
connected. Other operational requirements include: reserve fuel, oxidizer, and pressurant tanks,
pass-throughs for power lines, propulsion lines, and attachment points for stability arms,
communication system, and power boom.
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4.5.2. Octagonal Ring Structural Member Analysis
This section enumerates the process of designing the individual structural members of the central
hub.
The octagonal ring members of the central hub are labeled part 1 in Figure 53 below.

Figure 53. Central Hub Infrastructure

Design Load
The design load for the octagonal ring members of the central hub is the 79.6 kN load axially
imposed on the members within the structure due to the inertial tension that results from the
spinning of the station. The tension is defined by the apparent weight of the habitat and Mars SIM
where apparent mass in this case is defined as the mass of both components combined and
multiplied by 1g of acceleration. The members experience this maximum axial load during and after
Phase III when the station is spinning at a rate that creates 1g of acceleration at the habitat. Since the
design load occurs while the station is spinning, the design load is a cyclic load and therefore the part
was designed for the endurance limit of Aluminum 6061-T6.
Other loads that are anticipated for this structure, but do not meet the design load in magnitude,
include: bending of the members during launch and an axial load that is induced by the weight of the
stability arms.

Structural Design
The members are sized so that ratio between cross-sectional dimensions is two to one and results in
members with the dimensions of 6 cm by 3 cm.
𝑠! = 2 ∗ 𝑠!

104

𝑠! =

9.81 ∗ 𝑆𝐹 ∗ 𝑀ℎ𝑎𝑏 + 𝑀𝑆𝐼𝑀
8 ∗ cos 45 ∗ 𝑆𝑓𝑎𝑡𝑖𝑔𝑢𝑒

𝑠! =

9.81 ∗ 𝑆𝐹 ∗ (𝑀ℎ𝑎𝑏 + 𝑀𝑆𝐼𝑀 )!
16 ∗ cos 45 ∗ 𝑆𝑓𝑎𝑡𝑖𝑔𝑢𝑒

4.5.3. Vertical Support Beam Structural Member Analysis
The vertical support beams are depicted in Figure 53 as part 3.

Design Load
The 221 kN design load for these members is based on the compressive axial loads that they
experience during launch in order to prevent Euler buckling. Other loads that are expected to be
experienced by these members include: bending stresses during launch and spinning operations, and
impulse loading for docking. The other loads are marginal compared to the compressive axial loads
that lead to buckling. For this reason, the vertical support beams are designed against the possibility
of Euler buckling.

Structural Design
The beams are designed to be octagons to line up with the octagonal shape of the ring structures.
Sizing is based on the area moment of inertia since the design load is the Euler buckling compressive
loads on launch. The side length that results from sizing is 3 cm.
𝐼 =!

𝐼 =!

𝑐 ∗ 𝑆𝐹 ∗ 𝐹𝑑𝑒𝑠𝑖𝑔𝑛 ∗ 𝐿!
𝐸 ∗ 𝜋!

𝑎!
𝜋
𝜋
∗ cot
∗ [3 ∗ cos !
+ 1]
24
8
8

!

𝑎=

𝑐 ∗ 𝑆𝐹 ∗ 𝐹𝑑𝑒𝑠𝑖𝑔𝑛 ∗ 𝐿 ∗ 24
𝜋
𝜋
cot
∗ [3 ∗ cos !
+ 1] ∗ 𝐸 ∗ 𝜋!
8
8

!
!

4.5.4. Octagonal Ring Support Member Structural Analysis
The octagonal ring support members are depicted in Figure 53 as part 2.

Design Load
The design arose from the same cyclic tension loading in the octagonal ring members. The
magnitude of this design load is 56.3 kN. This load is small due to the geometry of the support
members being in line with the tension instead of having members at an angle to the tension. Again,
the design is cyclic in nature so the support members are sized against the endurance limit of
Aluminum 6061-T6.
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Structural Design
The support members are sized against tensile yielding and are constrained so that one of the crosssectional dimensions is the three centimeters to match the dimension of the ring structure. The
resulting structure is 3 cm by 4 cm.
𝑠! = 30! 𝑚𝑚 = !0.03! 𝑚

𝑠! = !

9.81 ∗ 𝑆𝐹 ∗ (𝑀ℎ𝑎𝑏 + 𝑀𝑆𝐼𝑀 )
0.48 ∗ 𝑆𝑓𝑎𝑡𝑖𝑔𝑢𝑒

4.5.5. Stability Support Truss Member Structural Analysis
Design Load
Two stability masses are required to aid in the stabilization of the spinning of the station. These
masses are connected to the central hub by short truss on opposite sides of the central hub. The
design load magnitude for the stability support truss members is 29.4 kN. The members of the truss
are designed against compressive axial forces on launch that could lead to Euler buckling.

Structural Design
For these truss members, the sizing is done against Euler buckling on launch. The members are
constrained to a square cross-section, which result in members that are 4 cm by 4 cm for the crosssection.
𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = !

𝑐 ∗ 𝜋! ∗ 𝐸 ∗ 𝐼

𝐼 =!

𝐿!
𝑠!
12

𝑃𝑑𝑒𝑠𝑖𝑔𝑛 ∗ 𝑆𝐹 ∗ 𝐿! ∗ 12
𝑠=
𝑐 ∗ 𝜋! ∗ 𝐸

!
!

4.5.6. Reserve Tanks
Placement
The central hub is designed with three main sections: two-meter tall top and bottom sections and a
three-meter tall middle section. The bottom and middle are primarily sized to give the transfer
tunnel the volume it requires. The top section of the central hub is reserved for the placement of
reserve tanks. Within the top section, the tanks are placed such that they do not move the center of
mass of the central hub.
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4.5.7. Transfer Tunnel
Structural Design
The design of the transfer tunnel, inside the central hub, is driven by the design of the airlocks that
connect the central hub and habitat and the requirements of the tunnel needing to be connected.
The air lock’s pressure skin is sized at ten millimeters thick and so the pressure skin for the transfer
tunnel was also sized at ten millimeters thick in order to keep the system consistent. The shape of
the transfer tunnel is driven by the need to connect two portals, the docking portal and the airlock
portal, that are oriented at ninety degrees between the two. Initial design and tests show that the
tunnel is prone to failure on launch. A support structure was introduced to constrain the tunnel and
prevent failure.

4.5.8. Surface Panels
Structural Design
Every pressure vessel designed for Polus is placed inside of a Whipple shield. The central hub
includes the reserve tanks and pressurized transfer tunnel, which necessitates the inclusion of a
pseudo-Whipple shield. The panels are sized along the same lines that the Whipple shield for the rest
of the station, in that the panels are sized to 6 mm thick to protect the pressure vessels from
significant flux.

4.6. Cryogenic Propulsion Module and Ballast
In order to have the habitat rotating around the center, there needs to be a ballast to ensure that the
center of mass of the system is located at the center of the central hub. The upper stages used to get
the crew launches in the Falcon Heavy and the structural launches in the Space Launch System (SLS)
to DRO, are used as mass ballast for the system. This requires that the upper stages to be designed to
withstand the forces they experience while under station spinning operations. This section will go
into how the ballast and these upper stages are designed.

4.6.1. Ballast Configuration
In designing the ballast, the desired configuration of the upper stages aim to maximize the stability of
the entire system. The number of spent upper stages at each phase needs to be taken into
consideration. Phase I will not need a ballast, however, there will be one heavy lift upper stage and
one crew launch upper stage to manage during this phase. At the beginning of Phase II, there will be
two structural launch upper stages and two crew launch upper stages to provide counterweight to the
habitat for the rotation of the station. The beginning of Phase III will have four crew launch upper
stages and three structural launch upper stages. To keep these all attached into one cluster while
allowing for a symmetrical design, a support structure is implemented in the center. Since there is an
even number of upper stages in Phase II, the decision is made to go with a cube support structure.
This allows the upper stages to be distributed evenly around it to maintain symmetry.
To maximize stability, the ballast must be symmetrical while maximizing moment of inertia along the
axis of rotation. To do this it is decided to have two of the larger upper stages (those from the heavy
lift launches) cantilevered perpendicular to the direction of gravity. This can be implemented in both
Phase II and Phase III, since both have at least two structural launch upper stages. Since there are an
odd number of structural launch upper stages in Phase III, the third upper stage will have to be
placed in a location that keeps the configuration symmetrical. For this reason, it is placed on the
bottom of the support structure. With three of the sides attached to the structural launch upper
stages and the cabling being attached to the top of the support structure, the remaining two sides will
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have to hold the crew launch upper stages. The support structure will include a small gap for the
spin-up thrusters to be located behind the crew launch upper stages while having RCS thrusters
mounted on the upper stages themselves. The configurations are illustrated for Phase II in Figure 54
and Phase III in Figure 55. The smaller upper stages are for crew launch while the larger upper stages
are structural launch upper stages. The figures are oriented so that the cabling system can be attached
to the top of the support structure. These next sections will explain the design process of the upper
stages themselves.

Figure 54. Ballast Configuration for Phase II

Figure 55. Ballast Configuration for Phase III

4.6.2. Structural Launch Upper Stage Design
For the structural launch upper stages, the design load is the bending moment it will experience
during spin up. The design process of the upper stage includes creating a structure that will hold the
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tanks while fitting in the fairing and adjusting the parameters of the support members so that it will
be able to hold the design loads. This involves first sizing the tanks. The upper stage will have 38,710
kg of liquid hydrogen for fuel and 7,038 kg of liquid oxygen for oxidizer. This means the volumes of
these tanks are 99.3 m3 for LH2 and 33.9 m3 for LOX. With spherical tanks, the radii will be 2.87 m
and 2.01 m, which were small enough to fit in the nosecone of the payload fairing.

Figure 56. Heavy Lift Upper Stage CAD Model.

The initial design of the system has 10 cm by 10 cm beams and stringers around the tanks configured
in an octagonal configuration as seen in Figure 56. With this configuration, a finite element analysis
(FEA) was done on the system, constraining it at the bottom while having a 2g load parallel to the
bottom so that it would simulate the ballast being spun-up to 2g. The 2g load was chosen due to the
fact that the masses of the system were not finalized, with the assumption that it should be designed
so that the mass of the ballast was at least half of the mass of the habitat. This FEA showed that it
would experience failure stress (above 276 MPa) in the bottom section’s vertical members in the area
where they connect to the horizontal members. By increasing the thickness in these members by 8.2
mm the results of another FEA with the same loading experience a reduced maximum stress of 140
MPa. The results of this FEA are depicted in Figure 57.

Figure 57. Finite Element Analysis of Heavy Lift Upper Stage.

4.6.3. Crew Launch Upper Stage Design
The design of the crew launch upper stage is similar to the structural launch upper stage, however, it
does not have the same bending moment design load from spin-up. This has to be designed to fit in
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the payload fairing of the Falcon Heavy, which has an inner payload fairing diameter of 4 m. With
fuel masses of 3307 kg of LH2 and 1984 kg of LOX, the tank volumes will be 46.6 m3 and 17.4 m3,
respectively. With these values, the spherical radius will be 2.23 m and 1.61 m, respectively.
Unfortunately, the radius of the LH2 tank was too large to fit in the payload fairing. To keep the
radius of the tank within the limits of the payload fairing, the tank will have to be a cylinder with
spherical end caps. The resulting height of the tank with the maximum radius is 5.08 m including the
end caps. The resulting design is depicted in Figure 58.

Figure 58. Crew Launch Upper Stage CAD Model.

The initial design of the crew launch upper stage includes 10 cm by 10 cm beams and stringers for
support of the tanks. Since these mount axially to the support structure, the highest load they will
experience will be the launch load. Performing FEA on the assembly, loading to the 6g it would
experience during launch, the maximum stress the support structure experiences is 130 MPa. This
allows for a safety factor of 2 while still having a positive margin of safety.

4.6.4. Ballast Center Support Structure
The design of the support structure involves creating a surface to which the ballasts can be mounted
while maintaining a size that fits it into the payload fairing of the heavy lift structural launch. Another
factor to be considered is the area for the spin-up thrusters. Since they are to be on the inside, there
has to be at least a one meter gap between the point where they are mounted and the area where the
crew launch thruster attaches. This allows for the structure to not interfere with the exhaust plume of
the thrusters. This can be seen in Figure 59 at the gap where the thrusters are located. The support
structure is designed as a cube with diagonal members that allow for support while creating an
octagonal surface to allow for a solid contact surface with the heavy lift upper stages.
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Figure 59. Ballast Support Structure CAD Model.

4.7. Finite Element Analysis of Primary Structures
Finite Element Analysis (FEA) is performed on every piece of primary structure to ensure the
structure does not yield. In each FEA, a different set of loads and constraints were applied. The
loads and constraints applied to each part match the loading conditions associated with a specific
scenario experienced in the life of the part. The type of modeling is a multi-pass adaptive P-type
analysis with convergence of 1% in all measures. In certain models, symmetric constraints are
applied and in some cases features are removed to decrease computation intensity or provide clarity.

4.7.1. Habitat
Launch Conditions
Constraints Applied: Displacement constrained along bottom surface (y); symmetry constraint
Loads Applied: Gravity load, 6g axially (y), -2g laterally (z), a mass of 10,000 kg at 6g on the cable
interface (y) (holding the airlock and communication tower), and 10.4 psi internal pressure inside the
pressure vessel
Deleted Features: Half of the habitat is removed to decrease computation intensity; modeled as a
symmetric system to compensate.
Stress: In high stress regions the average stress is 60 MPa
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Figure 60. Habitat Finite Element Analysis Under Launch Load Conditions

Conclusion: As expected, high stress concentrations form on the I-beam and axial members closest
to the displacement constraint. The cable attachment is holding the weight of the parts above it and
the axial members are holding the weight of the entire structure. The results from this FEA are what
we would expect in this loading condition. These loading conditions will not cause the structure to
yield.

Rotating Operations Conditions
FEA is performed modeling the conditions of the habitat structure under the spinning operations for
1g simulation.
Constraints Applied: Displacement constrained along an inside lateral hoop; symmetry constraint
Loads Applied: Gravity load, 1g axially (y), the mass of the Mars SIM at 1g attached to the bottom
surface (y), and 10.4 psi internal pressure inside the pressure vessel
Deleted Features: Half of the habitat is removed to decrease computational intensity, modeled as a
symmetric system to compensate
Stress: In high stress regions the average stress is 150 MPa
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Figure 61. Habitat Finite Element Analysis Under Rotating Conditions

Conclusion: High stress concentrations form on the I-beam and the axial supports of the I-beam
features. The cable attachment is holding the weight of the fully stocked habitat and Mars SIM. The
stresses reach 150 MPa on the top and bottom of the I-beam, the bottom in tension and top in
compression as expected. These loading conditions will not cause the structure to yield.

4.7.2. Central Hub
Launch Conditions
Constraints Applied: Displacement constrained along the bottom surface (-z).
Loads Applied: Gravity load, -6g axially (z), 2g laterally (x), and the mass of each 6 mm thick panel
applied on the outer surfaces at -6g (z)
Deleted Features: The outer Whipple shield panels and transfer tunnel are removed due to meshing
and interference errors; the loads induced by the mass during launch were added to the structure to
simulate their presence
Stress: In high stress regions the average stress is 170 MPa
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Figure 62. Central Hub Finite Element Analysis Under Launch Loads

Conclusion: High stress concentrations form along the lower axial supports. As expected, the
weight of the structure above it causes higher stresses close to the constrained surface. The stresses
in these members reach 170 MPa. Although these are fairly high stress levels, the panels will add
extra stiffness to the structure and distribute the loads better. These loading conditions will not
cause the structure to yield.

Rotating Operations Conditions
Constraints Applied: Displacement constrained along surface furthest in the x direction (simulating
a cable attachment)
Loads Applied: Force: -900 kN (x) on the closest surface in the -x direction.
Deleted Features: The outer Whipple Shield panels and transfer tunnel are removed due to meshing
and interference errors. The loads induced by the mass during launch are added to the structure to
simulate their presence
Stress: In high stress regions the average stress is 90 MPa
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Figure 63. Central Hub Under Rotating Conditions

Conclusion: High stress concentrations form along the axial members. This is expected because
they are holding the weight of the cable and motor attachment systems to the structure. The
members are in pure axial loading and the average stress in the members is 90 MPa. These loading
conditions will not cause the structure to yield.

4.7.3. Falcon Heavy Crew Launch Upper Stage
Launch Conditions
Constraints Applied: Displacement constrained along the bottom surface (z)
Loads Applied: Force: 2000 kg at 6g (z) in the upper compartment, 3300 kg at 6g (z) in the lower
compartment
Deleted Features: The outer fuel and oxidizer tanks are removed due to meshing and interference
errors. The loads induced by the mass during launch are added to the structure to simulate their
presence.
Stress: In high stress regions the average stress was 130 MPa
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Figure 64. Falcon Heavy Crew Launch Upper Stage Under Launch Loading

Conclusion: High stress concentrations are found in the lower axial members at the top and bottom.
Bending of the full tank supports above induce the top stress concentrations. The lower stress
concentrations are induced by the weight of the fuel and structure above it. The high stress
concentrations areas have an average stress of 130 MPa. These loading conditions will not cause the
structure to yield.

4.7.4. Space Launch System Structural Launch Upper Stage
Launch Conditions
Constraints Applied: Displacement constrained along the bottom surface (-z)
Loads Applied: Force: 7000 kg at 6g (-z) in the upper compartment, 39000 kg at 6g (-z) in the lower
compartment
Deleted Features: The outer fuel and oxidizer tanks are removed due to meshing and interference
errors. The loads induced by the mass during launch are added to the structure to simulate their
presence.
Stress: In high stress regions the average stress is 180 MPa
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Figure 65. Space Launch System Structural Launch Upper Stage Structure Under Launch Conditions

Conclusion: High stress concentrations are found in the lower axial members at the top and bottom,
as seen with the Falcon crew upper stage structure FEA. The bending of the fuel tank support above
induces the top stress concentrations. The lower stress concentrations are induced by the weight of
the fuel and structure above it. The high stress concentrations areas have an average stress of 180
MPa. These loading conditions will not cause the structure to yield, but the margin of safety will be
slightly negative.

4.7.5. Airlock Tunnel
Launch Conditions
Constraints applied: Displacement constrained along the top surface (y)
Loads Applied: Force: -6 g axially (y), 2 g laterally (x), and 10.4 psi in the cylinder
Deleted Features: IDSS docking features
Stress: In high stress regions the average stress is 18 MPa
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Figure 66. Airlock Finite Element Analysis Under Launch Conditions

Conclusion: High stress concentrations found are in the corners of the attaching features and on the
cylinder closest to the constraint. These areas have higher stress because of stress concentrations
from the missing features and due to its own weight pulling it down. The average stress in those
areas is 18 MPa. These loading conditions will not cause the structure to yield.

Rotating Operations Conditions with Docking Loads
Constraints Applied: Displacement constrained along the top surface (y)
Loads Applied: Force: -1g axially (y), 3.5 kN docking compression load, and 10.4 psi in the cylinder
Deleted Features: IDSS docking features
Stress: In high stress regions the average stress is 17 MPa
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Figure 67. Airlock Finite Element Analysis Under Rotating and Docking Load Conditions

Conclusion: High stress concentrations are found on the outside cylinder closest to the constraint.
These areas have higher stress levels because of stress concentrations from the missing feature and
the axial compression of docking loads. The average stress in those areas is 17 MPa. These loading
conditions will not cause the structure to yield.

4.8. Constrained Modal Analysis of Primary Structures
4.8.1. Habitat
A constrained modal analysis was performed on the habitat structure. The habitat is constrained
along the bottom surface (y) from displacement. The first four modes are 14.3, 16.6, 16.6
(symmetry), and 20.6 Hz as shown in Figure 68.
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Figure 68. Habitat Constrained Modal Analysis

The natural modes for this structure are a little low to not induce pogo instability. The payload
frequency requirements have not been established for SLS Block 1A, once these requirements are
known, this part may need to be altered to increase the frequency of the natural modes.

4.8.2. Central Hub Constrained Modal Analysis
A constrained modal analysis was performed on the central hub. The structure is constrained from
displacement along the furthest surface in the –z direction. The first four natural modes are 7.7, 7.7,
7.9, and 7.9 Hz as shown in Figure 69.

Figure 69. Central Hub Constrained Modal Analysis
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The modes are matching pairs because of the symmetry in the structure. These natural modes are
very low and would have to be suppressed in launch conditions. Additional supporting structure or
members would be needed to stiffen this structure and increase the frequency of the modes.

4.9. Mars SIM
To support the testing of surface activities, a second habitable section will be launched for Phase
III, to be connected to the bottom of the main habitat. It consists of two main sections, the
airlock/ready room, and the surface simulation environment. Due to the inertial forces during spin,
additional attachment mechanisms are required beyond those integrated into the docking mechanism.

4.9.1. SIM Capsule
The majority of the external structure for the Mars SIM is identical to that of the primary habitat,
with the exception of there being only a single, 3.5 m floor.

Figure 70. Mars SIM without Whipple Shield

Airlock Sizing
Inside the SIM there will be an airlock/ready room shown in Figure 71, where crew will don/doff
their space suits, prepare for simulated EVA activities, and store materials for Phase III.

Figure 71. Mars SIM Floor Plan
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It is required to be the entry point to the capsule, therefore, it must occupy at least the center section
of the floor space. Additionally, for the crew to have enough room to don and doff their space suits,
a diameter of 4.5 m is specified. To maximize the useable space in the simulation environment, the
airlock will be placed off-center of the module. The wall thickness is calculated using hoop stress
equations for pressure vessels, and is 3.25 cm thick.
𝜎=

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 ∗ 𝑟𝑎𝑑𝑖𝑢𝑠
𝑤𝑎𝑙𝑙!𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

4.9.2. Attachment System
The Mars SIM has a substantial mass, and will be under gravity for the duration of spin during Phase
III, it became necessary to ensure that there was enough structural support to attach it to the habitat.
The IDSS by itself is not strong enough to support the mass of the Mars SIM (International Docking
Systems Standard (IDSS) Interface Definition Document (IDD), 2013). Thus, an additional
attachment system is designed. The Attachment system consists of trusses on both the SIM and the
habitat, and a mechanical latching system to connect the two upon docking.

Figure 72. Attachment System

Figure 73 Truss Dimensions (Top View) [mm]
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Figure 74 Truss Dimensions (Side View) [mm]

Truss
The top of the Mars SIM and the bottom of the habitat both have truss sections that will be used to
support the SIM under artificial gravity. The trusses consist of the edges of an octagon inscribed
within an 8 m diameter circle, such that it is along the circumference of the habitat and SIM. Each
side consists of five members: two vertical to hold primarily axial loading (and are shared with other
panels), and one horizontal member and two cross members, which are hold all rotational/torsional
loads.

Truss analysis
The primary assumptions made to analyze the truss are uniform loading and symmetry. As a result,
the three-dimensional truss is condensed into a single two-dimensional side as shown in Figure 75

Figure 75 Simplified Truss

Forces are applied to the top of each vertical beam (at B and C). A 200,000 N vertical load (each
truss section would carry the estimated total SIM mass at 1g), as well as a 100 N lateral force to
account for torsional effects.
𝐹𝑥 = 0! → 𝑅𝑥𝐴 + 𝑅𝑥𝐷 + 100 + 100 = 0
𝐹𝑦 = 0! → 𝑅𝑦𝐴 + 𝑅𝑦𝐷 + 200,000 + 200,000 = 0
The system of equations that resulted from nodal analysis is:
𝐴𝑥: 𝑅𝑥𝐴 + 𝐴𝐶 cos tan!!

1
3

𝐴𝑦:!𝑅𝑦𝐴 + 𝐴𝐵 + 𝐴𝐶 sin tan!!
𝐵𝑥: 𝐵𝐶 + 100 + 𝐵𝐷 cos tan!!

= 0!
1
3
1
3

=0
=0
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𝐵𝑦: 𝐴𝐵 + 200,000 + 𝐵𝐷 sin tan!!
𝐶𝑥: 𝐵𝐶 + 100 + 𝐴𝐶 cos tan!!

1
3

1
3

𝐷𝑦: 𝑅𝑦𝐷 + 𝐶𝐷 + 𝐵𝐷 sin tan!!

=0
=0

1
3

𝐶𝑦: 𝐶𝐷 + 200000 + 𝐴𝐶 sin tan!!
𝐷𝑥: 𝑅𝑥𝐷 + 𝐵𝐷 cos tan!!

1
3

=0

=0
1
3

=0

The forces in each member resolve to:
Member

Axial Load [N]

AB

200,100

AC

52.7

BC

250

BD

158

CD

200,000

Therefore the design load is to member AB, with an axial load of 200,100 N. As the member is in
pure tension, the equation to find the size of the sides is:
𝑠=

!

𝐹
𝜎𝑓𝑎𝑖𝑙
𝑆. 𝐹.

With a safety factor of 2 and the 𝜎𝑓𝑎𝑖𝑙 of 6061-T6 aluminum, the side length is calculated to be 3.8
cm, which was rounded to 4. This dimension is used for all truss pieces to simplify assembly and
attachment.

Attachment Mechanism
A mechanism is required to connect the trusses between the SIM and the Habitat. Beyond the
structural requirements, it is required to engage with minimal EVA assistance. As such, it is designed
to be mechanically driven by an actuated linear gear. This system is placed on the habitat as it
requires power: the hooks mate with bars on the SIM’s truss. As the SIM approaches the habitat, the
claws would extend (Figure 76). After the initial docking occurs, the mechanism closes, clamping
down on the bar and taking the majority of the loading after spinning up.
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Figure 77. Mechanism Engaged

Figure 76. Mechanism Extended

Attachment Bar
The grabbing mechanism attaches to a bar on the SIM’s truss. The bar is shaped such that as long as
the claw grabs anywhere along it, the mechanism will self-center. The primary design load for the bar
is a bending load of 200,000 N. The beam was simplified to a simply supported beam of 70 cm
length, supporting one-sixth of the 200,000 N applied as a point load in the center, and solved for
the minimum diameter.

𝜎=

𝑀𝑦
=
𝐼𝑧

𝑑=

!

𝐹

𝐿 !
2 (𝑑)
𝐿
2 = 8𝐹𝐿
!
𝜋𝑑
𝜋𝑑!
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8𝐹𝐿
𝜎𝑓𝑎𝑖𝑙
𝜋(
𝑆. 𝐹.)

As a result of this analysis, the minimum diameter of the bar is 7.6 cm. It is wider further from the
center to self-align the mechanisms as it closes.

Figure 78. Side View of Attachment Bar [mm]

Figure 79. Attachment System on Truss

4.10. Wire Rope System
Wire ropes are selected as the preferred means to connect the center hub to the habitat and ballast
for spinning operations. The analysis in the following sections show that the wire rope embodiment
provides an elegant and stable solution over the rigid embodiment (also see Appendix §12.3.13:
Stewart Wire Rope Truss Analyses) for connecting the center hub, habitat, and ballast primary
structures while also enabling the system to have a variable radius of rotation and the capability to
reel in and lock for a rigid configuration for the onset of spin up operations. Additionally, wire ropes
absorb shock loads and damp and isolate the effects of vibration (Budynas & Nisbett, 2011). Stability
and control are also considerations favoring the selection of wire ropes as the connecting structures
between the center hub and the habitat and ballast.
For our particular system, specifically 1-in (25.4 mm) 6 x 37 special flexible, regular lay, monitor steel
wire rope is selected. Representative art of the wire rope chosen is shown in Figure 80 and Figure 81.
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Figure 81. Regular Lay Wire Rope (Budynas &
Nisbett, 2011)

Figure 80. 6 x 37 Wire Rope Section
(Lindeburg, 2012)

Regular lay wire rope is chosen because of its character to neither kink nor untwist (Budynas &
Nisbett, 2011). Monitor steel is chosen over plow steel for its increased strength. Additionally, the
6x37 special flexible rope is chosen because of its small minimum sheave diameter. Mechanical
properties for the specific wire rope under consideration in this analysis are presented in Table 22.
Table 22. 1 [in] 6x37 Special Flexible Wire-Rope Data from American Steel and Wire Company Handbook
(Budynas & Nisbett, 2011)

Weight Per
Foot

Minimum Sheave
Diameter

Size of Outer
Wires

Modulus of
Elasticity*

[N]

[m]

[m]

[GPa]

6.895

0.457

0.001

75.8

•
•

Strength**
[MPa]
689

Only approx., depends on loading and generally increases with life of rope (Budynas & Nisbett, 2011)
**Based on nominal area of rope (Budynas & Nisbett, 2011)

The wire ropes will be connecting the center hub to the habitat and to the ballast in a Stewart truss
configuration. The Stewart truss configuration, as well as the definitions of the geometric parameters
that will be used throughout the wire rope system analysis, are presented in the following section.

4.10.1. System Definition
The center hub will be connected to the habitat and ballast main structures by six wires configured in
a conical Stewart truss (Figure 82 & Figure 83).

Z

Z

X

Y
Figure 82. Stewart Truss - Left View

Figure 83. Stewart Truss - Front View

Generally, a “Stewart” truss is configured such that each pair of cables originating from a single
location terminates at two separate, but adjacent locations on the structure that is being connected
(Figure 82). For our particular system, we have this classic truss configuration (Figure 83) except
instead of our wire ropes terminating on the habitat side, they wrap around a sheave located at the
mounting locations on the habitat side and double back to be fixed on the center hub, adjacent to
where the rope originated. The concept can be seen in the basic wire rope schematic of Figure 84.

Figure 84. Basic Wire Rope Schematic Showing Doubled-Over Wire Ropes

As will be shown in §4.10.4, this scheme provides mechanical advantage, allowing the load—that
would normally be taken by a single wire rope—to be taken by a pair of wire ropes. Nevertheless, for
geometrical parameter definition, we consider each doubled over cable as a single cable, as shown in
Figure 83 for simplicity. With this, we have the following geometric definitions:

Figure 85. System Geometry for Stewart Truss System in the Nominal, Spun Up Configuration

Section A-A and section B-B of Figure 85 are below in Figure 86, detailing the wire rope “donut”
fixtures located on the center hub and habitat, respectively, in the nominal configuration (!𝜃 = 0˚!).
The numbering scheme used to describe the hole and sheave locations on the respective donuts is
shown along with a cable mapping list Figure 86.

Figure 86. Section Views of Cable "Donuts" in the Nominal Configuration ( = 0˚ )

The angle, θ is the angle of the habitat’s rotation about the x-axis with respect to the center hub.
Based on the coordinate system centered on Section A-A, the coordinates of the points 1 through 6
in Figure 86 are as follows:
H1: (0, 0, 𝑑1)

H4: (𝐿, 𝑑𝑜 𝑐𝑜𝑠 270˚ − 𝜃 , 𝑑𝑜 𝑠𝑖𝑛 270˚ − 𝜃 )

H2: (0, 𝑑! 𝑐𝑜𝑠 30˚ , −𝑑! 𝑠𝑖𝑛 30˚ )

H5: (𝐿, 𝑑𝑜 𝑐𝑜𝑠 150˚ − 𝜃 , 𝑑𝑜 𝑠𝑖𝑛 150˚ − 𝜃 )

H3: (0, −𝑑! 𝑐𝑜𝑠 30˚ , −𝑑! 𝑠𝑖𝑛 30˚ )

H6: (𝐿, 𝑑𝑜 𝑐𝑜𝑠 30˚ − 𝜃 , 𝑑𝑜 𝑠𝑖𝑛 30˚ − 𝜃

Thus, the rope direction vectors are:
𝒓 = 𝐻5 − !𝐻1

𝒓 = 𝐻4 − 𝐻2

𝒓 = 𝐻6 − 𝐻1

𝒓 = !𝐻6 − 𝐻2
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𝒓 = 𝐻5 − 𝐻3

𝒓 = 𝐻4 − 𝐻3

With this information, the coordinates to fully describe the system under consideration have been
defined. In the following sections, analysis of the dynamics, mechanics, and stability of the wire rope
system is explored in detail.

4.10.2. Dynamics and Generalized Equation of Motion
A general equation of motion is derived for one side of the station system, incorporating two of the
station’s bodies: the habitat and the center-hub connected by wire ropes as shown in Figure 85. The
cables are modeled as general spring-damper elements having effective spring and damping
coefficients due to the geometry. By symmetry, this analysis is analogous to the other half of the
system containing the ballast; hence the dynamics for only one half of the entire system as derived in
the following section, but is applicable to the ballast side as well. This section presents a concise
summary of the derivation. See Appendix §12.3.14 for the full derivation.
The dynamics for the habitat and hub interaction is derived using the Lagrange equation:
𝑑 𝜕𝑇
𝜕𝑇
𝜕𝐷
𝜕𝑉
!−!
!+!
!+
=𝑄
𝑑𝑡 𝜕𝑞𝑗
𝜕𝑞𝑗
𝜕𝑞𝑗 𝜕𝑞𝑗
Where:
T: Kinetic Energy
D: Rayleigh Dissipation Function
q: Generalized Coordinate

V: Potential Energy
Q: Force

The motion under consideration is the habitat’s rotation about the x-axis; namely, the rotation angle
of the habitat about the x-axis, 𝜃, will be the generalized coordinate. Due to the geometry of the
system and the nature of flexible mechanical elements, as 𝜃 becomes non-zero, the habitat will
translate in the –x-direction, migrating towards the center hub. This effect is present even while
keeping the cables in complete tension. Thus a new coordinate, 𝑥, which is dependent on the
generalized coordinate, 𝜃, must be included in the dynamical model. The x-coordinate position of the
habitat, 𝑥, is defined to be zero at the location of the habitat cable mounting donut when the system
is in the nominal, unperturbed configuration. That is:
𝑥 𝜃𝑜 = 𝑥 0˚ = 𝑥𝑜 = 0![𝑚]
This is the equilibrium position for the habitat in the nominal, spinning operations case. Thus, the
equation describing the motion of the habitat in the x-direction about this equilibrium position with
respect to the rotation angle, 𝜃, is:
𝑥 𝜃 = ! −𝐿 + ! 𝐿! −

1 ! 1 !
∗ 𝑡 + 𝑡 cos 𝜃 − 𝑡𝑜 𝐿𝑡𝑎𝑛𝜃 + 𝑡𝑜 𝐿𝑡𝑎𝑛𝜙𝑐𝑜𝑠𝜃 = ! −𝐿 + ! 𝛼
2 𝑜 2 𝑜

and the time rate of change:
𝑥 𝜃 =

1 !!!
1
𝛼 ! ! − 𝑡!𝑜 !𝑠𝑖𝑛𝜃 − 𝑡𝑜 !𝐿!𝑡𝑎𝑛𝜙!𝑠𝑖𝑛𝜃 𝜃
2
2
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where:
1
1
𝛼 ≜ 𝐿! − 𝑡!𝑜 + 𝑡!𝑜 𝑐𝑜𝑠𝜃 − 𝑡𝑜 𝐿𝑡𝑎𝑛𝜃 + 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙!𝑐𝑜𝑠𝜃
2
2

Assumptions:
A1: Donut plane remains parallel to hub donut, and local donut x-axis remains parallel to entire
system x-axis
A2: The wire ropes are massless
A3: Simplify the model by modeling the hub as a fixed wall
A4: By A3, the energy contributions of the rotation of the station system as a whole is neglected and
instead substitute the induced gravity, centripetal acceleration from the implied rotation of the
station, in the +x-direction

System Body Diagram
Below is a system body diagram of the model under consideration

Figure 87. System Body Diagram for Dynamical Analysis

Additional geometric parameters for this analysis were defined in Figure 85 above.

Symbols
𝑀 = 𝑚𝑑𝑜𝑛𝑢𝑡 + 𝑚ℎ𝑎𝑏

𝜃 = 𝑔𝑒𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑!𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒

𝐽𝑥 = !𝑀𝑜𝑚𝑒𝑛𝑡!𝑜𝑓!𝐼𝑛𝑒𝑟𝑡𝑖𝑎!𝑎𝑏𝑜𝑢𝑡!𝑥
𝑘! = !𝑆𝑝𝑟𝑖𝑛𝑔!𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠
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𝐽 = 𝐽 𝑥𝐷 + 𝐽 𝑥𝐻

Kinetic Energy
Primary mass elements contributing to kinetic energy include the habitat and the wire-rope donut
fixture mass. Neglecting the energy of the entire station spinning as a whole,
𝑇(𝜃) =

1
1
1
1
!
!
𝑚𝑑𝑜𝑛𝑢𝑡 + 𝑚ℎ𝑎𝑏 𝑥! + 𝐽𝑥𝐷𝑜𝑛𝑢𝑡 𝜃𝐷𝑜𝑛𝑢𝑡 + 𝐽𝑥𝐻𝑎𝑏 𝜃𝐻𝑎𝑏 + 𝐽𝑦𝑡𝑜𝑡 𝜓! !
2
2
2
2

By A1:
1
1
1
!
!
𝑀𝑥! + 𝐽𝑥𝐷 𝜃𝐷𝑜𝑛𝑢𝑡 + 𝐽𝑥𝐻 𝜃𝐻𝑎𝑏
2
2
2
This is the equation for kinetic energy for the system under consideration.
𝑇(𝜃) =

Potential Energy
Energy storage elements include the wire rope elements and a torsional spring element that could be
incorporated into the wire rope mounting donut for to help tailor the dynamical torsional response
of the system:
𝑉 𝜃 =

1
1
𝑘𝑐𝑎𝑏𝑙𝑒𝑠 !𝑥(𝜃)! + 𝑘𝑑𝑜𝑛𝑢𝑡 !𝜃!
2
2

Rayleigh Dissipation Function
The damping elements for the system are intrinsic to the characteristics of the wire rope system.
Here we also include the consideration of a torsional damping element integrated into the cable
mounting donut, in addition to the damping effects due to the cables themselves. This is done so the
dynamical response of the system can be tailored. Damping in the cables is due to material damping
and the friction between the individual wires and strands that make up the wire rope.
The dissipation function is:
𝐷=

1
1
!
!
𝐶𝑑𝑜𝑛𝑢𝑡 𝜃 + 𝐶𝑐𝑎𝑏𝑙𝑒𝑠 𝜃
2
2

Equation of Motion
The Lagrange equation is used along with the kinetic energy, potential energy, and Rayleigh
dissipation functions to produce an expression for the equation of motion for the torsional dynamics
of the wire rope system. Thus, the Equation of Motion is:
1
𝑐𝑜𝑠𝜃 sin! 𝜃
𝑄 = 𝑀𝑒𝑓𝑓 𝜃 + 𝛥! 𝑠𝑖𝑛𝜃
−
2
𝛼
2𝛼!

!
1
+ 𝛥𝑠𝑖𝑛𝜃 1 − 𝐿𝛼!!
2

where,

!

𝑀𝑡𝑜 𝜃 − 1 + 𝐶𝑑 𝜃 + 𝐶𝑐 𝜃 + 𝑘𝑑 𝜃

1
𝑀𝑒𝑓𝑓 = 𝐽𝐷 + 𝐽𝐻 + 𝑚𝐷 + 𝑚𝐻 [ 𝛼!! 𝛥! sin! 𝜃
4
𝛼 = 𝐿! 𝛥 1 − 𝑐𝑜𝑠𝜃

𝛥 =!−

𝑡!𝑜
− 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙
2

It can be seen from the equation of motion that, as expected, the torsional and translational motion
of the habitat on the wire rope system is coupled and non-linear; thus making it difficult to determine
an expression describing the natural frequency of this system. For the full derivation of the results of
this section, please see Appendix §12.3.14: Habitat Torsional Dynamics Derivation using Lagrange
Equation.

4.10.3. Equivalent Spring, Mass, Damper System Dynamics
The wire rope system can be reduced to an equivalent spring, mass, and damper representation to
approximate the translational dynamics for the x-direction. It is desirable to reduce the Stewart truss
wire rope system (Figure 88) to an equivalent spring, mass, damper model (Figure 89).

Figure 88. Stewart Truss Wire Rope System

Each wire rope is modeled as a spring with damping. An individual wire rope spring with stiffness k,
oriented in the system’s geometry is considered for determination of effective spring stiffness. Then,
an equivalent system model incorporating 12 of these equivalent spring stiffness elements in series
yields an equivalent effective spring stiffness of:
𝑘𝑒𝑓𝑓

𝑠𝑦𝑠𝑡𝑒𝑚

= 11.82 ∗ 𝑘

Energy dissipation by the wire ropes exists due to material damping and friction between the
individual strands and wires in the wire ropes. Thus, an effective damping term for the equivalent
system also exists. Putting it all together, the equivalent model is:

Figure 89. Equivalent Spring, Mass, Damper System Model
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The natural frequency for this simple, SDOF motion is:

𝜔𝑛 = !

𝑘𝑒𝑓𝑓

𝑠𝑦𝑠𝑡𝑒𝑚

𝑚

For the full derivation of the equivalent effective spring stiffness of the Steward wire rope truss
system, please see Appendix §12.3.15: Equivalent Spring, Mass, Damper System Dynamics
Derivations.
The exact spring stiffness and damping coefficients for the wire ropes is unknown and would need to
be determined either by obtaining specifications from the manufacturer of the wire ropes or by
purchasing the wire ropes and testing them in the lab. The spring stiffness can be approximated as
(Balachandran & Magrab, 2004):
𝑘=

𝐴𝐸
𝐿

where,
A = Cross section area
E = Modulus of Elasticity
L = Length
Thus, approximating each cable to be 50m in length, with the modulus of elasticity from Table 22,
and using the equation for the cross sectional area of metal for a wire rope (Budynas & Nisbett,
2011):
𝐴𝑚 = 0.38 ∗ 𝑑! = 0.38 ∗ 1 𝑖𝑛𝑐ℎ

!

= 0.38 𝑖𝑛𝑐ℎ

!

≈ 9.7![𝑚𝑚! ]!

An approximate spring constant for the axially loaded wire rope is:
𝑘=

9.7 𝑚𝑚 ∗ !75.8 𝐺𝑃𝑎
= !14.7![𝑀𝑃𝑎]
50 𝑚

thus we can expect
𝑘𝑒𝑓𝑓

𝑠𝑦𝑠𝑡𝑒𝑚

= 11.82 ∗ 14.7 𝑀𝑃𝑎 ≈ !174[𝑀𝑃𝑎]

As stated in the note below Table 22, the elastic modulus is only approximate and in general increase
with the life of the rope (Budynas & Nisbett, 2011). This means then that the spring stiffness of the
system will also increase with the life of the rope.
The gross mass of the habitat for Phase II is approximately 52,000 kg, thus, the natural frequency of
the wire rope system’s oscillations in the x-direction while spinning will be approximately:
𝜔𝑛𝐻𝐼𝐼 = !

173 𝑀𝑃𝑎
≈ !58![𝐻𝑧]
52000![𝑘𝑔]

The gross mass ballast for Phase II is approximately 45,000 kg, thus, the natural frequency of the
ballast side for phase II is approximately:
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𝜔𝑛𝐵𝐼𝐼 = !

173 𝑀𝑃𝑎
≈ !62![𝐻𝑧]
45000![𝑘𝑔]

The gross mass of the habitat side, including the Mars SIM for Phase III is approximately 86,000 kg,
thus, the natural frequency of the habitat side for Phase III is approximately
𝜔𝑛𝐻𝐼𝐼𝐼 = !

173 𝑀𝑃𝑎
≈ 45![𝐻𝑧]
86000[𝑘𝑔]

and the ballast for Phase III is approximately 70,000 kg giving a natural frequency of approximately
𝜔𝑛𝐵𝐼𝐼𝐼 = !

173 𝑀𝑃𝑎
≈ !50![𝐻𝑧]
70000![𝑘𝑔]

These frequencies are approximate and will change with the life of the wire ropes due to the
changing elastic modulus of the wire ropes throughout their lifetime, and as well, these frequencies
will change as the masses change.

4.10.4. Loads and Force Analysis
Operational loads experienced by the wire rope system were analyzed. Stress, safety margins, and
stability of the system are considered. Additionally, sheave design and the motor system to operate
our wire rope system are also included in this section.

Wire Rope Tension
The rotation of the entire system enacts a centripetal acceleration on the habitat and ballast masses.
These masses thus produce a force that must be carried by the wire rope system. Inevitably, there
may be some rotation, 𝜃, of the habitat, relative to the central hub, about the x-axis.

Figure 90. Schematic Showing the Rotation of the Habitat Relative to the Central Hub About x-axis

This rotation will change the wire rope truss geometry and increase the loading in some of the cables.
It is important to analyze all the geometry cases to ensure that the wire ropes remain in safe operating
range and are not at risk of breaking under loading, even in the worse of contingencies. The tension
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in the wire ropes over a wide range of rotation angles of the habitat relative to the hub are considered
in the graph below assuming a habitat gross mass of 90,000 kg.
4
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Figure 91. Rope Tension vs. Angle of Habitat Twist

Figure 91 shows that, by virtue of the symmetry of the Stewart wire rope truss configuration, the
tensile load experienced by wires 𝑟!" , 𝑟!" , and 𝑟!" are the same and the tensile load experienced by
wires 𝑟!" , 𝑟!" , and 𝑟!" are the same. The red line is the approximation for the minimum tensile
force that is expected to be experienced through the rotation angle range. This particular angle,
coinciding with the minimum loading case is when 𝜃 = 60˚. The reason being that, as shown in
Figure 92, at this angle wire 𝑟!" has a minimum angle between the cable and force vector.

Figure 92. Minimum Tension Case for Wires 𝒓 , 𝒓 ,!and 𝒓
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This analysis is only truly valid for small angles, !, because in reality the wire ropes, for large !,
would begin to twist up and change the geometry from being a single conic to two conics. The forces
experienced in the cables, where twisting up is not a factor, are accurately depicted in the graph of
Figure 91.
To keep any unforeseen event from causing any large angle of twist, an active control system will be
employed to assist in damping oscillations and minimize angle of twist. This active control system
will be discussed in a section below in detail.
The MATLAB script code for the analysis above is presented in Appendix §12.3.16: Determination
of Vectors, Forces, and Stability.

Wire Rope Torsional Restoring Force
Perturbations from the nominal, 𝜃 = 0˚, condition produces a torque component by the wire ropes
on the donut. Presented below is a graph of the restoring torque produced by each wire rope over a
range of twist angles, 𝜃, assuming a habitat gross mass of 90,000 kg.
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Figure 93. Restoring Torque vs. Angle of Habitat Twist

Figure 93 shows that, by virtue of the symmetry of the Stewart wire rope truss configuration, the
restoring torque imparted on the habitat by wire ropes 𝑟!" , 𝑟!" , and 𝑟!" are the same the restoring
torque imparted on the habitat by wire ropes 𝑟!" , 𝑟!" , and 𝑟!" are the same. The black line is the
net restoring torque produced by the summation of the torques of all the cables. Figure 93 shows
that at a perturbation angle of 0˚, there is no net torque, as expected. For a positive angle of twist, a
negative restoring torque, tending the system back towards zero, is developed. For a negative angle
of twist of the habitat, a positive restoring torque is produced, tending the system back towards zero.
This indicates a stable equilibrium exists at a twist angle of zero degrees. By the energy dissipation
elements intrinsic to the wire rope system, if perturbed, the habitat will oscillate about the 𝜃 = 0˚
twist angle and the magnitude of the oscillations will eventually decay, leaving the system’s steady
state at 𝜃 = 0˚.
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Wire Rope Sheave
As discussed above, sheaves are used on the habitat side for the wire ropes (Figure 84). The outer
diameter of the sheave is determined by the minimum sheave diameter for the particular wire rope
being used. From Table 22, the minimum sheave diameter is 457 mm. From Figure 91, the tension
nominally in the cables is 74 kN. A CAD rendering of a close up of the habitat side’s wire sheaves
and ropes is shown in Figure 94.

Figure 94. Wire Ropes Wrapping on Habitat Sheaves

As can be seen in Figure 94, there are only three sheaves. Thus, there are four wire ropes pulling on
the sheave. A diagram for the loads on the sheave is shown below in Figure 94.

Figure 95. Habitat side Wire Rope Sheave Loads

A reduced free body diagram of the sheave shows that the sheave pin component is in a double shear
stress state:
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Figure 96. Wire Rope Free Body Diagram Reduced

A sectioned, force diagram of the sheave pin in double shear shows the bearing and shear loads
acting on the pin:

Figure 97. Pin Component in Double Shear

If the sheave pin is made from 6061-T6 aluminum, having shear strength of 200 MPa, the diameter
of the pin can be designed using mechanics.
The ultimate load is
𝑈𝐿 = 2 ∗ 𝑇𝑛𝑜𝑚 ∗ !𝑆𝐹 = 296[𝑘𝑁] ∗ 2 = 592![𝑘𝑁]
The shear stress is
𝜏𝑝𝑖𝑛 =

𝑈𝐿
𝑑!𝑝𝑖𝑛

!!!!!!!!!!! → !!!!!!!!! 𝑑𝑝𝑖𝑛 = !

𝜋∗
4
Thus, the diameter of the pin we should use for our sheave is
𝑑𝑝𝑖𝑛 = !

𝑈𝐿
𝜏𝑝𝑖𝑛 𝜋
4

592[𝑘𝑁]

𝜋 = 61.4![𝑚𝑚]!
200 𝑀𝑃𝑎 ! !
4

There are also associated stresses specific to the bearing pressure of the cable in the sheave (Budynas
& Nisbett, 2011):
𝒑! = ! ∗

𝑻
148 𝑘𝑁
=2∗
= 12.8![𝑀𝑃𝑎]!
𝒅∗𝑫
25.4! 𝑚𝑚 ∗ 457 𝑚𝑚

These factors must be considered in the detailed design of the sheave components for the Stewart
wire rope truss system.
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Wire Rope Stress Analysis
Tensile stress analysis is performed to determine the factor and margin of safety for the wire rope
system. From Figure 91, the nominal tension in each cable, assuming a gross mass on the cables of
90,000 kg is:
𝑇𝑛𝑜𝑚

𝑚
90000 𝑘𝑔 ∗ 9.8 !
𝑊
𝑠
=
=
≈ 74,000![𝑁]
12 ∗ 𝑐𝑜𝑠𝜙
12 ∗ cos 7.12˚

𝜎𝑛𝑜𝑚 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 =

𝑇𝑛𝑜𝑚
74000! 𝑁
=
= !7.63![𝑀𝑃𝑎]
𝐴𝑚𝑒𝑡𝑎𝑙
9.7 𝑚𝑚!

The additional stress associated with bending around a sheave is given as (Budynas & Nisbett, 2011):
𝜎𝑠ℎ𝑒𝑎𝑣𝑒 𝑏𝑒𝑛𝑑𝑖𝑛𝑔 ! =

𝐸 ∗ 𝑑𝑤
75.8! 𝐺𝑃𝑎 ∗ !21! 𝑚𝑚
!=
! ≈ !3.49![𝑀𝑃𝑎]!
𝐷
457! 𝑚𝑚

𝜎𝑡𝑜𝑡𝑎𝑙 ! = !! 𝜎𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑡𝑒𝑛𝑠𝑖𝑜𝑛 ! + ! 𝜎𝑠ℎ𝑒𝑎𝑣𝑒!𝑏𝑒𝑛𝑑𝑖𝑛𝑔! = !7.63! 𝑀𝑃𝑎 + !3.49 𝑀𝑃𝑎 = 11.12[𝑀𝑃𝑎]
𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒!𝐿𝑜𝑎𝑑!! = !𝐿𝑖𝑚𝑖𝑡!𝐿𝑜𝑎𝑑! ∗ 𝑆𝐹! = !!11.12![𝑀𝑃𝑎] ! ∗ !2!! = !!22.24![𝑀𝑃𝑎]!
𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒!𝑀𝑎𝑟𝑔𝑖𝑛!𝑜𝑓!𝑆𝑎𝑓𝑒𝑡𝑦! =

689.5!– !22.24
!! = !!30!
22.24

The wire rope system is critical to the safety and performance of our overall station. With a safety
factor of 2, the ultimate margin of safety is 30.

4.10.5. Wire Rope Spool
The dimensions of the wire rope and its physical properties are defined (Table 22). Knowing these
properties, a MATLAB script (§12.3.17) can be written to produce the mass and extent of the wire
rope if wrapped perfectly on a cylindrical spool (Figure 98).

Figure 98. Wire Rope Wrapped on Cylindrical Spool

The radius of the cylindrical spool upon which the wire rope is being wrapped is chosen to be the
minimum sheave diameter of 0.31 m (Table 22, p.126) for our specified cable. Additional parameters
that need to be chosen are how many wraps per layer width, and the number of safety wraps desired
to be left on the spool when in the fully reeled out, 1g configuration. For our purposes, 12 wraps per
layer width is chosen yielding a spool of approximately 0.3 m in width. The number of safety wraps
chosen is 10. This number of safety wraps allows for approximately 3.75 m of additional cable per
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spool as the absolute actuation limit for the active stability control through the wire rope system
before the spool has no more wire rope to give.
The mass of each 100 m length of wire rope is calculated to be 231 kg. There are six spools per side.
Thus, 1200 m of wire rope has a mass of approximately 2770 kg. These spools are located inside the
central hub and have a motor and break system to reel in and control reel out respectively.
Docking operations will only be performed in the closed and rigid, reeled in configuration. Thus,
every time we reel in and reel out, the wire ropes can be inspected for damage with cameras mounted
near the spools on the central hub. An additional set of six spools will be lifted with the central hub
in the Phase II structural launch, in the event that a wire rope wears or is damaged unexpectedly and
needs to be replaced. These additional wire rope spools are purposed as the stability arm ballast mass
on the central hub when not in service.

4.10.6. Wire Retractor Mechanism
Retraction of the cables running between the hub and the habitat and the hub and counterweight will
be performed by electric motors connected to reducing gearboxes. Each of the 12 cables will have
their own retraction mechanism. The gearbox will turn the wire spool to wind the cable. The system
is allocated 10 kW for normal operation, but is able to draw up to 20 kW in an emergency. In
emergency operation, retraction of the 50-foot cable length connecting the habitat should take one
hour; normal operation can take longer, thus using less power. The mass of the system, including
motors and gearbox, must weigh less than 12 tons.
The loads applied to the mechanisms are based on two failure scenarios. In the first, the spinning
station does not reduce its angular momentum as the habitat and counterweight retracts, therefore
the cables are loaded to their maximum force for the entire duration of the reeling process. The
second scenario involves cables failing so that they cannot withstand any force. For the mechanism
analysis, a combination of these scenarios was considered, where two cables have failed leaving four
mechanisms to pull the habitat under its full centripetal acceleration of 1g. The habitat was assumed
to weigh 90 tons. Because the spinning of the habitat is balanced, the cables on the counterweight
side should be under the same force.
An energy analysis was performed to determine the amount of power required to retract the system
in the allotted time. Combining the equations governing the motor and gearing reveals that the
retraction time is directly related to the power supplied to the system:

required torque
motor torque
power × 60 × efficiency
rpm =
motor torque
π × bend diameter × rpm
retract speed =
60 × gear ratio
length
time =
retract speed
length × required torque
power =
π × bend diameter × efficiency × time
gear ratio =
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This relation was then plotted for the motors on the habitat side:

Figure 99: Plot of Reel Time vs. Electrical Power Needed

The plot indicates that each side of six motors requires 8800 W, or 1466 W per motor, with the
entire system requiring 17600 W. Note that this is only for contingency operation; running the
system at less power will increase the retraction time, which is acceptable for normal operation.
Using the relations above, the performance range was plotted for a DC electric motor running at the
required power. The motor was assumed to be 80% efficient.
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Figure 100: Plot of Motor Performance at Constant 1466 W

Several options were considered for gearbox designs. A compound gear train with spur gears is the
simplest option, capable of efficiencies up to 98% (Norton, 2011). A worm drive is capable of higher
torques, though at high gear ratios they are large and heavy. The efficiencies of worm drives depend
heavily on their design (Beardmore, 2013). Epicyclic gearing, commonly known as planetary gearing,
is capable of high gear ratios, but their efficiencies also vary greatly based on design and they cannot
handle high torques. Strain wave gears, commonly referred to by the brand name Harmonic Drive,
offer high ratios in a compact and lightweight package, but their efficiencies are low from a cold start
and increase as they are run. Since this system will be run sporadically for short durations, strain wave
gears would never reach their higher efficiencies, and thus would be limited to about 70% efficiency.
Given the high reduction ratio required for this application, a multi-stage gearbox is a necessity;
single stage gearboxes of all types become unfeasibly large. In a multi-stage system, the efficiency of
the overall gear train is equal to the product of the efficiencies of the stages. For this reason, the
compound gear train with spur gears was chosen because it has the highest per-stage efficiency of the
considered gearboxes.
A motor with 21 N-m of torque and 3,300 rpm was chosen for the design. With a wrap diameter of
0.71 meters and a pulling mass of 22,500 kg, the output torque required is 78,000 N-m. The resulting
analysis for the gearbox is shown in the table below.
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Variable

Calculation

Value

Motor Torque

21 N-m

Motor RPM

3300 rpm

Required Torque

78000 N-m

Torque Ratio

Required Torque/Motor Torque

3714:1

Stages

5

Gearset Ratio

(Torque Ratio)Stages

5.2

Pinion Teeth

17

Gear Teeth

Pinion Teeth(Gearset Ratio) (approximate)

Train Ratio

(Gear Teeth/Pinion Teeth)Stages

88
3717:1

Base Efficiency

98%

Train Efficiency

(Base Efficiency)Stages

Power Input Required

Total Power/Train Efficiency

90.4%
19500 W

Table 23: Gearbox Efficiency Calculation

To estimate the mass of the final gearbox, the concept of fill factor was applied. The fill factor,
denoted as ψ, relates the enveloped volume of the gears based on their reference diameter to the
actual machined volume. The relation is as follows:

ψ = 1 − Vmachined Vsolid
In an aerospace application, a fill factor of 0.5 or more is attainable (Rejman & Rejman, 2011). Based
on an assumed diameter and thickness of the gears, the estimated mass of the completed gearbox
was determined as follows:
Variable

Value

Gear Thickness

0.04 m

Driven gear diameter

0.7 m

Pinion gear diameter

0.135 m

Total gearbox gear volume
Fill factor
Volume after fill factor applied
Estimated mass (steel gears) + 50% for
support structures

79.8 m

3

0.5
39.9 m

3

210 kg

Table 24: Gearbox Mass Calculation

The mass of the entire system would thus weigh approximately 2500 kg.
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4.10.7. Active System Stability Control with Stewart Truss
Each Stewart truss will have six independently operable motors and breaking systems for each wire
pair. This allows for independent reel-in and reel-out capability for each of the wire ropes in the truss
system. Although the Stewart configuration is inherently very stable by virtue of the geometry, it is
important, for safety, to be able to provide active stability control to the system.
The Stewart truss system allows for active stability control for all the dynamical modes the system
could begin to oscillate in during spinning operations. By independently pulling in and letting out
different combinations of the six wire ropes in the Stewart truss configuration, the habitat can be
made to migrate in all different directions. Out of rotation plane migration can be used to help with
any conceivable “wobble” our disk of rotation may see. In rotation plane migration, also known as
“hunting,” can also assist in assuring stability of our disk of rotation. Additionally, torsional
oscillations and the associated x-direction oscillations can be damped by reeling in and out
combinations of different wire ropes to effectively damp out the oscillations, preventing oscillation
amplitudes from getting too large.

4.10.8. Summary
The ability to reel in and out the wire ropes individually in a Stewart configuration invites a means to
have active stability control over habitat torsion about the x-axis and additionally for out-of-rotationplane wobble inducing motion. This feature is vital to ensuring that our station will be able to
maintain stability while rotating, even in the event of unforeseen perturbations that may induce
wobble or x-axis rotation of the habitat.

4.11. Airlock
The airlock design for Polus is modeled after the airlock used on NASA’s Space Shuttle system. The
airlock system serves different capacities throughout the three phases of the Polus mission timeline.
During Phase I, the airlock is support structure for the photovoltaics and communications tower.
During Phases II and III, a second identical airlock is introduced via the central hub architecture.
The two airlocks create a tunnel transfer system, allowing the crew to traverse from the DragonRider
capsule docking location on the central hub to the habitat when spun down. The airlock has an
International Docking System Standard (IDSS) docking interface aligned axially on one end, which
facilitates docking with the DragonRider capsule. There is also a secondary hatch on the side of the
airlock to facilitate contingency and emergency egress protocol. Both the IDSS and the secondary
hatch can been seen in Figure 101.

Figure 101. View of Airlock Module
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These airlocks are attached to the habitat and central hub with a double O-ring pressure seal at the
interface.

4.11.1. Load Considerations
There are three load conditions that the airlock is subject to – pressurization loads, launch loads, and
loads experienced when Polus is rotating. Referencing the loads table in Appendix §12.3.35, the
pressurization load is 10.4 psi and the maximum axial launch load is 6g. The loads experienced during
rotation are a measure of the artificial gravity created by the rotation of the system, and are discussed
further in the finite element analysis section of this report (§4.7).

4.11.2. Geometry
From the NASA Space Shuttle reference website, the inner diameter of the Space Shuttle airlock is
1.6 meters, the length is 2.11 meters (Petty J. , 2002). The Polus airlock design involved adjusting
these values to meet crew requirements, increasing the inner diameter to 1.7 meters. The wall
thickness of the airlock is set at 10 millimeters to remain consistent with the design of the radiation
and Whipple shielding of the habitat. Given the thickness is less than 10% of the cross section, a
thin-walled cylinder geometry is assumed for calculations pertaining to the launch and pressurization
loads. Below are the equations and values for the cross sectional area, volume, and mass of a thinwalled cylinder.
𝑨 = 𝜋 𝑅𝑂 ! − 𝑅𝑖 ! =!

𝑽 = 𝜋 𝑅𝑂 ! − 𝑅𝑖 ! (h)!!! 𝑴 = (𝜌)(𝑉)

Substituting the geometric values of the Polus airlock into the three equations yields the following
values: Area = 0.214 m2, V = 0.453 m3, and M = 1224 kg. These are utilized in the load calculations
in the following sections

4.11.3. Launch Loads
Given the limited information available for the launch loads of NASA’s Space Launch System (SLS),
an estimation of the launch loads for use in calculations is made using the launch loads of the Falcon
9 launch system (SpaceX, 2009). The maximum axial load on the Falcon 9 payload during launch is
6g, and is coupled with a lateral component of ± 0.5g. Prior to calculations it was assumed the airlock
would be constrained from lateral movement by the launch fairing support structure, and so only the
axial launch loads needed evaluating.
Furthermore, the launch fairing assemblies for Phase I and II are set up so the airlock would be
hanging from the habitat and central hub in the respective configurations, as seen in Figure 102. This
allowed for another assumption – during launch, the loads experienced on the airlock are tensile
loads, meaning that there would be no buckling concerns during launch.
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Figure 102. Space Launch System Phase I Structural Launch Fairing Packing Configuration

To evaluate the launch load’s effect on the airlock, the force of the launch load is determined by
applying the launch load to the weight of the airlock:
𝑚
𝑃 = !6 ∗ 9.8 ! ∗ 1224.18!𝑘𝑔 = !71.988!kN.
𝑠
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The equation for axial stress is:
𝑃

!".!"!𝑘𝑁

𝐴

!.!"#!𝑚!

𝜎 =! =!

= 0.336 MPa

Defining the safety factor for this stress as 2, the Margin of Safety for the axial launch load is 410.

4.11.4. Pressurization Loads
The calculation for pressurization is only approximating the effect of pressurization on the walls of
the cylinder and does not include any of the structure that would cover the two open ends. The
equation for calculating stress in a pressurized cylinder is:
𝑃𝑟
𝑡
The value of P is 10.4 psi, or 71.7 kPa. The value of r is representative of the inner radius of the
cylinder, 0.85 m, and the value of t, the wall thickness, is 10 mm, or 0.01 m. This results in a
pressurization stress on the cylinder walls of 6.10 MPa. Defining the safety factor for this stress of 2,
the Margin of Safety of the Polus airlocks are 22.6.
𝜎=

4.12. Photovoltaics and Communications Truss Tower
The support structure for the photovoltaic panels and the communications arrays are designed as one
for the Polus system. The photovoltaics and communication tower is mounted on top of the airlock
during Phase I.

Figure 103. Photovoltaics Deploying from Communications Tower

During the assembly operations between Phase I and II the photovoltaics and communication tower
is moved by the robotic arm from the airlock on the habitat, onto the top of the central hub, where it
will remain for the rest of the Polus mission timeline.
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4.12.1. Load Considerations
Some important considerations are necessary to determine the stresses on the tower. The first
consideration is launch orientation – initially the tower was to be sent up in sections that would be
oriented horizontally and constrained to the launch support structure. This was later revised so that
the tower would be fully assembled and mounted on the habitat prior to launch. As with the airlock,
the assumption is made that the lateral launch loads are taken by the support structure. Thus, the
only effect launch loads have on the truss members is axial stress in tension and there is no risk of
Euler buckling failure.
Another important consideration is potential moments on the truss structure generated by the
rotation of the tower structure by the supporting alpha joint on the central hub during Phases II and
III. The moments are found to be negligible, however, thanks to an important aspect of the Polus
mission design, the tracking of the sun from DRO orbit. Given the position of the Polus system in
Cislunar space, the solar panels only need to rotate 1° per day to track the sun. This marginal
rotation rate of the photovoltaics and communication tower means the bending moment on the
tower created by the solar arrays can be ignored.

4.12.2. Geometry
The photovoltaics and communication tower is designed to provide positioning for the photovoltaic
panels and make sure the communication tower is elevated high enough above the rotation plane of
the Polus system to ensure uninterrupted communication. A 1 meter by 1 m square cross-section is
chosen to keep the base of the panels close to the rotation axis while ensuring the cross section is
kept proportional to the airlock on which the tower would be mounted during Phase I. The height of
the three symmetric truss sections is set at 2.25 meters, resulting in a total height of 7.75 meters. The
three different lengths of the members, informed by the overall geometry in Figure 104, are 1 meter
(member AB), 2.25 meters (member AC), and 2.46 meters (member BC). The thickness of the tower
members was initially assumed as 0.024, a value equivalent to 1 in. that was carried over from
calculations made when the truss was to be oriented horizontally during launch.

Figure 104. Static Model of Tower Truss Structure
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4.12.3. Launch Loads
For ease of evaluation, only a two-dimensional version of the photovoltaics and communications
tower is considered. The tower is modeled in Figure 104, as a hanging cantilevered truss with
supports at joints H and G. The two lower supports prevent lateral motion and create zero force
members which are labeled in the figure with green rings. The launch load is modeled as a distributed
force in Figure 104, but during calculations was reduced to two equivalent forces applied at joints G
and H. The value for this total force of the launch load comes from applying the 6g acceleration to
the mass of the tower and the four solar panels attached to it. The equations used to calculate the
mass of the three different members, the mass of the tower, and the launch force are below.
𝑘𝑔
1𝑚 𝜋 ∗ 0.0243! = !5.009𝑘𝑔
𝑚!
𝑘𝑔
𝑀!.!"𝑚 = ! 2700 ! 1𝑚 𝜋 ∗ 0.0243! = 11.27𝑘𝑔
𝑚
𝑘𝑔
𝑀!.!"𝑚 = 2700 ! 1𝑚 𝜋 ∗ 0.0243! = 12.32𝑘𝑔
𝑚
𝑀!𝑚! = 2700

𝑀𝑡𝑜𝑤𝑒𝑟 = ! 16𝑀!𝑚! + 12𝑀!.!"𝑚! + 6𝑀!.!"𝑚 = 283.3𝑘𝑔
𝑚
𝑃 = !6 ∗ 9.8 ! ∗ 283.3!𝑘𝑔 = !16.65!!"
𝑠
𝑃
17.01!𝑘𝑁
𝜎!.!"𝑚 = ! = !
= 9.17!!"𝒂
𝐴
𝜋 ∗ 0.0243!
Assuming a factor of safety of 2, the margin of safety for the 2.25m member in tension is 91.00, as
shown in Table 120.

4.13. Migration of Center of Mass
The dynamics and stability of Polus are linked directly to the location of the center of mass (CM).
This trade study focuses on the possible worst case scenario and expected changes in center of mass
due to the movement of materials and people within the habitat of Polus.

4.13.1. Method of Study
The study is conducted by calculating the partial mass coefficients (pmc’s), defined as the mass of the
component divided by the total mass of the habitat and its contents during Phase II and Phase III,
for the more massive components. These pmc’s are then multiplied by the maximum distance that
they could travel within the habitat. The maximum distance is approximated to be the distance from
one end cap to the other for x-axis effects and the length of the habitat’s diameter for y-axis and zaxis effects. These results are used to model the worst-case scenarios for this study. To account for
normal operation the pmc’s are altered to account for discrete mass movements, the movement of
smaller instances of the mass, instead of the entire mass. The normal operation pmc’s are allowed to
move the same distances as in the worst case scenarios to find their effects on the center of mass of
the habitat.
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Partial Mass Coefficients
The normal operation pmc’s for water and food are divided by diminishing factors to bring the mass
flow down to realistic mass exchanges during normal operation. The human pmc changes from
accounting for all six members of the crew in the worst case scenario to accounting only for one
person in the normal operations. The resulting pmc’s are located in Table 25 below, and the
equations used for the study are located just below that.
Table 25. Partial Mass Coefficient Values for Migration of the Center of Mass Trade Study

PMC Name

PMC Phase II Value

PMC Phase III Value

Food Worst-Case

0.1241

0.1238

Water Worst-Case

0.01764

0.03761

Crew Worst-Case

0.01547

0.007733

Food Normal

0.0002299

0.00004127

Water Normal

0.00007522

0.00003761

Crew Normal

0.002578

0.001289

𝑀 𝑖 ∗ 𝑥𝑖

𝐶𝑀𝑥 = !

𝑀𝑖

,!!!𝐶𝑀𝑦 = !

𝑀 𝑖 ∗ 𝑦𝑖
𝑀𝑖

𝑀 𝑖 ∗ 𝑧𝑖

,!!!𝐶𝑀𝑧 = !

𝑀𝑖

𝜕𝐶𝑀𝑦 𝜕𝐶𝑀𝑧
𝜕𝐶𝑀𝑥
𝑀𝑖
=
!
=
=
𝜕𝑥𝑖
𝜕𝑦𝑖
𝜕𝑧𝑖
𝑀𝑖

𝜕𝐶𝑀𝑥 = !

𝑀𝑖
𝑀𝑖

𝒊

∗ 𝝏𝒙 ,!!!𝝏𝑪𝑴𝒚 =

𝑴𝒊
𝑴𝒊

𝑴𝒊

𝒊

∗ 𝝏𝒚 ,!!!𝝏𝑪𝑴𝒛 =

𝑴𝒊

∗ 𝝏𝒛𝒊

Results
Table 26. Migration of the Center of Mass Results

Scenario
Phase II

Phase III

Food

Water

Crew

Maximum Dx [m]

0.7783

0.1106

0.09698

Maximum Dy/Dz [m]

0.9931

0.1412

0.1237

Normal Dx [m]

0.001441

0.0001106

0.01616

Normal Dy/Dz [m]

0.001839

0.0001412

0.02062

1.486

0.4513

0.09280

0.9904

0.3009

0.06187

Normal Dx [m]

0.0004952

0.0004513

0.01547

Normal Dy/Dz [m]

0.0003301

0.0003009

0.01031

Maximum Dx [m]
Maximum Dy/Dz [m]
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Conclusions
The results of the worst-case scenarios represent what would happen should the entire mass of a
component were to move about the habitat. The physicality of what this means is that the worst case
scenario is extremely unlikely to occur. The normal operation displacements are therefore what
should be considered most important in this study. The CM is never expected to be displaced by
more than two centimeters under normal operations. Essentially, these results indicate that the mass
of the habitat and Mars SIM will always over power the mass of any component in the pmc’s. This
fact leads to the conclusion that the center of mass will always be constrained to a small sphere of
movement during operation of the station.

4.14. Station Launch and Assembly
This section provides a graphical walk through of the launch and assembly for each of the three
phases. Each section begins with the Space Launch System (SLS) structural launch fairing packed
with the phase’s structures. Then the assembly and final configuration of each phase is presented.

4.14.1. Space Launch System Payload Fairing
The NASA SLS payload fairing dimensions are not completely defined in the available literature.
Nevertheless,
sufficient
dimensions
are
available
(Singer,
http://www.nasa.gov/pdf/623766main_8143_Singer-AD_industry_day-021312_FINAL3.pdf, 2012)
to approximate the cylindrical portion and the fairing height (Figure 105); however the fidelity of the
curvature of the nose cone in our CAD model (Figure 106) is approximate.

Figure 105. Available Dimensions of Spaec Launch System Block 1A Fairing (Singer,
http://www.nasa.gov/pdf/623766main_8143_Singer-AD_industry_day-021312_FINAL3.pdf, 2012)
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Figure 106. SLS Block 1A Fairing CAD Model

The fairing CAD model made and used for launch packing has a reasonable fidelity, however to be
safe, all parts designed for this station and analyzed in the Loads, Structures, and Mechanisms
section, are conservatively designed smaller than the known dimensions of the SLS fairing to ensure
that our equipment will fit within the SLS Block 1A fairing even if the final embodiment dimensions
change slightly.

4.14.2. Phase I
Phase I provides a microgravity habitat (Figure 107) complete with photovoltaics (1),
communications (2), thermal radiators (3), a cryogenic upper stage (4) for boosting the payload to
lunar distant retrograde orbit (DRO), reaction control system (RCS) for attitude control and station
keeping (5), fuel and oxidizer tanks (6) under the Whipple shield where the blue and red spherical
markers are located, Whipple shielding (7), and radiation shielding under the Whipple. Additionally, a
robotic arm (8) and the science payload orbiter in a canisterized dispenser (yellow box in Figure 108)
are launched with Phase I.
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Figure 107. Phase I Structure Fully Deployed in DRO

4.14.3. Space Launch System Structural Launch 1
The launch of the first SLS begins year zero of our mission timeline. The packing of the Phase I
structure into the SLS fairing is shown below in Figure 108.
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Figure 108. Phase I Structural Launch in SLS Fairing

In Figure 108, the support structure providing the loading path to the base of the fairing is depicted.
This structure is the same structure used as the habitat support structure (Figure 45). Conceptually,
this support structure is a simple, cylindrical truss that secures the payload to the base of the fairing
and transmits the load of the upper stage and habitat masses to the floor directly through the outer
circumference of the habitat so the habitat stringers and panels take the load. The communications
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and power tower, as discussed in previous sections, will be hung from the habitat and airlock. The
tower will be secured against lateral loading to restrict bending at the base of the tower, and ideally
keep the tower purely in tension during launch.

4.14.4. Deploy
Once reaching orbit, the SLS fairing opens revealing the stowed Phase I configuration (Figure 109) as
it will be for transport to DRO.

Figure 109. Phase I Stowed Configuration

The stowed Phase I must perform an attitude adjustment with RCS to point its upper stage
appropriately for boost to SDRO. Upon arrival at SDRO, half of the photovoltaics and thermal
radiators will deploy and point towards the sun (Figure 110). Once fully deployed, (Figure 111), the
upper stage must disengage from the habitat and, using RCS, maneuver a short distance away from
the habitat, clear of the docking port.
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Figure 110. Phase I Initiating Deployment

Figure 111. Phase I Fully Deployed
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The first crew, Crew I, will arrive at the station in DragonRider in January of 2022. The crew
module will dock to the bottom of the habitat as seen in Figure 112. Phase I science operations in 0
g will begin.

Figure 112. Phase I with Crew Module Docked

4.14.5. Preparation for Phase II
In April of 2022, the middle of Phase I, the Phase II SLS structure launch will occur. It will
arrive in August of 2022. In preparation for assembly of Phase II structures, Crew I will use the
robotic arm to relocate the communications and power tower (Figure 113). The transition from
Phase I architecture to Phase II architecture will be discussed in Section §4.14.9.
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Figure 113. Robotic Arm Removal of Communications and Power Tower in preparation for Phase II

4.14.6. Phase II
Phase II provides the central hub (1) with 12 wire rope spools (2), transfer tunnels (3), stability arms
(4), the ballast support structure (5) and a cryogenic upper stage (6) (Figure 114).

4.14.7. Second Space Launch System Structural Launch
The launch of the second SLS structural launch will occur in April of 2022 of the Polus mission
timeline, during Phase I. The packing of the Phase II structure into the SLS fairing is shown below in
Figure 114. The support structure providing the loading path to the base of the fairing is not
depicted in Figure 114. However, the support structure is the same structure used in the first SLS
launch, a cylindrical truss that secures the payload to the base of the fairing and transmits the load of
the upper stage, central hub, and ballast structure to the floor directly through the outer
circumference of the habitat.
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Figure 114. Phase II Structural Launch in SLS Fairing

4.14.8. Deployment
Once reaching LEO, the SLS fairing will open to reveal the stowed Phase II configuration. The once
stowed stability arms will deploy. The structure will transfer to SDRO. Rendezvous and assembly of
the second structural launch will occur in August of 2022 (Figure 115). At this time Crew I will
assemble of the newly arrived structures.

4.14.9. Assembly of Phase II
As discussed in Section §4.14.5, the communications and power tower will be removed from the
habitat. During this period, backup batteries and communications will be in use. The ballast support
structure will detach from the central hub. The central hub will be maneuvered and aligned with the
habitat (Figure 115). Using LIDAR and video cameras to ensure proper alignment the central hub’s
transfer tunnel will be connected with the habitat. Astronaut EVA will ensure proper attachment and
sealing. Trace Gas Analyzers will be used to ensure there is no leakage. Once the central hub is
connected to the habitat, the communications and power tower will be attached to the top of the
central hub and the photovoltaics will be redeployed. This relocation and reattachment will be aided
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by the robotic arm and astronaut EVA assistance. To aid in maneuvering the outside of the station is
equipped with handrails and footholds. There will be multiple harness locations and safety tethers
will be in use. Toolboxes and supplies will be mounted outside of the station as well. The astronauts
will use such tools as the Pistol-Grip hand drill for mounting and securing. Assembly of Phases II
and III involve gross and fine manipulation of various masses so both astronaut EVAs and robotic
arm assistance are vital.

Figure 115. Rendezvous of Central Hub and Phase I

Once the central hub and habitat are connected and the communications and power tower is
mounted, the upper stage will detach from the hub, similar to the upper stage detachment from
Phase I and the ballast support structure. The next task will be to attach the two upper stages to the
ballast support structure through EVA. The cables from the spools on the hub will be attached to the
habitat and ballast. Once cables are secure a series of safety test reels will be performed. The station
will partially reel out and loads and connections will be monitored. Once fully tested, Phase II science
operations will begin as the station will reel out and begin thrusting to spin-up to Lunar gravity
(Figure 116) for Crew IIA who arrive at Polus in September of 2022. Crew IIB will launch in March
of 2023 and will live at a simulated Martian gravity, Crew IIC will launch in September 2023 and will
live at a simulated Earth gravity. Cables will reel in for docking each time and then proceed to reel
out and spin up again. The third SLS structural launch will occur in November of 2023.
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Figure 116. Reeled Out Phase II in Spinning Configuration

4.14.10. Phase III
Phase III provides the Mars SIM (1) and a cryogenic upper stage (2) as seen in Figure 117.

4.14.11. Third Space Launch System Structural Launch
The launch of the third SLS structural launch will occur in November of 2023 of the Polus mission
timeline, at the end of Phase II. The packing of the Phase III structure into the SLS fairing is shown
below in Figure 117. The support structure providing the loading path to the base of the fairing is
not depicted in Figure 117. However, the support structure is the same structure used in the first and
second SLS launch, a cylindrical truss that secures the payload to the base of the fairing and transmits
the load of the upper stage, central hub, and ballast structure to the floor directly through the outer
circumference of the habitat. It is also important to note that there is significant unused volume in
the third SLS structural launch. If need be, the fairing packing can be rearranged to add additional
items, including replacement parts or extra supplies.
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1

2

Figure 117. Phase III Structural Launch in SLS Fairing

4.14.12. Deployment
The fairing will separate from the Phase III structure in LEO. After transfer from LEO to SDRO
the Phase III configuration will rendezvous with the reeled in Phase II station in March of 2024. At
this time Crew IIC and Crew III, who will also arrive in March of 2024, will assemble of the newly
arrived structures.

4.14.13. Assembly of Phase III
The Mars SIM will be attached to the docking port at the bottom of the habitat as seen in Figure 118.
This means that DragonRider and any other crew capsules must dock to the central hub from this
point on. Crew IIC’s DragonRider will already be docked to the central hub at the time of
attachment of the Mars SIM. The upper stage will detach from the Mars SIM and be maneuvered to
the ballast support structure. The Mars SIM will be maneuvered and aligned using with the habitat
with the robotic arm and using LIDAR and video cameras. Astronaut EVA will ensure proper
attachment and sealing. Trace Gas Analyzers will be used to ensure there is no leakage.
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Figure 118. Mars SIM Attached to Bottom of Habitat

The third upper stage will be added to the ballast support structure through EVA. Following that,
Phase III science operations will begin in April of 2024 with Crew III. Phase III science operations
will begin by spending six months in 0 g, then the station will reel out and begin thrusting to spin up
to Martian gravity (Figure 119), and then spin-down and reel back in for the final six months of the
primary Polus mission timeline. The primary mission will end in January of 2027 though the
possibility of extended missions has been explored.

Figure 119. Phase III in Spinning Operations Configuration
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5. Crew Systems
5.1. Spatial Requirements
The habitable volume of a spacecraft is the volume remaining, within the pressurized volume, after
installing all the hardware and systems. There is no precise formula to determine it. To overcome this
problem, two different approaches have been taken.

5.1.1. Curve from Habitable Volume Workshop
The Results from the 2011 Habitable Volume Workshop from NASA (Simon, Whitmire, & Otto, 2011)
present a curve that shows the relationship between the habitable volume needed per person and the
duration of the mission in days (Figure 120). This curve is based in multiple curves and data from
other previous studies like the Celentano curves of 1963.

Figure 120: Habitable volume needed vs. duration of mission
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According to this information, 30 m3 per crew would be needed for the habitat, as the longest
mission is of 1000 days (Phase III). Six people will be occupying the habitat during Phase III,
therefore 180 m3 would be necessary.

5.1.2. Data from Human Integration Design Handbook
Another way to find an approximate value of the habitable volume needed inside the habitat is to
perform a study of all the activities that are going to take place inside it using the data from the
Human Integration Design Handbook (NASA, 2010). The numbers presented in Table 27 and Table 28
belong to a 95th percentile American male performing several tasks in microgravity, which is the
worst case scenario in terms of necessary volume.
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Table 27: Volume to perform certain tasks in microgravity

Functions
Eating, sleeping,
hand washing,
personal office,
radiation shelter,
conference

Shaving,
grooming, oral
hygiene

General
workstations,
food preparation,
partial body
cleaning,
housekeeping
Body waste
management
facilities, ascent
and descent,
spacecraft duty
station

Food stowage,
personal locker,
accessing
stowage

Treadmill with
Vibration
Isolation System
(TVIS)

Posture

Volume [m3]

2.69

2.34

4.34

1.70

6.00

6.12

Dimensions [m]
H

2.06

L

1.06

W

1.23

H

2.16

L

0.88

W

1.23

H

2.06

L

1.06

W

1.99

H

1.52

L

0.91

W

1.23

H

2.76

L

0.88

W

2.47

H

2.10

L

2.37

W

1.23
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Table 28: Volume to perform certain tasks in microgravity (continued)

Functions

Cycle Ergometer
with Vibration
Isolation System
(CEVIS)

Dressing and
EVA suiting area

Egress,
translation,
passageways

Egress,
translation,
passageways,
crew escape with
EVA suit on

Posture

Volume [m3]

1.70

6.35

2.55

4.64

Dimensions [m]
H

0.97

L

1.43

W

1.23

H

2.20

L

1.45

W

1.99

H

0.70

L

2.96

W

1.23

H

0.84

L

3.26

W

1.69

Table 29 shows a breakdown of all the activities occurring inside the habitable module of Polus.
Some of them are going to take place in the same space (the ones in the same color). The column
“Volume with multispaces” contains the biggest volume required to be able to perform the functions
that are going to happen in that same location. According to the study, 176 m3 would be needed
inside the habitat, which is very similar to the result found using the curve.
The crew is also going to experience partial gravity during the mission, therefore the same study as
the one mentioned before had to be done, but using surface area instead of volume (Table 30). The
results were that at least 82 m2 would be required to allow a crew of 6 people to perform the usual
activities on a space station.
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Table 29: Volume requirements according to HIDH

Volume
per person
[m3]

Number
of persons

Volume
for all
crew [m3]

Eating

2.69

6

16.14

Food
preparation

4.34

2

8.68

16.14

Accessing
food
stowage

6

1

6

6

22.14

General
workstation

4.34

6

26.04

26.04

26.04

Sleeping

2.69

6

16.14

16.14

Accessing
personal
locker

6

6

36

36

Personal
office

2.69

6

16.14

Dressing

6.35

6

38.1

Hand wash

2.69

1

2.69

Oral hygiene

2.34

1

2.34

Partial body
cleaning

4.34

1

4.34

4.34

Shower

1.33

1

1.33

1.33

Body waste
management
facility

1.7

1

1.7

1.7

CEVIS

1.7

1

1.7

1.7

TVIS

6.12

1

6.12

Resistance
bands

9.9

1

9.9

9.9

11.6

EVA suiting
area

6.35

3

19.05

19.05

19.05

Activity

Galley

Working

Personal
space

Hygiene

Exercising

EVA

Volume
with
multispaces
[m3]

38.1

Total
volume
[m3]

90.24

7.37

176
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Table 30: Area requirements according to HIDH

Activity

Area per
person
2

[m ]

Galley

Working

Personal
space

Hygiene

Exercising

EVA

Eating
Food
preparation
Accessing
food
stowage
General
workstation
Sleeping
Accessing
personal
locker
Personal
office
Dressing
Hand wash
Oral hygiene
Partial body
cleaning
Shower
Body waste
management
facility
CEVIS
TVIS
Resistance
bands
EVA suiting
area

Number of
persons

Area for all
2

crew [m ]

Area with
multispaces
2

Total area
2

[m ]

[m ]
1.3

6

7.8

2.1

2

4.2

7.8

2.17

1

2.17

2.17

9.97

2.1
1.3

6
6

12.6
7.8

12.6
7.8

12.6

2.17

6

13.02

13.02

1.3
2.89
1.3
1.08

6
6
1
1

7.8
17.34
1.3
1.08

2.1
1.63

1
1

2.1
1.63

2.1
1.63

1.12
1.76
2.92

1
1
1

1.12
1.76
2.92

1.12
1.76

4.85

6.54

1

6.54

6.54

8.3

2.89

3

8.67

8.67

8.67

17.34

38.16

82

5.2. Total Interior Volume Requirement
Both methods gave a similar result: 180 m3 of habitable volume are required for a 1000 day mission
with 6 crew members. To find out the total volume required inside the habitat, the stowage and
equipment volume (Table 31) had to be included. This way, it was concluded that the minimum
volume inside the habitat should be 230 m3.
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Table 31: Non-habitable volume requirements

Storage and equipment needed inside
habitat for phase III
Water and food
Personal storage
Trash
Life support equipment
TOTAL

3

Volume [m ]
8
10
5
27
50

5.3. Testing
5.3.1. Virtual Reality Testing
Preliminary habitability studies were performed in virtual reality in parallel with physical mockup
testing. The motivation for using virtual reality is primarily the speed with which new habitat
configurations can be simulated and tested; basic simulations of proposed habitat designs can be
completed in as little as a few hours or days (depending on the level of detail required), compared
with weeks to construct a full scale physical mockup. In addition, time and budget constraints limited
physical mockup testing to a single structure in one configuration, whereas virtual reality was used to
simulate several different interior layout configurations as well as a number of auxiliary perspectives
and situations.

Hardware and Software Used
Immersive virtual reality was achieved using the Oculus Rift Development Kit Version 1, which is a
low cost consumer virtual reality HMD (Head Mounted Display) targeted at the gaming community.
The Rift features a screen which projects separate images to each eye, simulating depth perception, as
well of a suite of accelerometers, which enable precise head tracking. Together, these features create
the sensation of full immersion in the virtual environment. Virtual environments were created from
CAD models with the help of the Unreal Development Kit (UDK), a freely available game engine
and level editor. The proprietary Autodesk 3D Studio Max (3DS) was used to create collision models
for UDK, and also served as an intermediate step in the conversion of file formats between UDK
and various CAD suites.

Habitat Window Study
One application to which virtual reality is extremely suited is simulating the visual effect of rotation,
which will be perceived by Polus crewmembers during periods of artificial gravity. It was beneficial to
know whether or not this effect has a tendency to induce motion sickness, and, if it did, whether or
not the location of windows relative to the plane of rotation correlates to the degree of motion
sickness experienced. To accurately reproduce this situation, a habitat simulation of an empty room
with windows on all sides was furnished in UDK and surrounded by a rotating sphere onto which a
virtual star-field was superimposed. The sphere was made to rotate at 23.76 °/s about the local
horizontal axis and centered at the habitat section. For an observer inside the habitat section, looking
out a window at the rotating star-field, this created a visual effect indistinguishable from what would
be experienced if the habitat was rotating at 4 revolutions per minute and he was observing stationary
stars with respect to the inertial frame. Since local gravity on station is constant with respect to the
frame of reference attached to the station, vestibular effects due to rotation are associated only with
Coriolis accelerations. These effects were ignored for the purposes of this study. For an in-depth
discussion of the testing goals, methodology, results, and effects on design, see Section §5.4.
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Interior Layout Study
Virtual reality testing was also used to qualitatively assess a selection of proposed interior layouts for
general livability comfort during routine tasks. Full, interactive immersion in each proposed habitat
interior was achieved by first importing the CAD assembly for each floor into 3DS and creating an
accurate collision model which completely surrounded all solid objects in the assembly. The CAD
assemblies and associated collisions were then imported into UDK, where proposed models
corresponding to the living quarters, work area, and the Mars yard were stacked on top of one
another to create a single “station simulator” for each possible permutation of the habitat. The three
levels in each permutation were linked with an interactive ladder, allowing subjects to experience the
transit between them in virtual reality. Data gathered through testing with these simulators helped
members of the Crew Systems team downselect a final interior layout from several competing
proposals. For an in-depth discussion of the testing goals, methodology, results, and effects on
design, see Section §5.5.

Controlling for Simulator Sickness
In any experimental work involving virtual reality, the effects of so called “simulator sickness” must
be taken into account. Simulator sickness is similar to traditional motion sickness in that both result
from a mismatch between visually perceived motion and motion felt by the body’s vestibular system.
However, whereas the term “motion sickness” generally describes effects due to physical motion,
which is perceived by the vestibular system but not the eyes, simulator sickness results from
simulated motion, which is perceived by the eyes and not the vestibular system. Since the headtracking provided by virtual reality HMDs is not perfect, simulator sickness is a common side-effect
of use even in a static virtual environment. Therefore, the simulator sickness experienced by a test
subject in the rotating habitat simulation is due not only to seeing rotation that isn’t felt, but also to
the hardware’s limited ability to accurately track head position. To isolate the effect of rotation,
subjects were asked to report on the discomfort level they felt when exploring an environment in
which nothing was moving. The specific details and results of this control case are covered in Section
§5.4.2.

Realistic Representation of View from Habitat
It should be noted that the virtual star field used to simulate the dynamic view from the station was
of a much higher star density and brightness than would actually be experienced by the Polus crew. It
is meant to be viewed as a “worst case” in which rotation is extremely apparent, in order to focus on
the relative differences with respect to window placement as opposed to the absolute level of
discomfort that a crewmember would truly experience. A simulation was created in which the star
field was replaced with revolving spheres simulating the earth, moon, and sun, as well as a dominant
directional light, which tracked the sun and provided dynamic light to the habitat through the
windows. It was found that the sensation of rotation in this simulation was not so readily apparent as
to cause discomfort, although it would be desirable to use it to investigate the effect of rapidly
changing sunlight incidence in a further study.
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5.4. Window Testing
5.4.1. Window Positioning: High Density Star Field
Background
Windows are essential for the crew from a psychological point of view, so they should be included in
the design. As the habitat is rotating, it became evident that motion sickness could become a
concern. To try to avoid or minimize this inconvenience, a test was taken to determine which
window positioning would cause less motion sickness.

Methodology
Oculus Rift was used to simulate one level of the rotating habitat with three different window
positions relative to the rotational plane of the space station (Figure 121): in-plane of rotation, offplane of rotation and diagonal.

Figure 121: Different possible window locations

Each test subject had to deal with 9 cases of 2 minutes each with 2 minutes of rest in between them.
The first three cases were control tests to be able to eliminate the motion sickness introduced by
virtual reality. This control test was a Demo provided by Oculus Rifts which simulates a house and
allows the subject to move around it. The remaining 6 cases were the 3 different window positions (2
tests of each).
For the in-plane and off-plane location, there were only two windows. The test subject had to go to
one of the windows and look through it during 30 seconds and then walk to the other window and
do the same. This process was repeated again making the test last for 2 minutes. For the diagonal
case, the habitat had 4 windows. The test subject had to walk from one window to another stopping
during 30 seconds in front of each one.
As already mentioned before in the section of Virtual Reality Testing in “Realistic Representation of View
from Habitat”, the star field used in this test was one with high star density. The crew would not
actually see so many stars (most probably they would just see the Earth, Moon and Sun passing) but
this way it was assured that the worst case scenario was tested, the one that could possible cause
more motion sickness.
The test subject had to evaluate the third case of the control and the other 6 cases, after completing
them, using the Motion Sickness Assessment Questionnaire (MSAQ) developed by the Department
of Psychology of Pennsylvania State University. The MSAQ is used to assess motion sickness as a
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multidimensional construction, dividing it into gastrointestinal, central, peripheral and sopite-related
items. The gastrointestinal dimension includes symptoms such as sick stomach and nausea; the
central dimension deals with disorientation and dizziness; the peripheral part includes sweating and
temperature changes; and the sopite-related symptoms are fatigue or irritation, between others. The
questionnaire the test subjects had to fill in after each case is the one shown in Figure 122.

Figure 122: Motion Sickness Assessment Questionnaire

Results

Figure 123: Window positioning test results. Data of 4 test subjects.
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Figure 123 shows the results obtained from the window positioning test using Oculus Rift. It can be
clearly observed that diagonal windows (those positioned forming an angle of 45ᵒ with the plane of
rotation of the space station), are the ones that caused less motion sickness in all the different
dimensions and overall. The windows which are located in the plane of rotation caused the most
motion sickness by far (almost 10% more than the second worst scenario) in the gastrointestinal and
central items. These symptoms include vomiting and disorientation, which are not desirable while
being in Space, so this position was ruled out. When located off-plane of rotation, the windows
caused higher peripheral and sopite-related motion sickness, but these symptoms were not very high
in any case.
As a result of this study, it was determined to include four windows in each level of the habitat.
These windows will be forming an angle of 45 degrees with the plane of rotation, therefore
astronauts would see the stars passing by and rotating at the same time, which caused less motion
sickness according to the data obtained with these tests.

5.4.2. Window Positioning: Low Density Star Field
Background
As already mentioned, the testing team was conscious that the virtual star field use was not realistic.
To try to get more realistic results, the window positioning test was repeated with some
modifications. The star brightness was diminished by a few orders of magnitude (decreasing the star
density) and the Earth, Moon and Sun were added to the simulation.

Methodology
One level of the rotating habitat was simulated using Oculus Rift. This time, instead of having three
different cases of window location, the habitat had all the 8 windows shown in Figure 121.
The subjects had to go over the control case 3 times (2 minutes each time with a break of 2 minutes
in between) to get used to the virtual reality. The control case was exactly the same as the one used
for the previous window testing.
After the control, three cases were studied. In this case, instead of changing the window location, the
star brightness was changed. For case 1 the star brightness was of 0.005, 0.002 for case 2 and 0 for
case 3. For the high star density field, the star brightness was of 1. For each case, the test subject had
to walk around the habitat for 3 minutes looking through each window for around 20 seconds.
Between each case, they had a 3 minute rest.
The evaluation method was the MSAQ. As in the previous test, only the third control case and the
different star brightness cases were evaluated.
The test subjects were the same four test subjects that did the previous window testing. This way, the
results of both tests could be compared, as their motion sickness level was the same. The fact that
the subjects had used the Oculus Rift before didn’t affected the results of this test. The high density
star field test was done three weeks before this one. Therefore, if they had gotten used to the virtual
reality on the first test, by the time they took the low density star field test, their senses were not used
to it anymore.
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Results

Figure 124: Window test results. It combines the results of both tests (high density and low density star
field).

The data obtained from the high density star field test and the low density star field test is shown in
Figure 124. When having less star field (decreased brightness), the motion sickness (MS) decreases
significantly, as expected. Paradoxically, when going from a star brightness of 0.002 to zero star field,
the MS percentage increases, although it is still less than with complete star field. These results
confirm the initial hypothesis that motion sickness in a more realistic environment would not be as
severe as with a high density star field.

5.5. Interior Layout Testing (Oculus Rift)
5.5.1. Complete Habitat Testing
Background
Studying the interior layout of the habitat is essential to assure that all the elements, which are
required inside the habitat, actually fit and in a way that allows proper movement between facilities.
Building a full physical mockup of the interior layout of the habitat requires lots of time and money,
but simulating it in virtual reality only requires a few hours. By using Oculus Rift, different interior
layouts can be tested in a very short period of time.

Methodology
The whole habitat, as it will be in phase III, was simulated being the upper floor the working level,
the middle floor the living level and the lower floor the Mars SIM. Four different layouts were tested.
In each of them the working level and Mars SIM layouts were kept unchanged, only the living level
was modified. The four cases, in order of testing, were: pod hotel configuration #1, L-configuration
#1, pod hotel configuration #2, L-configuration #2.
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For each case, the six test subjects had to follow the same path. The starting point was besides the
berths. From there, they had to go to the hygiene area of the living floor and continue towards the
galley. After exploring the living level, they had to go up the stairs to the working floor where they
went to the exercise area, the working stations and to the hygiene facility of the upper floor. Finally,
they had to go down to the Mars SIM, go up the ramp and the stairs and go back to the upper floor.
After going over each case, the subject had to fill in a questionnaire designed to obtain qualitative and
quantitative data. The quantitative data was used to determine the optimal layout from the ones
tested (in terms of ease of movement) and the qualitative data provided feedback to improve the
existing designs.

Results

Figure 125: Ease of movement between floors for different configurations of the living level. The higher
score, the easier to move around that floor.

The analytic hierarchy process and pairwise comparisons were used to get a numerical evaluation of
the degree of preference between floors. The results are shown in Figure 125. When the berths are
separated (3 on each side with an L-configuration), the working level is preferred. On the other hand,
when the berths are all together (pod hotel configuration), the test subjects think that it is easier to
move around the living level.
The test subjects were asked what they would change/remove from each floor. The most reiterated
answers were the following.
•
•
•
•

Mars SIM
o Should have more space to move around
o Add more variety of testing environment (i.e. more ramps)
Working floor
o Remove space suits from the center to allow more movement
o Remove bathroom from upper floor to provide space for the space suits
Living floor case 1 (pod hotel configuration #1):
o Place beds and bathroom next to each other
Living floor case 2 (L- configuration #1)
o Hard to get to ladder
o Not lots of space to move around the ladder
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•

•

o Move table from the middle of the floor
o Berths and ladder are too close to each other
Living floor case 3 (pod hotel configuration #2)
o Move the table from the center of the floor
o Spread things out
o Unused space between the components
Living floor case 4 (L-configuration #2)
o Lots of wasted space
o Move table from middle

5.5.2. Living Floor Testing
Background
The results from the complete habitat testing gave an idea of which living level layout allowed a
better movement but the fact that they were tested separately did not permit to obtain a definitive
resolution. To be able to determine which living level would be used for the habitat, a separate test
was performed that allowed to compare each different configuration.

Methodology
The four different interior layouts for the living floors were stacked one on top of the other. The test
subject started in the top floor, which was referred to as floor 1. After moving around floor 1, the
test subject had to go to floor 2 and walk around. When they thought they were able to compare
both floors, the subjects had to complete a question to determine in which floor the ease of
movement was better. The same process was repeated between floor 1 and floor 3, 1 and 4, 2 and 3,
2 and 4, and 3 and 4.

Results
As in the previous test, the analytical hierarchy process and pairwise comparisons were used to obtain
a quantitative result of the ease of movement in each living floor configuration (Figure 126). The
highest score belongs to the floor that has better movement paths, which is the pod hotel
configuration #2.
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Figure 126: Comparison of the different interior layouts of the living level in terms of ease of movement.

When comparing two different floors, the test subjects where asked why they have chosen that
answer. The most repeated comments are displayed on Table 32.

Floor 1 (Pod hotel 2 ! Table apart from
hole)

Table 32: Comparison between living floor configurations

Floor 2 (Pod hotel 1 ! Table
besides the hole)

Floor 3 (L-configuration
2 ! Table facing ladder)

Harder to move between table and
berths in floor 2.

Moving around is same
Moving around is same degree
degree of difficulty, but prefer of difficulty, but prefer distribution
distribution of space in floor 3.
of space in floor 4.

Table farther away from ladder
(floor 1) makes it easier to move around.
In floor 1 there is more room
between table and berth.
Both have an awkward table
placement. Should be in front of
bedding area.

Floor
cramped.

3

seems

more

Splitting the beds (floor 3)
makes it more crowded.
Split bed chambers takes up
more room (floor 3).

Floor 4 (L-configuration 1
! Table facing bathroom)

Feels there is a lot of empty
space on floor 4 by the ladder on
the side but rest seemed cramped.
Don’t like split beds, but the
open area across from table is nice.
Floor 4 has much more room
to navigate around.

On floor 2 there is more space to
move around behind the table, but
having it directly next to the beds left
little movement for those closer to the
ladder.

The table placement in
floor 3 leaves a lot of room
In floor 4, having the water
behind it, but makes for tanks and bathroom all on the
awkward movements to and same side left little room for
from the beds.
movement on that side.

Floor 1 seemed to have more things
which made it feel crowded.

Floor 3 seemed
spacious in the center

more
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Floor 2 (Pod hotel 1 ! Table besides
the hole)

When 6 berths are together,
When 6 berths are together, it
it seems harder to get between seems harder to get between them
them and the table.
and the table.
Table placement on 3 is
Indifferent
easier to maneuver around.
layouts.

to

these

two

Having the beds together
Floor isn’t bad even with split
seems to create space (floor 2).
beds.
All the beds on one side
Floor 4 has more space to
(floor 2) opens up the rest of move around.
the floor for use.
All the beds on one side (floor
3 beds on both sides uses 2) opens up the rest of the floor for
more space (floor 3).
use.
The 3 beds on both sides in
floor 4 made it crowded.

Floor 3 (L-configuration 2 ! Table facing
ladder)

Table was flipped, but not
much difference. Maybe #4
seemed a little more open but not
that much.
Like better table away from
bathroom (floor 3).
Floor 3 is the worst.
Floor 4 has more space to
move around.
Table being in the same space
as the tanks and bathroom (floor 4)
clutters the area. Being on the
ladder side (floor 3) gives more
room.
The table being faced to the
bathroom (floor 4) was easier to
navigate around.

5.5.3. Conclusions
After analyzing the data obtained from both interior layout tests, a few ideas were obtained.
Although the pod hotel configuration #2 was the one that allowed the best movement, the test
subjects still had concerns about it. Most of them thought that the table was out of place and that a
better layout could be implemented. From the feedback, it was obvious that the space suits in the
working floor were a major obstacle that should be solved. As for the Mars SIM, the general
impression was that it was too small and that it should include more equipment to be able to simulate
an EVA in Mars more realistically.
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5.6. Exercise
Exercise in space is very important to counteract the physical decline that astronauts experience. In
Table 33, the effective of different machines to perform a particular exercise is shown (Lyndon B.
Johnson Space Center, 2001).
Table 33: Effectiveness of different exercise machines. The number of X’s indicates effectiveness (TVIS:
Treadmill Vibration Isolation System, CEVIS: Cycle Ergometer Vibration Isolation System, RED: Resistive
Exercise Device, EVA HW: Handgrip equipment)

Exercise Requirements
Aerobic/Anaerobic training

TVIS
XXX

Neuromotor conditioning (coordination, muscle tone)

XXX

Axial high-impact skeletal loading

XXX

Strength/endurance training of postural muscles
Skeletal muscle strength/endurance training

RED
X

CEVIS
XXX

XX

XXX

X

X

XXX

X

Axial high-strain skeletal loading

XXX

EVA arm exercise training

XX

XXX

EVA handgrip strength training

XXX

EVA 2-hr prebreathe exercise countermeasure
Aerobic/Anaerobic fitness assessment
EVA arm ergometry assessment

EVA HW

XXX
X

XXX
XXX

Based on the table, the most complete machine is the cycle ergometer vibration isolation system
(CEVIS) which can be used both for upper and lower body exercise. It has a control panel that
governs the load applied, therefore, depending on the gravity field, this load can be modified to allow
the CEVIS to be used in microgravity, partial gravity and Earth gravity. The CEVIS supports many
different activities apart from solely exercise. It can be used for science activities, periodic fitness
evaluations, pre-landing fitness evaluations and for pre-breathing before an extravehicular activity
(EVA).
Unfortunately, the CEVIS is not enough to be able to perform a complete exercise program, making
it necessary to include other devices. The treadmill vibration isolation system (TVIS) is used to
preserved anaerobic and aerobic capacity. The series bungee system, which is used to held the user to
the TVIS surface, can be adjust to make this machine operational in all gravitational cases. Resistance
bands strengthen the body in a dynamic and easy way. They are weightless and can be used anywhere
inside the habitat. Finally, exercise hand grips increase hand dexterity for EVA performance.

5.7. Space Suits
The space suit the crew is going to wear must meet the following requirements:
•

It must have two configurations, one for intravehicular activities (IVAs) and one for
extravehicular activities (EVAs). The Constellation space suit (NASA Exploration Systems
Mission Directorate, 2008) could be taken as an example, although its development was
cancelled in 2010 with the rest of the Constellation program. It had two different body
torsos for each configuration, but the legs/boots, lower arms and helmet were common.

180

•

•
•
•

•
•
•
•

This double configuration decreases the volume requirements for space suit storage inside
the habitat.
It will operate at a pressure of 4 psi with 100% of oxygen. Under these conditions, only 40
minutes of denitrogenation are needed, as the habitat will be pressurized to 10.4 psi. This
process can be done inside the suit while going over the checklist and preparing the airlock
for depressurization. The current EVA space suit American astronauts use (the
extravehicular mobility unit, EMU) satisfies these requirements.
Obviously, the mobility envelope must be compatible with EVA (terrestrial and in
microgravity) and IVA missions.
In case of an emergency, the crew must be able to put on their suits in less than 15 minutes,
which is the time limit for the contingency oxygen masks.
In IVA configuration, the suit must have a mass of less than 40kg, when fully suited, while in
EVA configuration this mass can go as high as 70 kg. The current EMU has a mass of 178
kg because they are designed for microgravity. They are too heavy to allow proper mobility
in Mars and lunar surface.
The service life must be equivalent to a 3 year mission using it every day. The long shelf life
must be at least of 10 years.
The suit must count with some type of radiation shielding for the EVA missions (including
the simulations in the Mars SIM). The worst case scenario of radiation exposure would be 6
hours of EVA during each week.
It must be compatible with a propulsion unit (i.e. manned maneuvering unit, MMU) to allow
astronauts to perform untethered EVAs.
To be able to get rid of the dust from EVAs, the suit must have electrodynamic dust shields
attached to the fabric on legs, arms and chest.

Unfortunately, there is no existing space suit that meets all of these requirements. As the mission will
start in 10 years (by 2024), it is expected that a new space suit could be developed in time.

5.8. Trade Studies
5.8.1. Determination of the Polus’ Radius
Centrifugal acceleration
A major issue presented when dealing with a rotating space station is the difference of acceleration
from the lower level to the top level of the habitat (Figure 127). This can be found out very easily
using the equation below, being Ω the rate of rotation in rad/s and Δ! the difference of height in
meters. The same equation can be used to find out the dependence between the radius of the space
station and the angular velocity needed to simulate Earth gravity (Figure 128).
Δ! = Ω! !Δ!
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Figure 127: Gravitational difference between levels

Figure 128: Angular velocity vs radius to simulate 1g
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Human Resistance to Rotation
As shown in Figure 128, infinite combinations of radius and angular velocity can be used to be able
to simulate 1g in Space. However, humans cannot tolerate high rotation rates. Throughout the last 50
years, various experiments have been conducted to try to find out which is the maximum angular
velocity that humans can experience without reducing their capabilities.
In 1962, Hill and Schintzer, from Langley Research Center NASA, stated that the comfort zone for
artificial gravity is less than 4 rpm. This result was based on a centrifuge experience and intended to
avoid vestibular disturbances (Hill & Schnitzer, 1962). Five years later (1968), Gilruth (Manned
Spacecraft Center NASA) increased the “comfort” angular velocity to 6 rpm. With this velocity,
disturbances occurring in the semicircular canals of the inner ear were avoided. He also concluded a
rotation rate of less than 2 revolutions per minute was the appropriate for “optimal comfort”
(Gilruth, 1960).
Almost a decade after, Ashton Graybiel presented the results of his long series experiments in a 4.6
meter diameter slow rotation room located at the Naval Aerospace Medical Research Laboratory
(Graybiel, 1975). The test subjects stayed in the room for over a month performing activities,
sleeping, eating and moving around. The data obtained determined that for a rotation rate of 1 rpm,
even the highly susceptible subjects were symptom-free. At 3 rpm, the subjects experienced
symptoms but they were still able to perform all the activities without difficulty. With an angular
velocity of 5.4 rpm, only the subjects with low susceptibility performed well and they were almost
symptom-free by the second day. The most challenging adaptation occurred with velocities of 10
rpm. Even pilots with history of air sickness did not fully adapt in a period of 12 days.
In 1983, Cramer stated that an angular velocity of 3 rpm would avoid motion sickness (Cramer,
1985). However, the Man-System Integration Standards published by NASA in 1987 specified that
the maximum rotation rate for subjects with prior experience was of 6 rpm (NASA, 1987).
The results of all these studies were different but a general outline can be deduced. For angular
velocities of less than 2 rpm, humans experience no effect. Between 4 and 6 rpm, the subject
experiences some symptoms but it is still considered in the human comfort zone. Human tolerance is
10 rpm.

Conclusions
After all the research done, it was obvious that the lower the rotation rate, the best for the crew.
Unfortunately, as already seen, the radius of the space station is inversely proportional to the angular
rate, therefore, for a lower angular velocity, a higher radius is needed to simulate 1g.
A very big radius implies more structure which implies more mass. Unfortunately, sending mass to
Space is expensive and limited by the launch vehicle used. Therefore a compromise decision was
made. It was decided to use a rotation rate of 3.91 rpm (inside the comfort range for humans) which
meant that the radius of the space station would be of 56.2 meters.
While simulating the other gravitational cases, the radius is maintained constant and what changes is
the rotation rate (1.59 rpm for lunar gravity and 2.41 rpm for Mars gravity). These angular velocities
are low enough to avoid effects on the crew.

5.9. Habitat Airlock
During phase I and II, the Mars SIM will not be attached to the habitat, but the crew will be
performing extravehicular activities (EVAs), making it necessary to add an airlock in the habitat itself.
This airlock will be attached to the top of the habitat and will be part of the connection tunnel
between the habitat and the hub.
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The airlock is based on the Space Shuttle’s airlock (NASA), as it meets all the requirements: it
supports airlock depressurization and repressurization, EVA equipment can be recharged and
checked, and it allows communications. It has a longitude of 2.11 m and the inner diameter has been
slightly modified for it to match the one of the tunnel (1.7 meters to allow the transfer of an
astronaut dressed with an EVA suit and carrying a transfer cargo bag (NASA, 2010)). These
dimensions allow fitting two fully suited crew members at the same time. It has an opening on each
extreme (to allow transfer between hub and habitat) and one at the side, so that when the station is
railed in, the airlock can be exited through the side door.
As already mentioned, the airlock is attached to the center of the upper floor of the habitat (the
working level). EVAs will only be conducted during microgravity (when the station is not rotating)
therefore there is no necessity of adding a stair to go from the habitat to the airlock, as the crew will
be able to float to it. The spacesuits will be stored in the working level because the airlock has to be
empty in case the transfer tunnel has to be used.

5.10. Galley
The galley is the place where the crew members will come together and eat their meals. The galley
will store most of the food that is required to feed all the crew members for all three phases. It will
also have a refrigerator and an oven that the crew members can use.

5.10.1. Food
The different types of food that the crew members will eat are thermostabilized, irradiated,
rehydratable, natural form, extended-shelf-life break products, fresh food, and beverages (NASA,
2010). For the galley the necessary mass and volume for food was calculated for all three phases. The
weight allowed for food is limited to 3.8 pounds (1.724 kilograms) per person per day, which includes
the 1 pound (0.454 kilograms) of packaging for each person each day (Petty J. I., Food for Space
Flight, 2002). The food will be stored in twenty containers with a volume of 15 inches by 12 inches
by 10 inches (0.381 meters by 0.305 meters by 0.254 meters) (Wise Food Storage, 2014).
Table 34. Food

Phase I
Food

Phase II
Phase III

Duration

Mass [kg]

Volume [m3]

30 Days
6 Months
Three 6 Month
Missions at
Different Gravities
1000 Days

207
1241

0.31
1.83

1862 for each

2.75 for each

11,140

16.13

Results and Conclusions
Based on data from the table for the final phase a mass of just over eleven thousand kilograms and a
volume of just over sixteen cubic meters are needed for food for a mission lasting a thousand days.
This includes an additional 800 kg and 0.85 m3 of food for contingency days in case of an emergency
during the mission causing a delay in the return home.

Food Regeneration

184

To be able to produce food in space the idea of food regeneration by growing algae and crops in
space was looked into. Research conducted by NASA Ames gave an idea to how beneficial food
regeneration would be in space.
Table 35. Food Regeneration Data Based on Data from NASA Ames

Mass [kg]

Volume [m3]

Power [kW]

Food
1218
12.36
Regeneration
(Regenerative Life Support For Space Settlers)

13

Total Meals
Produced in 6
Months
12.86

Results and Conclusions
Food regeneration is difficult for missions lasting less than five years. The food produced by food
regeneration would provide less than 1% of the crew’s food energy (Hanford, 2004). It would require
extra lighting and other devices for the crops to grow, but there is no space to set up the necessary
equipment to make this possible. Based on the data from NASA Ames it was determined that in six
months only about 13 meals would be produced from food regeneration. Based on these results it
was determined that food regeneration was not worth it.

5.10.2. Galley Appliances
Other than food the galley also contains a refrigerator, a microwaveable oven, and a sink. There is a
refrigerator for some extra storage and to keep food fresh. The microwaveable oven allows the crew
members to heat up their meals. A galley sink is also added to help crew members with food
preparation and cleanup. For the galley the necessary mass and volume estimates for the various
galley appliances were calculated for all 3 phases.
Table 36. Food Management

Duration
Refrigerator
Phase I,II,III
Microwave Oven
Galley Sink
(Food Managment, 1971)

Entire Duration

Mass [kg]
67.75
11.34
27.22

Volume [m3]
0.72
0.043
0.377

5.11. Hygiene
For crew members to keep up their personal hygiene such things as a toilet and a shower are
available for the crew members. Each crew members will also have a hygiene kit that will help them
with grooming and keeping themselves clean and bacteria free.

5.11.1. Toilet
For a toilet the decision is to go with a toilet that can handle both liquid and solid waste. The toilet
will also be made to be unisex so both male and female crew members can use it. When in
microgravity the crew members will have to use feet and thigh restraints when using the toilet so they
do not float away.

Liquid Waste
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Table 37. Liquid Waste

Mass [kg]

Volume [m3]

Aperture Urinal

9.44

0.089

Urine Collection Module

9.25

0.043

(Personal Hygiene, 1971)
Results and Conclusions
A trade study was conducted to determine the optimal toilet for dealing with liquid waste. Based on
the data the Urine Collection Module was a better option than the Aperture Urinal due to its smaller
mass and volume.

Solid Waste
An additional component of the toilet had to be added to handle the solid waste. Since the Urine
Collection Module was chosen to handle liquid waste it was determined that its counterpart in the
Fecal Collection Module should be chosen to handle the solid waste. Once both compartments are
full the compartments will be disposed of in the waste compacter.
Table 38. Solid Waste

Mass [kg]

Volume [m3]

64.9

0.48

Fecal Collection Module
(Personal Hygiene, 1971)

5.11.2. Shower
For bathing a shower will be installed aboard the habitat. Normally after exercising is when the crew
members will use the shower. To use the shower a crew member will step into a curtained off area
for privacy, and able to shower. Once they had completed their shower they would dry off using a
towel. It was determined that each crew member will shower at least once every five days.
Table 39. Shower

Mass [kg]

Volume [m3]

Shower with Fixed Nozzle

43.32

0.97

Whole Body Shower

150.6

3.11

(Personal Hygiene, 1971)
Results and Conclusions
A trade study was conducted to determine the optimal shower for the crew members to use to bathe
themselves. Based on the data the Shower with Foxed Nozzle was a better option than the Whole
Body Shower due to its smaller mass and volume.

5.11.3. Personal Hygiene Items
Each crew member will have their own personal hygiene kit that will contain items such as a
shampoo, soap, toothbrush, razor, hairbrush and a towel. The mass and volume of personal hygiene
items were calculated. Depending on how long the trip is will vary the total mass and volume of the
supplies the crew members will bring for their personal hygiene items.
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Table 40. Personal Hygiene

Washcloth
Personal Hygiene Items
(Phase I-30 Days)
Personal Hygiene Items
(Phase I-60 Months)
Personal Hygiene Items
(Phase II-Three 6 Months
Missions at Different Gravities)
Personal Hygiene Items
(Phase III-1000 Days)
Hygiene Cleansing Station
(Hoffman, 2001)

Mass [kg]
0.23 per cloth
10.77

Volume [m3]
4.4*10-4 per cloth
0.034

64.61

0.207

96.9 for each

0.309 for each

538.4

1.72

11.9

0.099

5.12. Waste Management
Waste management will identify the types of waste produced in the space habitat and the handling of
each type of waste. Containment of each waste product will be discussed as well as storage time.
Disposal and recycling methods for solid waste will be developed.

5.12.1. Types of waste
When identifying the types of waste generated in space, the ISS was referenced as a model to
organize waste. Waste will be categorized into three categories of crew common trash, hardware
trash, and hazardous waste. Crew common trash will typically include wet/dry used or expired
consumables, hygiene products, food waste, and human waste. All trash generated by the crew will be
categorized as crew common trash. Hardware trash will consist of used, defective or expired
hardware. Hazardous waste is identified as anything that poses a threat to crew health and safety.
Items such as batteries, biological/biomedical, sharp objects, chemical or radioactive substances will
all be considered hazardous.

5.12.2. Containment and handling
All waste containers will include a label identifying the trash being confined. Waste products of
hazardous type will be monitored, labeled, and be confined to its own special containers. Nonhazardous waste labels will either indicate a wet or dry status.

Waste containers
Waste containers were modeled as those in use currently by the ISS. Table 41 shows the waste
containers that will be utilized for the Polus mission.
Table 41. Waste Containers (NASA, 2005)

Waste
containers

Description

Soft Trash
Bag (KBO-M)
Solid Waste
Container

Used for wet
or dry trash
Used for solid
and biological

Acceptability
for hazardous
waste
Yes

Usable
volume [m3]

Unit Mass
empty [kg]

Unit mass
(full) [kg]

0.03

0.79

8

Yes

0.04

3.5

11.5
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(KTO)
Container for
Water/Urine
(EDV)
Food Waste
Bag
Sharps
Container
Hefty Cinch
Sak
Fecal
Collection
Assembly
(Apollo Bag)
Contingency
Urine
Collection
Device
(CUCD)

waste
Used for urine
and
wastewater
collection
Used to
replace table
scraps and wet
items
Used to
dispose sharp
objects
Used for nonsharp
hazardous
waste
Used as
contingency
bag for solid
human waste
Used as a
contingency
bag for liquid
human waste

No

0.02

5.5

26.5

No

2.6*10

-3

0.06

0.9

Yes

2.4*10-3

0.39

1.36

Yes

0.11

0.05

TBD

No

2*10

-4

0.06

TBD

No

5*10

-4

0.03

TBD

5.12.3. Trash disposal
Waste storage and disposal will be conducted by utilizing trash receptacles and manual compaction
methods. When researching trash disposal methods on the ISS it was noted that current astronauts
use their feet to manually compact their trash into a plastic bag and seal it with duct tape. The
compacted trash are stored and later disposed by sending it back to earth in a cargo transfer vehicle.
Information was taken from Skylab and Maritime Pollution Act (MARPOL) to estimate manually
compacted trash densities. Average trash densities were defined as those of typical office trash cans
(Fisher & Pace, 2005). The final average trash density based on MARPOL data and Skylab data was
67 kg/m3 (Fisher & Pace, 2005). Polus will include a trash receptacle on each floor of the habitat,
which will be designed to have a manual compaction density of 67 kg/m3.
Solid waste will be recycled within the habitat; however, other solid wastes that aren't recyclable will
be stored in specified containers. The containers once filled will be stored in cargo transfer bags of
appropriate sizes, which will be later stowed in the waste storage compartment of the habitat.
During resupply of each phase, the stored trash will be sent back to earth within the returning cargo
vehicle. For the 1000 day mission, all non-recyclable solid waste will be contained within the waste
stowage compartment of the habitat.

5.12.4. Solid Waste Recycle Methods
A 1000 day mission with no resupply poses a challenge to crew safety regarding waste. With no way
of dispatching waste like the ISS, Polus will need a device which recycles the wastes produced in the
habitat. The main factor desired was volume reduction of various wastes. Although manual
compaction methods are used by astronauts aboard the ISS, it isn't sufficient for a 1000 day mission
because the accumulation of trash would take up too much space. The High Efficiency High Output
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Plastic Melt Waste Compactor (HEHO-PMWC) which is currently in development by Orbital Tech
Corporation achieves a volume reduction which is far superior to manual compaction methods. The
size, mass, and function of the PMWC device made it an ideal choice for use in Polus. The
dimensions for the PMWC are 0.46m (W) x 0.55m (H) x 0.48m (D), which is equivalent to half of an
ISS EXPRESS rack. The mass of the overall system is 59 kg.
The PMWC uses heat and compaction to sterilize, reduce, and encapsulate waste into a 40.6cm x
2.5cm square tile. The square tile is easier to store than a circle shape produced in earlier models.
The polyethylene in the melted plastic prevents microbial growth in the square tile and enables the
tile to be used as radiation shielding (Johnson, Marten, & Tellez, 2012). The device is designed to
recover nearly all water entrained in the trash, and has a volume reduction factor of 11:1, which
opens more volume for trash storage within the habitat. The compaction chamber accounts for a
nominal trash generation rate of 1.83 kg/crew member/day for up to six crew members (Johnson,
Marten, & Tellez, 2012). The chamber is designed to process 11kg of trash per day while being
operated three times per day (Johnson, Marten, & Tellez, 2012). A single batch of trash will be about
3-4 kg. The TRL of the device is 5 and is expected to be complete by the year 2021 when Polus will
be launched. The HEHO-PMWC is currently the most developed system for recycling solid waste,
thus it is an ideal choice for use in Polus.

5.13. Clothes
The amount of clothes required for a 1000 day mission without resupply is a significant amount
without a recyclable method. Table 42 shown below summarizes the amount of clothes required
during each phase and the overall amount necessary for the 1000 day mission.
Table 42. Clothes Estimate (NASA, 2010)

Clothing

Mass
[kg]

Change
rate for
0g
(days)

Change
rate for
1g
(days)

Change
rate for
partial
gravity
(days)

Amount
required
for 0g
(180
days, 6
crew)
[kg]

Amount
required
for 1g
(180
days, 6
crew)
[kg]
259.2
334.8
91.8
64.8
70.2
145.8

Amount
required
for
partial
gravity
(180
days, 6
crew)
[kg]
172.8
223.2
61.2
64.8
70.2
145.8

Amount
required
for
partial
gravity
(1000
days, 6
crew)
[kg]
961.8
1242.6
340.8
360
390
810

Shorts
Pants
T-shirt
Socks
Underwear
Exercise
shirt
Exercise
shorts
Total

0.48
0.62
0.17
0.06
0.065
0.135

10
10
10
2
2
3

2
2
2
1
1
1

3
3
3
1
1
1

51.84
67.2
18.36
32.4
35.1
48.6

0.0992

3

1

1

35.7

107.4

107.4

595.2

289.2

1074

845.4

4700.4

The mass of each item of clothing was taken based on the more massive item between male and
female clothing. This was to ensure a safer model. Clothing masses were found from online sources
and based on a typical piece of item worn by male and female. The material was chosen from ISS
catalogue of flight crew equipment (NASA, 2007), which identifies the material of the clothes
astronauts typically wear when aboard the ISS.
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The change rate for microgravity or 0g was based upon ISS (NASA, 2010). The change rate for earth
gravity or 1g and partial gravity were based on a survey among other students. There is currently no
model depicting the change rate of clothes for partial gravity and 1g. Therefore students were asked
on how conservative they could be regarding clothing. The amount of time spent exercising resulted
in a higher change rate of clothes due to the sweat a normal human would accumulate. The higher
change rate for 1g and partial account for a worst-case scenario and thus provides a safer model.
Due to space limitations within Polus the amount of clothes able to be brought up would be no
greater than the amount required for 0g and 180 days or 290 kg. A trade study was done to see if the
amount of clothes necessary for 1000 days could be lower than the required 4700 kg.

5.13.1. Laundry system
In order to conserve space aboard Polus and to minimize the amount of clothes necessary for 1000
days, a space laundry system was researched. The first system discussed was the Gravity Independent
Laundry System (GILS) (Bailey, Cantu, Garcia, & Orona, 2012). The GILS device is currently in early
development at Texas A&M University, and has too many problems to be considered operational for
Polus. GILS utilizes a garment bag as the container for wash and rinse cycle for clothes. Other
components connected to the garment bag assist in the drying of clothes contained. The drying
efficiency of GILS is currently only a little above 30 %. This is due mainly to the pinhole leaks in the
garment bag which prevent the full utilization of the power of a vacuum (Bailey, Cantu, Garcia, &
Orona, 2012). Also the loose fittings which connect the components to the system need to be
improved. Other laundry systems were considered that proved to be more efficient.
The Advanced Microgravity Compatible, Integrated Laundry System (AMCIL) is currently being
developed by UMPQUA Research Company and is being funded by NASA. The AMCIL is a
microgravity compatible liquid/ liquid vapor, two-phase laundry system (UMPQUA Research
Company, 2012). The system uses pulsed water jet agitation during wash and rinse cycle and drying
is achieved through microwave assisted vacuum drying. A tumbling cycle followed the drying
process which greatly enhanced softness in the previous vacuum pressed clothing (UMPQUA
Research Company, 2012). What makes this system more desirable than other laundry systems is
that UMPQUA previously developed a Single Phase Laundry System which proved to be fully
compatible in microgravity. The AMCIL will build upon the earlier model to work in microgravity
and partial gravity environments. The current TRL level of the AMCIL is 3. AMCIL is currently
being designed to have a wash cycle that consumes less water and reduces power demand. Due to the
efficiency of the earlier model, Polus will include a fully operational AMCIL system by its 2021
launch.
A trade study was done comparing the efficiency of a laundry system to that of bringing 4700kg of
clothes for 1000 days. The initial amount of clothes brought is expected to be 1 months' worth,
which is about 141 kg. If the wash rate for a crew of 6 is set to once a week then the total mass
required for 1000 days of partial gravity would be 639 kg. Several assumptions were made in this
trade study. First assumption is that the laundry system will be capable of containing all clothes for a
6 member crew per week. The second assumption is that the washing machine uses 38 kg of water
in a single wash. The 38 kg was based on a typical amount of water consumption by a household
washing machine, which is 10 gallons/38 kg. Due to water recycle efficiency then the mass of water
required to wash every week for 1000 days would be 418 kg. The last assumption was the weight of
the washing machine. The mass of a typical household washing machine was used, which was 80 kg.
The assumptions were made due to the AMCIL being still in development. Once the Laundry system
is fully developed another trade will need to be conducted to compare the efficiency of the system.
However, it is expected that a developed laundry system will be beneficial for the 1000 day mission.
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5.14. Stowage
Stowage was determined from volume estimates of various items within the habitat. For example if
the food required for 1000 days was 15.25 m3 then the stowage area required to hold that amount of
food was set to 16.1 m3. The additional space accounts for the galley in this case. Hygiene products
include items such as wipes and toilet paper. The total volume that each container of wipes and
toilet paper take up was recorded and summed up to get the amount necessary for the overall
mission length. A stowage area big enough to contain the desired volume was then designated in the
habitat. The same procedure was used in determining other stowage areas. Table 43 shown below
summarizes the stowage area designated for various compartments within the habitat.
Table 43. Stowage

Items

3

Volume Required [m ] for
mission duration, 6 crew
15.25
2.24
3
3.78
5
1.2
2

Food
Hygiene Products
Clothes
Personal Equipment
Trash
Exercise Equipment
Workstation

3

Stowage Volume [m ]
16.1
3
3
3.8
5
1.2
2

5.15. Water Recovery
The ability to provide potable water is critical for long-term human survival in space. However, it is
not desirable to launch such a vast amount of water due to mass and volume constraints. In order to
minimize the amount of water needed on launch, it is essential to have a highly efficient water
recycling system.

5.15.1. Water Recovery System – Trade Study
Distillation and filtration are the two main processes that must occur in order to recover wastewater
for reuse. Several methods exist for both of these processes. For distillation, there is Vapor
Compression Distillation (VCD), Thermoelectric Integrated Membrane Evaporation (TIMES), and
Vapor Phase Catalytic Ammonia Removal (VAPCAR). For filtration, there is Reverse Osmosis,
Multifiltration, and Electrodialysis. Table 44 below shows the characteristics of each of the
distillation mechanisms based on information from (Akin, 2013).
Table 44. Water Distillation Process Specifications

Mass [kg]

Volume [m3]

Power [W]

VCD

300

1.5

350

TIMES

350

1.2

850

VAPCAR

550

2.0

800

In comparing the three methods, the choice to go with a VCD is clear based on significantly lower
power requirements, lower mass, and medium volume. For filtration, Multifiltration Beds were
chosen based on their flight proven ability to filter water on ISS.
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5.15.2. Polus Water Processing Unit
The following subsections discuss in detail the individual components of the Water Processing Unit
(WPU) on Polus. The diagram below gives an overview of the water cycle in the habitat.

Figure 129. Water Recovery Cycle Flowchart

Distillation
The water recycling process begins with a Vapor Compression Distiller that processes urine from the
waste management system as well as used hygiene water. First the wastewater is heated inside a
cylindrical drum at a pressure of 0.7 psi. Since the crew will require water-recycling capability in
microgravity, the drum rotates at 220 revolutions per minute in order to simulate the buoyancy forces
that separate liquids and gases in a gravity field. In the low-pressure drum, water boils around 100
degrees Fahrenheit, at which point a de-mister in the center of the drum can collect the water vapor.
Next, the water vapor is transferred to the outside wall of the drum in order to condense into liquid
while heating the next quantity of wastewater to be boiled. By inducing these phase changes, the
resultant water is 97% free of minerals, chemicals, and microbes (Hutchens, 2002). The VCD drum
will need to be cleaned of salts and other waste deposits as necessary.

Filtration
After distillation, water is sent through a filtration system for further purification. Here, condensate
water recovered by the atmospheric control system is joined with the distilled water for additional
processing. The first step in filtration uses a particulate filter to screen out debris such as dust and
hair. Next, water is sent through Multifiltration Beds. These beds contain ion exchange resins and
adsorption media to remove ion contaminants and organic compounds. A schematic of the beds
used in NASA’s ECLSS system (Minton-Summers, 1996) is shown in Figure 130.
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Figure 130. Multifiltration Bed Schematic

After the Multifiltration Beds, water is sent to a catalytic oxidation reactor where the last of the
organic compounds are removed. While the Multifiltration Beds are effective in removing impurities,
some low molecular weight compounds remain. Using gaseous oxygen as the oxidant over a noble
metal catalyst on an alumina substrate, the remaining organics are removed and the water is
considered potable and safe for human ingestion (Carter, 2009) (Minton-Summers, 1996).

Purity Measurement
There are countless substances that can be present in water due to natural causes. Microorganisms
such as Legionella, inorganic compounds such as arsenic, and organic compounds such as benzene
are just a few examples. The presence of volatile substances dissolved in water can lead to eye/nose
irritation, gastrointestinal illness, and other adverse medical conditions. The National Institute of
Health and the Environmental Protection Agency have standards for allowable amounts of each
specific contaminant (Environmental Protection Agency, 2013). After passage through the filtration
system, water will go through a series of quality sensors sensitive to 1 µg/L of contaminants that
ensure concentrations are within allowable limits. If the standards are not met, the system will send
water back through the Multifiltration Beds and catalytic oxidation reactor to be processed again. If
the standards are not met on the second pass, the crew will be alerted to the situation and
maintenance of the filtration system may be required.
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System Summary
The combination of VCD, particle filters, Multifiltration Beds, and catalytic oxidation processes allow
for a closed-loop cycle of water on Polus. In the isolated environment of space, it is essential that
water reclamation be as efficient as possible in order to minimize launch mass and costs. Polus’s
Water Processing Unit is modeled after the system currently onboard ISS where studies estimate as
high as a 93% reclamation efficiency (Atkinson, 2013). Expected specifications for Polus’s water
reclamation system including VCD, filtration system, and dispensing mechanisms are laid out in the
table below.
Table 45. Water Processing Unit Specifications

Mass [kg]

350

Volume [m3]

2.5

Power [W]

500

Inevitably, there are a few areas where water escapes the closed-loop system. Human solid waste,
untreatable urine brine, and atmospheric leakage all present gaps where water cannot be recycled by
modern techniques. As the mission timeline stands, Polus’s first structural launch occurs in 2021
while ISS operations are scheduled to continue through 2020. During this time it is possible that new
techniques and processes will be developed to make water reclamation more efficient by reducing
system losses, or power, mass, and volume requirements. One method that can be studied more is
having different degrees of water quality depending on its intended usage. Drinking water must
satisfy the standards previously described to be safe for consumption, but it may not be necessary for
other purpose water to meet these requirements. For example, it is permissible for non-volatile
compounds to remain in water used for shower, hand washing, and clothes washing applications. A
more efficient system would only treat water to the minimum required standards for specific uses. As
the mission of variable gravity habitat is a concept that has yet to be tested, a detailed study of actual
water usage requirements would need to be implemented to make this possible.
While ISS has yielded great results from its water management system, the Polus platform is different
than ISS’s platform and the WPU will need to be proven to work in a different situation. Polus will
be located at a lunar distant retrograde orbit, which is considerably farther from Earth than the LowEarth Orbit where ISS is. In LEO it is possible to have regular resupply vehicles, but in the Polus
Phase III Mars mission simulation there will be no resupply for 1000 days. A reliability assessment of
ISS life support systems should be done to verify the stability of these systems past LEO. A few
issues to overcome include:
1) Cleaning versus replacing parts (i.e. VCD boiling drum) in order to save volume. The ISS has a
considerable amount of storage volume available for replacement parts that the Polus habitat
may not be able to include.
2) Lifecycle studies to ensure critical systems can survive up to 1000 days.
3) Ensuring systems work in both microgravity and varying gravity fields. Since Polus’s rotating
habitat simulates gravity levels from microgravity up to Earth gravity, the WPU must be tested in
simulations and proven to work seamlessly between varying gravity levels.

5.15.3. Water Budget
The following subsections detail how the total water budget is determined for each phase of the
mission and where water will be stored.
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Water Consumption
To quantify how much water is needed for the mission duration, it is broken down into amount
required per person per day. Since these numbers can vary based on the phase of the mission, they
are broken down further as shown in the table below.
Table 46. Water Consumption. Values based on (Lange, 2003)

Drinking
[kg/person/day]

Drinking
(EVA day)
[kg/person/day]

Food Prep
[kg/person/day]

Hygiene
[kg/person/day]

Clothes
Washing
[kg/week]

Phase I

2

4

0.75

4-7

38

Phase II

3

5

0.75

4-7

38

Phase III

3

5

0.75

4-7

38

These values are based on information from Lange, 2003 but with conservative modifications. Since
there is over a decade of experience with humans in microgravity, water consumption numbers are
well known in that environment. However, the relationship between gravity field and water
consumption is not well known. It is safe to say that increased gravitational forces require the crew to
hydrate more, but whether it is a linear or exponential relationship is unknown. Using Earth gravity
as a worst-case scenario, each crewmember is provided an additional 1 kg of drinking water per day
in Phases II and III to be sure there is an adequate supply. Drinking water for a crewmember on an
EVA day requires an additional 2 kg more than a regular day. Hygiene water includes oral washing,
hand washing, showering, and other personal hygiene uses. The amount per crewmember varies
from 4-7 kg per day depending on whether they take a full shower that day or not. Lastly, clothes
washing water is based on high efficiency washing machines on Earth.

Method
Since water consumption is not constant from day to day, total water consumption cannot be based
on a typical day. However, values can be based on a typical week’s usage of water. A week’s worth of
water was determined for each phase based on mission planning for number of EVA events per
week (real or Mars simulated), how many crewmembers are on EVA, how many total crewmembers
are onboard, and allotting two showers per week for each crewmember. Using water reclamation
efficiency of 93%, it is assumed that 7% of water used per week is lost from the system. Then the
losses per week are totaled up over the length of each phase of the mission, and enough water must
be provided to overcome these losses. Table 47 shows the results of this analysis below.
Table 47. Total Water Budget

Water lost from
system [kg]

Nominal water
required [kg]

Contingency Supply [kg]

Phase I (4 crew,
180 days)

470

575

470

Phase II (6 crew,
180 days)

720

920

875

Phase III (6 crew,
1000 days)

4115

4315

875
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The last column indicates a contingency supply of water for 30 days. This duration was chosen
because of the length of time it may take to send a rescue mission to lunar distant retrograde orbit
due to limited launch windows and travel time. This supply includes enough for the crew to operate
in a contingency mode with full drinking and food preparation capability, enough for 5 EVA events
in case outside repairs are necessary, and provides limited hygiene water. The contingency supply will
last for 30 days assuming no recycling capability.

Storage and Dispensing
Polus will contain several water storage tanks. Storage tanks are made of 316L corrosion resistant
stainless steel. The main water storage tank will be 4400 liters and located on the upper level of the
habitat. This is where nominal as well as contingency potable water will be stored and dispensed in
discrete quantities as specified by the user. The majority of the potable water supply will be kept at
room temperature. A small separate tank and Kapton circuit heat exchanger assembly will be used to
keep 2 liters of hot water at 49 °C. The human interface for water dispensing will be modeled after
the ISS Potable Water Dispenser with necessary improvements and adjustments. All water dispensing
will use 3 redundant valves to ensure protection from leakage. A 250 liter tank will store wastewater
before processing. During Phase III, nominal required water plus contingency exceeds the capacity
of the main storage tank. However, in Phase III the Mars SIM will be attached and contains storage
area for additional consumables such as food and water for the 1000 day mission. Here there will be
a 900 liter tank to stow the contingency water supply.

5.15.4. Forward Osmosis Bags
A water-related technology that we would like to incorporate into Polus’s mission is the use of
Forward Osmosis Bags. These bags have a semi-permeable membrane and utilize the osmotic
pressure gradient to produce the flow of water through the membrane. In 4-6 hours, urine or dirty
water is converted into a solution that resembles a sports drink and is safe to ingest (Levine, 2014).
The forward osmosis process requires no direct energy input and the bags are much more lightweight
than typical processing equipment. These attributes make them very suitable for spaceflight
applications. However they have not yet been well-researched in microgravity or partial gravity
environments. Polus crewmembers will perform experiments to determine the feasibility of Forward
Osmosis Bags in variable gravity environments.

5.16. Fire Detection & Suppression
Fire detection and suppression equipment must be located in all habitable sections of Polus. This
includes the two main habitat floors, Mars SIM, and the central hub. The following subsections detail
the equipment and procedures mitigate the danger of a fire.

5.16.1. Smoke Detectors
Just as on Earth, smoke detectors are a primary defense against fire. Smoke detectors are flightproven on ISS and have an individual mass and power draw of 1.41 kg and 1.48 W, respectively
(Wieland, 1998). Polus will use 6 smoke detectors throughout the habitat ventilation system to
monitor cabin atmosphere for smoke and combustion particles. If detected, an audible alarm will
activate and the crew will be alerted to the specific affected location of the fire event.

5.16.2. Flame Detectors
Another fire mitigation technology that was looked into was the use of optical flame detectors. These
devices use ultraviolet and/or infrared sensors to detect flames. Radiation from a fire is emitted at
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wavelengths in both of these spectral bands and can be identified in a few seconds or milliseconds
depending on the type of detector. Current industrial models from Emerson Process Management
use ultraviolet and infrared wavelengths, have 120 degree horizontal field of view, and have about 3
Watt power draw. Using flame detectors on Polus would be advantageous since smoke detectors
have to be located in the ventilation system and it could take a matter of seconds or minutes for
smoke to reach the detectors in a microgravity environment. Flame detectors located in high risk,
electronics dense areas would be able to sound an alarm within seconds to decrease crew response
time. Although optical flame detectors are used in industrial applications, they have never been flown
in space. It was decided that while this technology is promising, its low TRL level needs to be
increased before being implemented on Polus.

5.16.3. Portable Breathing Apparatuses
The portable breathing apparatus is a means of crew protection from danger that is currently
incorporated on ISS. These devices include a mask and use a chemical reaction between CO2 and
water vapor to provide 15 minutes of oxygen in case of an unsafe cabin atmosphere. It is essential to
provide oxygen to the crew because smoke inhalation can be deadly. The first step in combating a
fire event is to don the portable breathing apparatus. There will be one apparatus for each
crewmember on both levels of the main habitat, three breathing apparatuses in the Mars SIM storage
area, and three in the center hub to accommodate expected occupancy of each area.

5.16.4. Fire Extinguishers
After donning a breathing apparatus for safe respiration, it may be necessary for the crew to use fire
extinguishers to put out a fire. An effective new technology for handheld fire extinguishers is the
Fine Water Mist (FWM). Among its advantages are its effective suppression on a unit-mass basis,
lack of toxicity, ease of clean up, ability to refill, and operational under any gravity level including the
lack of gravity (Carriere, 2012). Due to the abundance of battery powered devices such as laptops and
cameras, high power density batteries present the biggest risk for a fire event. Figure 131 shows the
results from a FWM test from Carriere. Three thermocouples were attached to two Lithium Ion
battery packs on top of a heat source that triggered a thermal runaway event and a fire ensued. Using
the FWM extinguisher, fires were typical suppressed within 3 seconds. After the second application
the battery packs did not reignite. The amount of water needed for this test was 1.5 pounds, only a
quarter of the extinguisher’s total capacity. Two FWM extinguishers will be located in each habitable
section of Polus.
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Figure 131. Fine Water Mist Testing (Carriere, 2012)

5.17. Space Radiation
The space outside the protective layer of the Earth’s atmosphere is full of radiation. Two major types
of radiation occurring in space are solar particle events (SPE) and galactic cosmic rays (GCR). Space
radiation is different from the kinds of radiation we experience here on Earth, such as x rays or
gamma rays. Space radiation is comprised of atoms in which electrons have been stripped away as the
atom accelerated in interstellar space to speeds approaching the speed of light – eventually, only the
nucleus of the atom remains.
Space radiation has very different effects on human DNA, cells and tissues. This is due to the
ionization of atoms of the human body by energetic particles of space radiation as they travel
through them. The effects of radiation exposure potentially include cancer, central nervous system
changes, cataract formation, heritable effects, and early effects on organs.
The absorbed radiation is called equivalent dose, which is measured in Sieverts (Sv). 1 Sv is 1 Joule of
energy per kilogram. The unit Sv, takes into account not only how much radiation a person receives,
but how much damage that particular type of radiation can do.
Table 48 shows the historical radiation exposures for different missions such as Mercury-Gemini,
Apollo 14, SKYLAB 4, and Space Shuttle.
Figure 132. 1 Year Radiation Exposure Limits shows the radiation exposure limit for an astronaut in
the space, which is about 50 cSv/yr, where cSv is centi-Sievert. The shielding design will be based on
this radiation exposure limit.
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Missions

Dose [cSv]

Mercury-Gemini

0.05

Apollo 14

0.114

SKYLAB 4 (84 days)

7.94

Space Shuttle

0.052

Radiation,Dose,in,cSv,

Table 48. Historical Radiation Exposures
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Figure 132. 1 Year Radiation Exposure Limits (NASA,
2001) BOF: Blood Forming Organ

5.17.1. Solar Particle Events (SPE)
SPE occur during solar maximum, which happens approximately every 11 years. SPE contain high
flux of particles with low energy and last anywhere between a few hours to a few days. These events
and the lack of accurate forecasting are potentially hazardous for astronauts in space and may expose
crew to a lethal radiation level. So, shelter is required to protect the crew from higher radiation dose
in short period of time and crew must be alerted before SPE to seek the shelter. Since SPE contain
particles with low energy, shielding is highly effective.

5.17.2. Galactic Cosmic Rays (GCR)
Galactic Cosmic Rays occur all the time. GCR are high-energy charged particles composed of
protons, electrons, and fully ionized nuclei of light elements. The radiation dose due to GCR is
lowest during solar maximum and highest during solar minimum.
Since GCR contain high energetic particles, which are traveling close to speed of light, the radiation
due to GCR cannot be fully shielded. To see the effect of shield on GCR, a graph of GCR radiation
dose behind the shield versus shield mass was plotted as shown on the figure 2. Shielding mass was
calculated for Polyethylene and it is based on the habitat dimensions. The SPE shelter shield
thickness was kept constant and habitat wall shield thickness was gradually increased to achieve the
radiation exposure dose of 50 cSv/yr. The radiation dose was estimated from Figure 134.
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Figure 133. GCR Radiation Dose Vs. Shield Mass

The graph of GCR dose vs. shield mass indicates that the mass of shield increases rapidly to lower
small amount of GCR radiation dose and the mass reaches over 20,000 kg to get dose of about 50
cSv/yr. If too much shielding material is used, the spacecraft becomes way too heavy to get off the
ground. So, As Low As Reasonably Achievable (ALARA) principle of NASA was used to lower the
shielding mass and maintain reasonable radiation dose.

5.18. Radiation Shielding
Radiation shielding is an important asset for deep space habitat design that will greatly determine the
extent of human involvement in space exploration. The approach of incorporating shielding material
in the habitat can be accomplished in several ways. One possible and effective way is a layer of
shielding material around the wall and building SPE shelter inside the habitat where crew spend most
of their time. Trade studies are required to improve shielding effectiveness and to lower shielding
mass.

5.18.1. Shielding Material Selection
Traditionally, aluminum has been used in structural applications for space vehicles and space habitats,
like ISS, but the secondary radiation produced by aluminum is a source of concern for an extended
stay in deep space.
The materials with higher number of hydrogen atoms shield radiation better than the materials with
lower number of hydrogen atoms. Polyethylene, with a high density of hydrogen in its molecular
chains, shows the greatest potential for radiation protection. Liquid hydrogen is very effective
shielding material, but it will require very thick layer of liquid hydrogen to get small shielding depth
because it has very low density.
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Figure 134 shows the comparison of dose equivalent for leading shielding material candidates. The
requirements for a high performance shielding material are to maximize the number of electrons per
unit mass and minimize the production of secondary particles.

Figure 134. Effective radiation dose behind various shields exposed to the free space solar
minimum GCR and August 1972 SPE environment (Cucinotta, 2005)

In Error! Reference source not found. and Error! Reference source not found. thickness and
mass of common shielding materials are compared with Aluminum (Al), where Al is equal to 1. The
units of thickness and mass of shielding materials are not shown because the numerical values are
normalized to the numerical values of Al.
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Figure 135. Thickness of Shields Normalized to Al
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Figure 136. Mass of Shields Normalized to Al

From the analysis of these figures, Polyethylene (PE) is selected to achieve minimum mass of the
shield. Also, PE provides better shielding because it contains high density of hydrogen atoms.

5.18.2. Shielding Mass Calculation
The habitat’s main structure is made out of Al, which also provides radiation shielding. The
properties of Al and PE are:
Density of Al = 2.7 g/cm3
Density of PE = 1.0 g/cm3 (High density PE is selected to get better shielding)
The equations to calculate the shielding depth and thickness are:
Shielding depth = thickness x density
Thickness = Shielding depth/density
Shielding depth of Al equivalent to PE is calculated using following relation:
1 g/cm2 of PE is = 1.4 g/cm2 of Al
Habitat dimensions are:
Radius (R) = 800 cm
Height (H) = 420 cm
End caps radius (r) = 800 cm
End caps height (h) = 100 cm
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Equations used to calculate volume of cylindrical part and end caps of habitat are:
Volume of cylinder = !R2H
Volume of End cap =

!!
!! ! !! !

From the analysis of Figure 133 and Figure 134, 5 g/cm2 radiation shielding depth equivalent to PE
is required to get reasonable radiation dose and lower mass. As shown in Table 49, 1.6 cm of Al
provides 4.32 g/cm2 shielding depth, which is equivalent to about 3 g/cm2 shielding depth of PE.
Extra 2 g/cm2 shielding depth of PE is provided with the 2 cm of PE around the habitat wall.
During the SPE events crew must be inside the shelter. Assuming that crew will spend significant
amount of their time (8 hours/day) inside the berths, berths are designed to shelter against SPE
radiation. The PE shielding depth for shelter is determined from the analysis of figure 3. 11 cm of
PE around the shelter is required to shield SPE radiation. The total shielding depth equivalent to PE
inside the shelter including outer wall shielding is about 16 g/cm2.
30 cm diameter and 5 cm thick circular plate of PE will be mounted on the wall by hinges to shield
the radiation through the windows. There are total 4 windows in the habitat.
The total mass estimation for PE shield (including PE shield for 4 windows) is 6834 kg.
Table 49. Mass Calculation of PE Shield

Description

Habitat Wall

End Caps

SPE Shelter

Al Thickness [cm]

1.6

1.6 + 0.2*

0

Al Shielding Depth [g/cm2]

4.32

4.86

0

PE Equivalent of Al [g/cm2]

3

3.5

0

PE Shielding Thickness
[cm]

2

1.5

11

PE Shielding Depth [g/cm2]

2

1.5

11

Total Shielding Depth**
[g/cm2]

5

5

16

Volume of PE [m3]

2.12

1.2

3.5

Mass of PE [kg]

2120

1200

3500

Total Mass of PE [kg]

6820

* About 0.2 cm of floor thickness was added to end caps thickness
** Total shielding depth is equivalent to PE
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5.18.3. Radiation Dose Behind the Shield
To maintain radiation dose levels below exposure limits, dose estimates must be determined for
entire missions length. Figure 137 is the modified version of Figure 134. Extra lines and radiation
doses at 5 g/cm2 and 16 g/cm2 are added to ease the calculation.

2

Figure 137. Modified Figure 134 to show SPE and GCR Radiation Doses at 5 g/cm and at 16 g/cm

2

Table 50. Radiation Doses at Different Location in a year

Location

Time [days]

Dose [cSv]

Shelter

122

20.5*

Habitat

243

40

Total Dose

60.5

Table 50 shows the total radiation dose calculation in a year. Crew will spend about 122 days in their
berths (or SPE shelter) and will get 50 cSv/yr of GCR dose and 3.8 cSv of SPE dose. Also, crew will
spend rest of days (243 days) outside the berths and will get about 40 cSv/yr of GCR dose. The total
radiation dose in a year behind the shield is about 60.5 cSv, which is 10.5 cSv higher than radiation
exposure limit for a year.
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It will take about 300 days to reach radiation exposure limit (50 cSv/yr). Radiation dose will be well
below the limit for Phase I (6 months) and Phase II (6 months). Crew age and gender must be
selected for Phase III (1000 days) to minimize the high radiation dose health risks.

5.19. Atmosphere Control System
The Atmosphere Control System (ACS) reuses the cabin air inside the space habitat. Figure 138
shows the recyclable resources available in a space habitat. The ACS filters the cabin air by removing
all toxic introduced into the air.

Figure 138. The Flow of Recyclable ("Regenerative") Resources

5.19.1. Interface
There are 3 main actors interacting with the ACS. First the Command Center monitors the
atmosphere condition with sensors. Second the crewmembers exhale CO2 and inhale O2 from the
cabin air. Third the outside environment and crewmembers will fluctuate the temperature inside the
cabin. The ACS will remove the CO2 and regenerate O2 to maintain habitable cabin atmosphere
conditions. Figure 139 shows the interactions between the actors and the ACS.
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Figure 139. ACS Use Case Diagram

5.19.2. System Structure
Physical components such as CO2 scrubbing system, O2 regenerative system, tanks, power supply,
sensors, and a temperature and humidity control system are used to make up the over all ACS. The
components are designed to minimize volume, mass, and power consumption. This will allow us to
maximize crewmembers living area and decrease the space habitat’s overall mass. Figure 140 shows
the components that make the ACS.

Figure 140. ACS Block Definition Diagram

5.19.3. State
Figure 141 shows the CO2 removal and O2 regeneration concept. The basic idea is to capture the
CO2 outputted from the crewmembers and separating the oxygen from the carbon atoms in order to
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put the oxygen back to the cabin atmosphere. This approach allows us to construct a close loop
cabin air filtration system.

Figure 141. ACS State Machine Diagram

CO2 Removal/O2 Regenerative System
Removing the CO2 is fundamental in order to maintain the cabin’s atmosphere to the desired O2
percentage. The mass, volume, power, and other integrated components were taking into account in
determining the CO2 scrubbing system and O2 regenerative system. The system is designed to
remove the 1 kg of CO2 outputted by an average person a day.

CO2 Removal System Trade Study
The 4BMS, 2BMS, SAWD, and EDC are the CO2 removal systems that were taken into
consideration. The 4BMS requires the largest amount of power, weighs more, and takes up the most
space but it has an integrated Humidity Control System, which makes it the preferred systems. Values
for Table 51 and Table 52 are found at Dave’s Akins Website (Akin D. , 2013)
Table 51. CO2 Scrubbing System’s Power, Mass, and Volume. Values are for 1kg/person day of CO2 removal

System

Power (W)

Weight (kg)

Volume (m3)

Integrated Humidity
Control System

4 Bed Molecular
Sieves (4BMS)

170

30

.11

Yes

2 Bed Molecular Sieves
(2BMS)

77

16

.09

No

Solid Amine Water
Desorption (SAWD)

150

17

.07

No

Electrochemical
Depolarization
Concentration (EDC)

60

11

.02

No
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O2 Regenerative System Trade Study
The Sabatier Reaction System with the ACRS and the Bosh Reaction System breaks the CO2 into
carbon and oxygen. The Sabatier with the ACRS requires lower mass, power, and volume than the
Bosch Reaction system. Due to those reasons the Sabatier and ACRS are the preferred system.
Table 52. O2 Regenerative System’s Power, Mass, and Volume. Values are for 1kg/person day of CO2
removal

System

Power (W)

Weight (kg)

Volume (m3)

Sabatier Reaction

260

91

3

Bosch Reaction

1650

700

3.9

Advance CarbonFormation Reaction
system (ACRS)

130

60

.1

Mass, Power, and Volume Constraints
Figure 142 shows the components for CO2 removal/O2 regenerative system and the constraints they
have. From the trade studies the mass, power, and volume are in terms of 1 kg/person a day of CO2
removal and because an average person output about 1 kg of CO2 a day we can multiply by the
number of crewmembers to find the total values.

Figure 142. CO2 Removal/O2 Regenerative System BDD with Constraints
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Figure 143. CO2 Removal/O2 Regenerative System with New Constraints and Verification

Figure 143 shows the second constrain of the CO2 removal and O2 regenerative system and the
verification of meeting the initial mass, power, and volume requirements. The actual mass, power,
and volume of the system are determined by adding a margin of safety of 1.5. Table 53 shows the
total mass, power, and volume of the CO2 removal and O2 regenerative system.
Table 53. Total Power, Mass, and Volume with 1.5 Margin Of Safety

System

Power (W)

Weight (kg)

Volume (m3)

CO2 Removal/O2
regenerative System

5040

2172

29

CO2 Removal/O2 Regenerative System State
Figure 144 shows the CO2 removal and O2 regenerative system process with the components the
selected from the trade study. The O2 regeneration process begins when the 4BMS captures the CO2.
The CO2 then travels to the Sabatier Reaction System where it is introduced to hydrogen to create
methane and waster. The methane goes to the ACRS and turns it into carbon and hydrogen and the
water goes through a hydrolysis reaction system. The carbon is discarded. The hydrogen for the
ACRS and hydrolysis process gets put back into the Sabatier Reaction System for the next CO2 and
the O2 goes out to the cabin atmosphere.
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Figure 144. CO2 Removal/O2 Regenerative System State Machine Diagram

5.19.4. Safety, Performance, and Reliability Requirements
The ACS has to meet certain safety, performance, and reliability requirements. All of the components
used for the ACS have a high technology readiness level to insure a reliable system. The system will
receive sufficient power from solar panels to meet desired performance. For safety purposes we want
to avoid the Hypoxic Zone and Oxygen Toxicity. Due to fire concerns NASA requires that the
cabin atmosphere be less than or equal to 30%. To understand speech or sound transmitted though
the atmosphere you need a cabin pressure over 69 kPa. Figure 145 shows more detail about the ACS
requirements.
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Figure 145. ACS Requirement Diagram

Cabin pressure and O2 percentage
On the left Figure 146 shows the hemoglobin oxygen dissociation curve and using logarithmic
properties a linear relationship was obtained shown on the right. The x-axis shows the partial
pressure of O2 felt in the alveolar and the y-axis shows the corresponding saturation percentage.
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Figure 146. Hemoglobin Oxygen Dissociation Curve

Table 54 shows a few of the numerous Cabin Pressure and O2% that were analyzed. A cabin pressure
of 72 kPa and O2% of 30 meets our entire safety requirement. The saturation level is higher than
90%, the cabin pressure is higher than 69 kPa, and the pressure felt in the alveolar avoids the hypoxic
zone and the oxygen toxicity zone.
Table 54. Cabin Pressure/O2% Trade Study

Cabin Pressure
(kPa)

O 2%

O2 Pressure Felt in the
Alveolar (PaO2)
(kPa/mmHg)

Saturation
%

PaO2 at (SSL) –
PaO2 in cabin
(kPa)

101.32

21

13.3/99.7

96.2

0

62

30

10.4/78.4

93.87

2.9

72

30

13.4/101

96.3

-.1

54

22

4.2/31.5

70

9.1

34

80

15.9/119.3

97.4

-5.6

5.19.5. N2/O2 Tanks
About 1% of nitrogen will be lost per day during the duration of the mission due to leakage. N2 tanks
will replenish the lost. Figure 147 shows the amount of N2 lost for the mission. As the mission
duration increase the difference in N2 become significantly larger. Due to that reason we want to
keep the N2 percentage as low as possible but still satisfy the O2 percentage safety requirement from
Figure 145.
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Figure 147. N2 leakage vs. Duration

N2 Leakage
From Figure 147 the amount of N2 lost due to leakage was found. The tank mass is about 70 percent
of the N2 mass it carries. The N2 will be stored as liquid with a pressure of 5.035x106 Pa. Table 55
show the total mass and volume for the tank for each phase. There will be 3 Phase II so 3 tank will
be needed.
Table 55. N2 Tank Mass and Volume to Replenish Leakage

Phases

N2/Tank Mass [kg] Total Mass [kg]

Tank Volume [m3]

Phase I (180 days)

696/473.2

1169.2

7.23

Phase II (180 days)

696/473.2

1169.2

7.23

Phase III (1000 days)

1149 /804.3

1953.3

17.56

Leakage from Airlock
The airlock will be depressurized to 1 kPa and the remainder of the air will be vented out. The largest
airlock has a volume of 55.7 m3. At cabin atmosphere condition the mass of the air in the airlock
sums to 47.17 kg. When depressurized to 1 kpa about 1.4% of the air mass will remain and be vented
off. The air lost will be .7 kg (.49 kg of N2 .21 kg of O2) per depressurization. There will be resupply
of N2 and O2 to support up to 250 EVA (1 EVA per week) for the duration of the mission. For
contingency purposes there will also be enough N2 and O2 to pressurize the Mars Sims.
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Table 56. O2/N2 Tank Mass and Volume to Replenish Airlock purge and for Mars SIM

Mass [kg]

Volume [m3]

O /O tanks for EVA

89

.8

N /N tanks for EVA

208.3

2.13

O /O tanks for Mars Sim

52

.47

N /N tanks for Mars Sim

121.3

1.09

Total

470.6

4.49

2

2

2

2

2

2

2

2

5.19.6. Depressurization Pumps
Roughing pumps with volume flow rate higher than .04 m3/s2 tend to weigh twice as much as pumps
below that capacity. The average weight for a pump with a volume flow rate of .03 m3/s2 is 275 kg.
The depressurization time to depressurize the airlock from cabin air pressure to 1 kPa is show on
Table 57 were:
q = volume flow rate capacity of the vacuum pump
v= enclosed evacuated volume
Po= initialization pressure-cabin pressure
P1= end of vacuum pressure
t= evacuation time
Table 57. Volume Flow Rate and Depressurization Time for the largest airlock (v=55 m3)

q (m3/s2)

t = v/q * ln(Po/P1)

Time ( hr : min: sec )

.065

3600 sec

1:00:00

.044

5400 sec

1:30:00

.032

7200 sec

2:00:00

The roughing pump used to depressurize the airlocks will have a volume flow rate around .03 m3/s2.
The mass of the pump will weigh around 275 kg and take about 2 hours to depressurize.

5.20. Habitat Characteristics
5.20.1. Volume Requirements
The final habitat configuration must satisfy the maximum volume and area requirements for six crew
and 1000 days of mission duration. These dimensions can be found in Section §4.1.2

5.20.2. Similar Diameter Dimensions for Multiple Diameter Designs
The diameter of the habitats in a multi-habitat system must be the same as a single habitat, which is
eight meters. This is due to the payload fairing dimensions of the launch vehicle (see Section §4.14.1.
Creating habitats with smaller diameters that still satisfy human habitation incurs empty spaces inside
the payload fairing that cannot be used. This violates the need to maximize payload volume.
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5.20.3. Trade Study
The single-habitat system is superior to a multi-habitat system. Since the cylindrical dimensions of
multi-habitat systems are the same as a single-habitat system, the mass is 42% higher for a twohabitat system. The difference is even high when comparing systems with more than two habitats. In
addition, the single-habitat system requires only one heavy launch, unlike multiple-habitat systems
which require multiple heavy launches.

5.20.4. General Habitat Characteristics
The system will be a single habitat with dimensions listed in §4.1.2. The habitat will consist of two
floors, the lower of which is the “living” floor, and the upper floor being the “science” floor.

5.20.5. Lower Floor: Living Level
Crew Berths
The crew berths will serve as bunkers in the event of a Solar Particle Event (SPE). Thus, the berths
will be constructed of polyethylene and have an exterior thickness of 11 centimeters. The interior
thicknesses will be 2 centimeters, which has been determined to be acceptable for human loads using
finite element analysis. The berths will also incorporate doors that will remain open during normal
operation and be closed in the event of an SPE. The specific dimensions of the berths were
determined though quantitative spatial testing using virtual mockups of various berth styles.

Various Interior Components
The habitat will have various components that serve different purposes. These components include
hygiene facilities, water storage, a water-recycling unit, life support systems, and other components
that will are discussed in great detail in other sections.

5.20.6. Canonical Designs for Lower Floor
Virtual reality testing was conducted to determine the best design from four canonical layouts. These
four layouts were based on two berth configurations; “pod hotel” and “L-configuration”.

Pod Hotel Berth Designs
The pod hotel design is based on a centralized berth, meaning all crew berths are grouped together
into one entity (which resembles a capsule hotel). This design is the most efficient in terms of mass
because the SPE shielding mass is less when compared to designs that separate the berths. The two
layouts for pod hotel were: a layout with a central circular table (Pod Hotel #1) and a layout with an
off-center table further away from the berths (Pod Hotel #2). More details about each configuration,
as well as complete details about the test, can be found in Section 5.3.
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Figure 148. . "Pod hotel" berth configuration

Figure 149. Pod Hotel #1
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Figure 150. Pod Hotel #2

L-Configuration
The L-configuration design is a three-berth design in which two berths are stacked and one is
attached laterally to the base design (resembling the letter “L” from a side view). L-configuration
layout #1 has the central table facing the ladder. L-configuration layout #2 has the central table
facing the hygiene facilities.

Figure 151. L-configuration layout #2

5.20.7. Upper Floor: Science Level
Science Package
The science level will be equipped with a science laboratory, which is discussed in Section §3.3.
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Computer Station
There will be a table with three laptops and a flight computer. This will be used in conjunction with
the science laboratory to conduct experiments. Specific details about these computers can be found
in Section §7.3.7.

Figure 152. CAD model of computer station and science package

Physiology Table
There will be a table on the science floor that will be equipped with a comprehensive health-rated
computer, in addition to various probes. This table will be accompanied by a hygiene facility
containing a toilet and sink. Specific details about these components can be found in Section §3.3.

Figure 153. CAD model of physiology table and supplemental hygiene facility
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Exercise
The science level will contain an exercise station designed to promote the physiological wellbeing of
the astronauts. Specific details about the exercise program and machines can be found in Section 5.6.

Figure 154. CAD model of exercise station (treadmill on left, CEVIS pedals in middle, CEVIS seat on right)

Space Suits
All six EVA space suits will be located on the science floor. Four will be situated in a circle in the
middle of the floor, while two will be located near the ladder. Since EVA’s will only occur during
periods of zero rotation, there is no need for a ladder mechanism to enter the airlock (located above
the science floor). Specific details about the various space suits can be found in Section §5.7.
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Figure 155. CAD model of science level (space suits in middle and to left)

5.21. Testing
In order to finalize the interior layout, hardware tests were conducted to determine favorable interior
characteristics based on several canonical designs.

5.21.1. Hardware Testing: HAVEN
The HAVEN habitat is a project under the Space Systems Laboratory at the University of Maryland.
It is a cylindrical habitat with a diameter of five meter with a height of 2 meters. In order to use
HAVEN for human testing, certain renovations needed to be made. Once renovated, the habitat was
used to for the first of a battery of tests that will be conducted to determine an acceptable dimension
of volume and area per crewmember.

Necessary Renovations
The exterior of HAVEN needed to be weatherproofed. This was done by inspecting the entire
exterior and applying expanding foam and caulk to gaps and holes that rainwater could enter.

220

Figure 156. Initial state of HAVEN habitat

Molding was attached to the edges of the doorways. After the foam cured, the exterior was sanded in
areas where the wood had frayed and two coats of paint were applied to the entire habitat exterior.

Figure 157. HAVEN during renovations
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Figure 158. HAVEN after weatherproofing was completed and molding attached

After weatherproofing the exterior, the exterior hatches were attached. The hatches were initially two
pieces that needed to be fastened together then mounted to the molding using hinges. Windows were
also attached to the hatches.

Figure 159. HAVEN after attaching hatches
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5.21.2. Volume Testing
Preparation
In order to carry out testing, HAVEN was outfitted to take data. Two tables were installed in the
interior in order to hold equipment. A computer was installed, in addition to a GoPro camera that
was mounted on the wall. The GoPro camera was set to record compressed video in order to
efficiently view the tests. A galley (consisting of a microwave, toaster and coffee pot) was also
installed. This testing regiment will consist of four test sessions, each of which lasted an hour long.
The first test consisted of one test subject. Each subsequent test added one additional test subject.
The same protocol was used for each respective test subject. Each test lasted one hour.

Protocol: Subject 1
The first test was a control to determine the response from a single test subject. The protocol for
Subject 1 was:
•

•

•

•

•

TASK 1: GRAB A CUP NOODLE AND TAKE IT TO THE HOT WATER HEATER. PROCEED TO
HEAT UP WATER AND ADD BOILING WATER TO YOUR CUP NOODLES. ONCE THE CUP
NOODLES HAVE FINISHED COOKING, PLEASE TAKE YOUR CUP NOODLES AND WALK TO
THE TABLE IN THE MIDDLE OF THE HABITAT. THIS IS ONLY FOR YOUR FIRST TEST. FOR
OTHER TESTS, JUST GRAB A CUP OF WATER.
NOW, ANSWER QUESTION 1 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 2: EAT YOUR CUP NOODLES IF YOU ARE HUNGRY. OTHERWISE, PLEASE SIT FOR 5
MINUTES AND READ AN ARTICLE IN THE NEWSPAPER ON THE TABLE. IF YOU OPEN THE
NEWSPAPER, PLEASE FOLD IT BACK INTO A PILE. IF YOUR NEXT TASK IS NOT AVAILABLE
YET, PLEASE CONTINUE PERUSING THE PAPER.
NOW, ANSWER QUESTION 2 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 3: PLEASE GO TO THE TABLE WITH THE LAPTOP. ONCE THERE, A WINDOW SHOULD
BE OPEN WITH A VIDEOCHAT. OLIVER SHOULD BE THERE TO GIVE YOU A SET OF
NUMBERS. USE THE COMPUTER’S NOTEPAD TO RECORD THESE NUMBERS.
NOW, ANSWER QUESTION 3 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 4: SAVE THESE NUMBERS INTO A NOTEPAD FILE (USE “T1S1” FOR THE FILENAME).
EMAIL THIS FILE TO: OORTIZ@TERPMAIL.UMD.EDU
NOW, ANSWER QUESTION 4 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 5: CREATING A NEW FILE IN NOTEPAD, WRITE A LETTER TO OLIVER. THE LETTER
SUBJECT WILL CHANGE BASED ON THE TEST NUMBER. THE LETTER SHOULD BE SHORT
(WHATEVER YOU CAN WRITE IN 10 MINUTES)
o TEST 1: TELL ME WHAT YOUR FAVORITE CLASS IN COLLEGE HAS BEEN SO FAR.
WHY?
SAVE
THIS
FILE
AS
“LETTER_T1S1”
AND
EMAIL
IT
TO:
OORTIZ@TERPMAIL.UMD.EDU.
o TEST 2: TELL ME WHAT YOUR LEAST FAVORITE CLASS IN COLLEGE HAS BEEN SO
FAR. WHY? SAVE THIS FILE AS “LETTER_T2S1” AND EMAIL IT TO:
OORTIZ@TERPMAIL.UMD.EDU.
o TEST 3: GET UP AND LOOK OUT THE WINDOW TO YOUR RIGHT. DESCRIBE WHAT
YOU SAW. SAVE THIS FILE AS “LETTER_T3S1” AND EMAIL IT TO:
OORTIZ@TERPMAIL.UMD.EDU.
o TEST 4: DESCRIBE THE CEILING ABOVE YOU (LITERALLY, THE CEILING OF THE
HABITAT). DESCRIBE THE COLOR, LAYOUT, MATERIALS, AND ANYTHING ELSE YOU
CAN USE TO IDENTIFY THIS CEILING. ASSUME I HAVE NEVER SEEN THIS CEILING
BEFORE, BUT THAT I AM FAMILIAR WITH WOOD BEAMS, SCREWS, ETC. SAVE THIS
FILE AS “LETTER_T4S1” AND EMAIL IT TO: OORTIZ@TERPMAIL.UMD.EDU.
o NOW, ANSWER QUESTION 5 OF THE SURVEY. DON’T FORGET THE SECOND ROW
ON EVERY QUESTION.
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Protocol: Subject 2
The protocol for Subject 2 was:
•

•

•

•

•

TASK 1: PLEASE GO TO THE TABLE WITH THE LAPTOP. ONCE THERE, A WINDOW SHOULD
BE OPEN WITH A VIDEOCHAT. OLIVER SHOULD BE THERE TO GIVE YOU A SET OF
NUMBERS. USE THE COMPUTER’S NOTEPAD TO RECORD THESE NUMBERS.
NOW, ANSWER QUESTION 1 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 2: SAVE THESE NUMBERS INTO A NOTEPAD FILE (USE “T1S1” FOR THE FILENAME).
EMAIL THIS FILE TO: OORTIZ@TERPMAIL.UMD.EDU
NOW, ANSWER QUESTION 2 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 3: CREATING A NEW FILE IN NOTEPAD, WRITE A LETTER TO OLIVER. THE LETTER
SUBJECT WILL CHANGE BASED ON THE TEST NUMBER. THE LETTER SHOULD BE SHORT
(WHATEVER YOU CAN WRITE IN 10 MINUTES)
o TEST 1: TELL ME WHAT YOUR FAVORITE CLASS IN COLLEGE HAS BEEN SO FAR.
WHY?
SAVE
THIS
FILE
AS
“LETTER_T1S1”
AND
EMAIL
IT
TO:
OORTIZ@TERPMAIL.UMD.EDU.
o TEST 2: TELL ME WHAT YOUR LEAST FAVORITE CLASS IN COLLEGE HAS BEEN SO
FAR. WHY? SAVE THIS FILE AS “LETTER_T2S1” AND EMAIL IT TO:
OORTIZ@TERPMAIL.UMD.EDU.
o TEST 3: GET UP AND LOOK OUT THE WINDOW TO YOUR RIGHT. DESCRIBE WHAT
YOU SAW. SAVE THIS FILE AS “LETTER_T3S1” AND EMAIL IT TO:
OORTIZ@TERPMAIL.UMD.EDU.
o TEST 4: DESCRIBE THE CEILING ABOVE YOU (LITERALLY, THE CEILING OF THE
HABITAT). DESCRIBE THE COLOR, LAYOUT, MATERIALS, AND ANYTHING ELSE YOU
CAN USE TO IDENTIFY THIS CEILING. ASSUME I HAVE NEVER SEEN THIS CEILING
BEFORE, BUT THAT I AM FAMILIAR WITH WOOD BEAMS, SCREWS, ETC. SAVE THIS
FILE AS “LETTER_T4S1” AND EMAIL IT TO: OORTIZ@TERPMAIL.UMD.EDU.
NOW, ANSWER QUESTION 3 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 4: GRAB A CUP NOODLE AND TAKE IT TO THE HOT WATER HEATER. PROCEED TO
HEAT UP WATER AND ADD BOILING WATER TO YOUR CUP NOODLES. ONCE THE CUP
NOODLES HAVE FINISHED COOKING, PLEASE TAKE YOUR CUP NOODLES AND WALK TO
THE TABLE IN THE MIDDLE OF THE HABITAT. THIS IS ONLY FOR YOUR FIRST TEST. FOR
OTHER TESTS, JUST GRAB A CUP OF WATER.
NOW, ANSWER QUESTION 4 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 5: EAT YOUR CUP NOODLES IF YOU ARE HUNGRY. OTHERWISE, PLEASE SIT FOR 5
MINUTES AND READ AN ARTICLE IN THE NEWSPAPER ON THE TABLE. IF YOU OPEN THE
NEWSPAPER, PLEASE FOLD IT BACK INTO A PILE. IF YOUR NEXT TASK IS NOT AVAILABLE
YET, PLEASE CONTINUE PERUSING THE PAPER.
NOW, ANSWER QUESTION 5 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.

Protocol: Subject 3
The protocol for Subject 3 was:
•

•

TASK 1: GRAB A CUP NOODLE AND TAKE IT TO THE HOT WATER HEATER. PROCEED TO
HEAT UP WATER AND ADD BOILING WATER TO YOUR CUP NOODLES. ONCE THE CUP
NOODLES HAVE FINISHED COOKING, PLEASE TAKE YOUR CUP NOODLES AND WALK TO
THE TABLE IN THE MIDDLE OF THE HABITAT. THIS IS ONLY FOR YOUR FIRST TEST. FOR
OTHER TESTS, JUST GRAB A CUP OF WATER.
NOW, ANSWER QUESTION 1 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 2: EAT YOUR CUP NOODLES IF YOU ARE HUNGRY. OTHERWISE, PLEASE SIT FOR 5
MINUTES AND READ AN ARTICLE IN THE NEWSPAPER ON THE TABLE. IF YOU OPEN THE
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•

•

•

NEWSPAPER, PLEASE FOLD IT BACK INTO A PILE. IF YOUR NEXT TASK IS NOT AVAILABLE
YET, PLEASE CONTINUE PERUSING THE PAPER.
NOW, ANSWER QUESTION 2 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 3: (FOR TEST 3, YOU WILL DO STEPS 3-5 ALONE. FOR TEST 4, YOU WILL DO THIS AS
A TEAM WITH S4) ON A DRAWER BEHIND THE WALL, THERE SHOULD BE THREE STACKED
BOXES. PLEASE ASK ONE OF THE OTHER TEAM MEMBERS TO HELP YOU LOWER THIS BOX
SOMEWHERE NEAR THE DARK SQUARE ON THE FLOOR AND REST IT THERE. OPEN THE
BOX, REMOVE ALL CONTENTS, OPEN THE INSTRUCTIONS AND MAKE SURE ALL THE
NECESSARY PIECES ARE THERE.
NOW, ANSWER QUESTION 3 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 4: PROCEED TO BUILD THE PIECE OF FURNITURE. IF YOU NEED HELP AT ANY POINT,
FEEL FREE TO ASK A TEAM MEMBER.
NOW, ANSWER QUESTION 4 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 5: PLACE THE PIECE OF FURNITURE ON THE DARK SQUARE ON THE FLOOR. FOR
TEST 4 ONLY: PLACE THE TWO PIECES OF FURNITURE SIDE BY SIDE.
NOW, ANSWER QUESTION 5 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.

Protocol: Subject 4
The protocol for Subject 4 was:
•

•

•

•

•

TASK 1: GRAB A CUP NOODLE AND TAKE IT TO THE HOT WATER HEATER. PROCEED TO
HEAT UP WATER AND ADD BOILING WATER TO YOUR CUP NOODLES. ONCE THE CUP
NOODLES HAVE FINISHED COOKING, PLEASE TAKE YOUR CUP NOODLES AND WALK TO
THE TABLE IN THE MIDDLE OF THE HABITAT. THIS IS ONLY FOR YOUR FIRST TEST. FOR
OTHER TESTS, JUST GRAB A CUP OF WATER.
NOW, ANSWER QUESTION 1 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 2: EAT YOUR CUP NOODLES IF YOU ARE HUNGRY. OTHERWISE, PLEASE SIT FOR 5
MINUTES AND READ AN ARTICLE IN THE NEWSPAPER ON THE TABLE. IF YOU OPEN THE
NEWSPAPER, PLEASE FOLD IT BACK INTO A PILE. IF YOUR NEXT TASK IS NOT AVAILABLE
YET, PLEASE CONTINUE PERUSING THE PAPER.
NOW, ANSWER QUESTION 2 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 3: (FOR TEST 3, YOU WILL DO STEPS 3-5 ALONE. FOR TEST 4, YOU WILL DO THIS AS
A TEAM WITH S4) ON A DRAWER BEHIND THE WALL, THERE SHOULD BE THREE STACKED
BOXES. PLEASE ASK ONE OF THE OTHER TEAM MEMBERS TO HELP YOU LOWER THIS BOX
SOMEWHERE NEAR THE DARK SQUARE ON THE FLOOR AND REST IT THERE. OPEN THE
BOX, REMOVE ALL CONTENTS, OPEN THE INSTRUCTIONS AND MAKE SURE ALL THE
NECESSARY PIECES ARE THERE.
NOW, ANSWER QUESTION 3 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 4: PROCEED TO BUILD THE PIECE OF FURNITURE. IF YOU NEED HELP AT ANY POINT,
FEEL FREE TO ASK A TEAM MEMBER.
NOW, ANSWER QUESTION 4 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
TASK 5: PLACE THE PIECE OF FURNITURE ON THE DARK SQUARE ON THE FLOOR. FOR
TEST 4 ONLY: PLACE THE TWO PIECES OF FURNITURE SIDE BY SIDE.
NOW, ANSWER QUESTION 5 OF THE SURVEY. DON’T FORGET THE SECOND ROW ON
EVERY QUESTION.
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Testing

Figure 160. HAVEN test session 4

Survey for HAVEN Testing
Test subjects were given surveys to gauge the degree at which they felt comfortable in the available
space. As stated in the respective protocols, the test subjects answered a question in the survey after
every task.

Survey: Subject 1
SECOND ROW OF BOXES IS FOR FOLLOWING QUESTION: The noise level did
not affect my ability to perform this task in any way.
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I was able to prepare a meal without interruptions.
Strongly
Agree Slightly
Neither Agree
Slightly
Agree
Agree
nor Disagree
Disagree

Disagree

Strongly
Disagree

I was able to eat without interruptions.
Strongly
Agree Slightly
Neither Agree
Agree
Agree
nor Disagree

Disagree

Strongly
Disagree

I was able to record numbers without interruptions.
Strongly
Agree Slightly
Neither Agree
Slightly
Agree
Agree
nor Disagree
Disagree

Disagree

Strongly
Disagree

I was able to register the numbers without interruptions.
Strongly
Agree Slightly
Neither Agree
Slightly
Agree
Agree
nor Disagree
Disagree

Disagree

Strongly
Disagree

I was able to write a letter with without interruptions.
Strongly
Agree Slightly
Neither Agree
Slightly
Agree
Agree
nor Disagree
Disagree

Disagree

Strongly
Disagree

Slightly
Disagree

Survey: Subject 2
SECOND ROW OF BOXES IS FOR FOLLOWING QUESTION: The noise level did not
affect my ability to perform this task in any way.
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I was able to record numbers with minimal difficulty.
Strongly
Agree Slightly
Neither Agree
Slightly
Agree
Agree
nor Disagree
Disagree

Disagree

Strongly
Disagree

I was able to register the numbers with minimal difficulty.
Strongly
Agree Slightly
Neither Agree
Slightly
Agree
Agree
nor Disagree
Disagree

Disagree

Strongly
Disagree

I was able to write a letter with minimal difficulty.
Strongly
Agree Slightly
Neither Agree
Slightly
Agree
Agree
nor Disagree
Disagree

Disagree

Strongly
Disagree

I was able to prepare a meal with minimal difficulty.
Strongly
Agree Slightly
Neither Agree
Slightly
Agree
Agree
nor Disagree
Disagree

Disagree

Strongly
Disagree

I was able to eat with minimal difficulty.
Strongly
Agree Slightly
Neither Agree
Agree
Agree
nor Disagree

Disagree

Strongly
Disagree

Disagree

Strongly
Disagree

Slightly
Disagree

Survey: Subject 3
I was able to prepare a meal without interruptions.
Strongly
Agree Slightly
Neither Agree
Slightly
Agree
Agree
nor Disagree
Disagree
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I was able to eat without interruptions.
Strongly
Agree Slightly
Neither Agree
Agree
Agree
nor Disagree

Slightly
Disagree

Disagree

Strongly
Disagree

I was able to prepare for building without interruptions.
Strongly
Agree Slightly
Neither Agree
Slightly
Agree
Agree
nor Disagree
Disagree

Disagree

Strongly
Disagree

I was able to build the drawer without interruptions.
Strongly
Agree Slightly
Neither Agree
Slightly
Agree
Agree
nor Disagree
Disagree

Disagree

Strongly
Disagree

I was able to place the drawer in the designated area without interruptions.
Strongly
Agree Slightly
Neither Agree
Slightly
Disagree
Strongly
Agree
Agree
nor Disagree
Disagree
Disagree

Survey: Subject 4
I was able to prepare a meal without interruptions.
Strongly
Agree Slightly
Neither Agree
Slightly
Agree
Agree
nor Disagree
Disagree

Disagree

Strongly
Disagree

I was able to eat without interruptions.
Strongly
Agree Slightly
Neither Agree
Agree
Agree
nor Disagree

Disagree

Strongly
Disagree

Slightly
Disagree
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I was able to prepare for building without interruptions.
Strongly
Agree Slightly
Neither Agree
Slightly
Agree
Agree
nor Disagree
Disagree

Disagree

Strongly
Disagree

I was able to build the drawer without interruptions.
Strongly
Agree Slightly
Neither Agree
Slightly
Agree
Agree
nor Disagree
Disagree

Disagree

Strongly
Disagree

I was able to place the drawer in the designated area without interruptions.
Strongly
Agree Slightly
Neither Agree
Slightly
Disagree
Strongly
Agree
Agree
nor Disagree
Disagree
Disagree

Results
Note that the scale from “Strongly Disagree” to “Strongly Agree” follows an integer numerical scale
from 1 to 7, respectively. Also note that the second response is the subject’s answer to the question
“The noise level did not affect my ability to perform this task in any way” using the same scale.
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Figure 161. Task responses for Test 2
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Figure 162. Noise responses for Test 2
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Figure 163. Task responses for Test 3
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Figure 164. Noise responses for Test 3
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Figure 165. Task response for Test 4
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Figure 166. Noise response for Test 4

Conclusion
The ability of a test subject to perform a task was not greatly affected by the presence of three other
test subjects. This may be because of the relatively limited interaction between more than two test
subjects. This may also be influenced by the relatively short duration of the tests (which was one
hour).
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Future Testing
Future testing will consist of larger populations of test subjects, including a test using six test
subjects. In addition, future tests will also be longer in duration. This will further increase the
likelihood of interaction between the test subjects.

5.21.3. Underwater Variable Gravity Testing
To better inform the design of the habitat for the three gravity levels that will be experienced
throughout the mission – microgravity, lunar gravity, and Mars gravity – a procedure was developed
for testing in the University of Maryland’s Neutral Buoyancy Research Facility. A test subject would
be weighted so the combined forces of gravity and buoyancy were equal to the force that would be
experienced in each of the testing environments. Added mass would be distributed across the torso
and limbs consistent with the body mass distribution of the subject. The posture and motion of the
subject would be recorded as they moved throughout a habitat mockup and performed tasks that
would be impacted by the change in gravity levels. A procedures checkout was performed for two of
the tests in order to identify problems with the procedure and gather preliminary data.
The first test recorded the subject’s neutral body posture in each of the three gravitational
environments. Reflective markers were affixed to the subject’s body and tracked in three dimensions
by a Qualisys motion capture system. The subject held a tablet as if they were viewing something on
its screen and was told to stand in a relaxed position as the motion capture system gathered data for
1 minute. The procedure was performed three times, with the subject weighted to simulate a
different gravity level each time.

Figure 167: Neutral Body Posture Test Set-Up

Several issues with the procedures were identified during the checkout. A marker slipped, causing
inaccuracies in one of the tests; future tests will have markers affixed more securely. The test subject
also became fatigued quickly; the microgravity case was tested first, followed by lunar, and then Mars
gravity. This meant that weight was added to the subject for successive tests. Despite the lower
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measured weight of the subject in the water, the added mass still loads the test subject with the full
force of Earth gravity. Future tests will start with the case that requires the most mass and remove
mass for successive tests.

Figure 168: Microgravity (left), Lunar Gravity (middle), Mars Gravity (right)

As can be seen from Error! Reference source not found., under higher gravities the subject’s
neutral body posture more closely resembles their 1-g body posture. Their legs and back straighten
and they stand more upright. Future testing will determine quantitative values for joint angles from
several subjects to determine a model for average neutral body posture in the partial gravity
environments being investigated.
The second test had a subject climb a ladder while weighted to simulate microgravity, lunar gravity,
and Mars gravity. The subject tried several styles of traversal for each gravity level, such as stepping
one leg at a time and pulling with the opposite arm (as one would on Earth) or jumping as far as they
could, several rungs at a time. They reported their subjective analysis with a focus on whether the
rung spacing of the ladder was appropriate for the gravity level.
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Figure 169: Microgravity Ladder Climb

In microgravity, the subject used the ladder very differently from how they would on Earth. They
reported that they felt most comfortable when they only used their arms to pull themselves up and
down the ladder, as it was more like “gliding” than climbing. Overall, the ladder took very little effort
to traverse.

Figure 170: Lunar Gravity Ladder Climb

In lunar gravity, the subject reported that they climbed similarly to how they would on Earth, but
they adjusted the force they used to climb so they would not overshoot the next rung when they
stepped upwards. In this way, they were able to step up the ladder very quickly. The subject also
reported that they could traverse the ladder by jumping up three rungs at a time, but they preferred
the first method.
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Figure 171: Mars Gravity Ladder Climb

In Mars gravity the subject reported that there was no discernable difference from climbing in Earth
gravity.
It was previously theorized that differing gravity levels would require different rung spacing for
ladders. These preliminary results suggest that the ideal rung spacing for a ladder is independent of
the gravity level it is being used in. A new hypothesis is that the standard one-foot rung spacing is
based on human body geometry more than strength and weight. If true, changing rung spacing based
on gravity level might be detrimental to ease of traversal. More research must be performed on this
topic, including requirements for traversing while carrying cargo containers.
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6. Power, Propulsion, and Thermal
6.1. Power
Continuous power must be provided to Polus. Station power requirements influenced the type of
power source used, which ultimately turned out to be solar photovoltaic arrays based upon a mass,
size, cost, and risk comparison. After the power source was selected, analysis was done to determine
the size and location of the arrays for the mission. This section details the analysis done to design the
power system for Polus.

6.1.1. Power Budget
Polus’s power budget was calculated on a system by system basis for each phase. Average power and
peak power were differentiated based on operation times and duty cycles of system power loads.
Power requirements for each phase would determine the technology and size thereof to provide
continuous power to the station.

Phase I
Phase I has the lowest power requirement. The main source of power for the first Phase comes from
crew systems. Although the architecture is limited to the habitat, the station will still be manned in
Phase I. Therefore, all essential life support systems are necessary and are a significant source of
power draw. The figure below lists the power requirements for Phase I.
Table 58. Phase I Power Requirements

Source

Average Power [W]

Peak Power [W]

Avionics

4500

6200

Power, Propulsion, Thermal

4000

8000

Crew Systems

13000

16000

Loads, Structures, Mechanisms

1000

2000

Science Experiments

2200

3000

Total

24700

37200

Phase II
Phase II power requirements are larger than those for Phase I. All subsystems see an increase in
power requirements as the central hub and ballast are added to the architecture and the station begins
its gravity studies. The most significant increase is due to Loads, Structures, and Mechanisms
because power is required for the mechanisms used for the support cables.
Table 59. Phase II Power Requirements

Source

Average Power [W]

Peak Power [W]

Avionics

5500

6800

Power, Propulsion, Thermal

5000

10000
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Crew Systems

15000

18000

Loads, Structures, Mechanisms

7500

13000

Science Experiments

4400

6000

Total

37400

53800

Phase III
Phase III has the highest power requirements. The total average power required for Phase III is 49.6
kW, which is nearly double the average power from Phase I. The Mars SIM is attached for the third
Phase, so that adds a power requirement that did not exist in previously. In addition, the power
required for the cable mechanisms increases with the addition of the Mars SIM since there is more
mass to support and reel in.

Table 60. Phase III Power Requirements

Source

Average Power [W]

Peak Power [W]

Avionics

6000

7000

Power, Propulsion, Thermal

6500

11000

Crew Systems

15000

18000

Loads, Structures, Mechanisms

12000

23000

Science Experiments

6600

9000

Mars SIM

3500

5000

Total

49600

73000

6.1.2. Source Trade
Given the mission’s power requirements, multiple sources of continuous power were examined.
These included solar photovoltaics, nuclear reactors, Radioisotopic Thermal Generators (RTG), and
fuel cells. Specific power, cost, degradation over life, and sensitivity to sun angle were compared
between these options. Table 61 provides a comparison of these factors (Wertz J. R., 2011):
Table 61. Comparison of Continuous Power Sources

Specific Power
[W/kg]

Specific Cost
[$/W]

Degradation
Over Life

Sensitivity to
Sun Angle

Solar Photovoltaic

25-200

500-3000

Medium

Medium

Nuclear Reactor

2-40

400K – 700K

Low

None

RTG

5-20

16K – 200K

Low

None

Fuel Cells

275

50K – 100K

Low

None
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Nuclear reactors and RTGs offer a long life and are independent of the sun angle. However, they
have lower specific power than other options. They also have a higher cost given all of the testing
associated with radioactive material. Given that the habitat will be manned, these options also
provide an unnecessary risk when other options are available. Fuel cells are another option that also
have a long life and no sensitivity to sun angle. In addition, they provide the highest specific power
available. However, they also require reactants. Hydrogen and Oxygen are used as reactants in an
alkaline fuel cell, and approximately 2 kg of reactants can produce 6 kW per hour. Using fuel cells to
provide continuous power over Polus’s mission will thus require a large amount of reactants and
reactant storage, negating any mass savings from their high specific power. Thus, solar photovoltaic
was chosen to provide power to Polus. They have a lower cost than other options and a long, proven
history of use in space. They obviously require sun exposure, but since the sun will only be eclipsed
for 4.1 hours every six months they will rarely be without sunlight.

6.1.3. Photovoltaic Trade
There are many options available for solar photovoltaics. Solar cells are made of different materials
and have different properties. Error! Reference source not found. provides a comparison of cell
efficiency for five types of solar cells: Indium Phosphide, Silicon, Thin Film Silicon, Single-Junction
Gallium Arsenide (GaAs), and Triple Junction Gallium Arsenide. Best efficiencies achieved in the
laboratory and in production are shown.
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Figure 172. Comparison of Solar Cell Technologies

As displayed in Error! Reference source not found., Gallium Arsenide cells produce the highest
efficiencies. Single-Junction GaAs offers an efficiency of only 18.5 %, however Multi-Junction cells
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offer much higher efficiencies. Higher efficiencies allow solar arrays to be built with higher specific
areas and specific mass. Table 62 provides a comparison of GaAs technologies.
Table 62. Comparison of Gallium Arsenide Solar Cell Technologies

Technology

Efficiency

Specific Area
[W/m2]

Mass-Area
Ratio
[kg/m2]

Specific Cost
[$/m2]

GaAs (Single Junction)

18.5 %

252

2.7

134,616

GaAs (Multi Junction)

22.6 %

308

2.8

134,830

GaAs (Improved MJ)

26 %

354

2.8

151,165

GaAs (Ultra MJ)

28 %

382

2.8

151,165

GaAs (MJ 2020 Projection)

30 %

410

2.8

151,165

State of the art Multi-Juntion GaAs cells offer a 28% efficiency. Cell efficiency has improved
markedly over the past decade and continues to improve; MJ GaAs is projected to have an efficiency
between 30-35% by the year 2020 (Wertz J. R., 2011). Multi-Junction GaAs cells were chosen for
Polus’s solar arrays using a conservative near-term efficiency of 30%.
Solar cell specific area can be derived from cell efficiency, and a higher efficiency leads to a higher
specific area and thus a lower total area. Specific mass is calculated by multiplying cell efficiency and
solar flux constant, which is approximately 1365 W/m2 at 1 AU. So, with a 30% efficiency, near term
MJ GaAs cells provide a specific area of 410 W/m2. The cells have a mass-area ratio of
approximately 2.8 kg/m2, so they provide a specific mass of 146 W/kg.

Figure 173. Multi-Junction GaAs Cell Schematic. Each layer collects energy over a different wavelength.

6.1.4. Photovoltaic Sizing
The Multi-Junction GaAs cells will be fit onto photovoltaic arrays to power the station. The solar
cells will be in series-parallel connection and will be mounted onto composite panels insulated with
Kapton. Bypass diodes between cells will be used to limit the effect of shadowing on the array. The
cells will be coated to allow greater use of solar incidence energy. In addition, back surface reflectors
will deflect the energy received back through the cell to increase efficiency and help manage thermal
energy.
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The solar arrays will be panel mounted and attached to a truss that also holds communication
equipment. This power/communication tower was designed to ensure that the solar arrays will
always have a path to the Sun and the communication equipment will always have a path to Earth. In
regards to power, the solar arrays must always face the sun and do so such that the solar incidence
angle remains as orthogonal as possible to the face of the arrays.
The first step to size the solar array was to calculate the power required based upon system loads.
The power required for the solar arrays, however, is also dependent upon the carrier efficiency of the
system and the power requirements for, and time of, eclipse. The following equation was used to
find the solar array power:

!!""!#

!! ∗ !!
! ∗ !!
+! !
!!
!!
=!
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In this equation, Pe is power required for each orbit in times of eclipse, and Pd is power required for
each orbit in times of daylight. Te and Td are time per orbit of eclipse and daylight, respectively. Xe
and Xd represent the path efficiencies from the arrays, through the energy storage systems, and to the
loads in times of eclipse and daylight, respectively. Industry standards treat Xe as 65% and Xd as 85%
(Wertz J. R., 2011). Since Polus is only eclipsed for approximately 4.1 hours every six months, the
time of eclipse per orbit can be treated as zero. So, the power required for the array is reduced to
average power divided by daylight path efficiency.
!!""!# =
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Solar cells will experience degradation over their lifespan, which must be accounted for in the array
calculations. Polus’s solar arrays were designed for a 15 year lifespan. After 15 years, they still need to
produce enough power for the station, so end of life power capabilities must be considered. The end
of life specific power of these arrays was calculated from the beginning of life specific power.
Beginning of life specific power was found using the following equation:
! !"# = !!. !.∗ !! ∗ cos !
S.P. is the specific area of the Multi-Junction GaAs cells, which was previously given as 410 W/m2.
DI is the inherent degradation of the arrays, which occurs in their production. Nominal inherent
degradation for GaAs is 0.77. Theta is the incidence angle of the sun in relation to the surface of the
solar arrays. Polus’s orientation and position relative to the sun allows the station’s z-axis to always
remain orthogonal to the sun. A further discussion about array orientation will occur in Section
6.1.5, but for this analysis it is important to know that the arrays will be deployed along the station’s
positive z-axis. This allows the arrays to maintain a completely orthogonal incidence to the sun.
Theta will therefore be treated as zero, and PBOL will have a value of 315 W/m2.
Specific power at end of life can be calculated from the beginning of life specific power and the
lifetime degradation, DL. Lifetime degradation can be calculated from the following equation:
!! = 1 − !!

!
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DY is the degradation per year and is 0.5% – 1.0% for Multi-Junction GaAs solar cells. A nominal
value of 0.75% was used in this analysis. L in the equation is the lifetime of the cells, which was
treated as 15 years for Polus’s solar arrays. Thus, DL is calculated to have a value of 0.89. End of life
specific power is then calculated from the following equation:
!!"# = !!"# ∗ !!
For Multi-Junction GaAs arrays with a PBOL of 315 W/m2, PEOL is equal to 281 W/m2. To calculate
the total surface area for the solar arrays, total power required for the arrays is divided by end of life
specific power.

!!!""!# = !

!!""!#
!!"#

Phase III
For Polus, the maximum power required occurs during Phase III. Therefore, Phase III power was
the guiding design factor for the solar arrays. Since the solar arrays were sized to provide enough
power for Phase III, they will be able to provide enough power for Phases I and II, as well.
Phase III has an average power requirement of 49.6 kW. Therefore, the GaAs solar arrays used in
Phase III must be big enough to provide the necessary power. The methodology previously
discussed was used to size the arrays for Phase III. The following table summarizes the values for the
variables used in the methodology for Multi-Junction GaAs arrays with 30% efficiency.
Table 63. Variable Used in MJ GaAs Sizing Methodology

S.P.
[W/m2]

Xd

DI

Theta
[Deg]

DY

L
[Years]

DL

410

0.85

0.77

0

0.0075

15

0.89

From these variables, the initial Phase III power requirement can be transformed to the BOL power
sizing to requirement, then to the EOL power sizing requirement, and finally to the total surface area
required. Table 64 summarizes the values for these Phase III requirements.
Table 64. Phase III Array Sizing Values

Pd [W]

Parray
[W]

PBOL
[W/m2]

PEOL
[W/m2]

Surface
Area [m2]

49600

58400

315

281

208
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As Table 64 shows, the total surface area required for the solar arrays is 208 m2. Using the mass-area
ratio for the cells in Table 62, the total mass of the arrays is found to be 582 kg. These total values
will be divided over four evenly sized arrays. Each array will weight 145.5 kg and have a surface area
of 52 m2. Each array will have dimensions of 3 m x 18 m.

Figure 174. Sizing of Each Polus Solar Array (Four Total)

Figure 175. Four Arrays Deployed Off Power/Comm. Tower.

Phase II
Phase II has an average power requirement of 37.4 kW. The same methodology used for Phase III
was used to size the solar arrays required for Phase II.
Table 65. Phase II Array Sizing Values

Pd [W]

Parray
[W]

PBOL
[W/m2]

PEOL
[W/m2]

Surface
Area [m2]
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37400

44000

315

281

157

The total surface area required for Phase II is 157 m2. The four solar arrays that will ultimately be
required for Phase III will be used for Phase II. The total surface area of the four arrays, 208 m2, will
be sufficient to meet power requirements for Phase II.

Phase I
Phase I has an average power requirement of 24.7 kW. Once again, the sizing methodology
previously discussed was used to size the arrays needed for Phase I. Table 66 shows the sizing values:
Table 66. Phase I Array Sizing Values

Pd [W]

Parray
[W]

PBOL
[W/m2]

PEOL
[W/m2]

Surface
Area [m2]

24700

29000

315

281

103

The total surface area required for Phase I power requirements is 103 m2. This is roughly half of the
total power required for Phase III. Therefore, only two of the four solar arrays on Polus will be
deployed for Phase I. Since the others are not yet required, they will remain attached to the
power/communication tower in their stowed configuration for the first phase. Thus, they will not be
subjected to any degradation due to solar radiation.
During launch, the solar arrays will be folded into compact, 3x3 m components. Upon arrival in
DRO, Polus’s energy storage system will power the robotic arm as it assembles the
power/communication tower to the habitat. More details of the tower location will be discussed in
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Section 6.1.5. Once the tower is in position, two of the four arrays will be deployed to power the
station during Phase I.
Figure 176. Phase I Solar Arrays in Stowed (Left) and Deployed (Right) Configurations

6.1.5. Photovoltaic Location
The solar arrays will be panel mounted and attached to a truss that also holds communications
equipment. This power/communications tower was designed to ensure that the solar arrays will
always have an unobstructed path to the Sun and the communications equipment will always have a
similar path to Earth. In regards to power, the solar arrays must always face the sun and do so such
that the solar incidence angle remains orthogonal to the face of the arrays.
Since the habitat will be spinning in Phase I, and the station will be rotating around the center hub in
Phases II and III, it was determined that the solar arrays should be located in a stationary location so
the solar incidence angle will not be constantly changing over the face of the arrays. To ensure
stability, bearings will be used at the interface between the power/communications tower and either
the habitat or center hub to which the tower is attached. These bearings will allow the station to spin
without moving the tower along with it.

Phase I
Phase I architecture is limited to the station habitat. The habitat will be in DRO and rotating in the
ecliptic plane with its tunnel section pointing in the positive z-axis.

Figure 177. Phase I Orientation and Pointing

The habitat’s rotation ensures the z-axis remains orthogonal to the Sun at all times. Thus, the
power/communications tower will be connected to the habitat’s tunnel section along the positive zaxis. As discussed in Section 0, two solar arrays will be deployed in Phase I. The arrays will not
require a beta gimbal to roll around their long axis since the solar incidence angle remains
orthogonal. However, they will require an alpha joint to rotate around the z-axis as Polus rotates
around the Sun with the Earth and Moon. Every year (365 days), the arrays will have to complete one
full rotation (360 degrees). So, the alpha joints must rotate the arrays approximately 0.99 degrees per
day. Power lines will be sent through high efficiency slip rings at all points of rotation, including the
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alpha joints and the bearings connecting the tower to the habitat. Error! Reference source not
found. shows the position of the arrays on the habitat.

Figure 178. Phase I Solar Arrays

Phase II and III
Phase II and III architecture will include the central hub and ballast, in addition to the habitat. Once
the habitat, hub, and ballast are connected, the power/communication tower will be moved from the
habitat to the central hub. Further, once Phase II architecture is complete, Polus will rotate in the
ecliptic plane similar to Phase I. Thus, the tower will once again point along the positive z-axis, and
the solar arrays will be able to maintain an orthogonal solar incidence angle. The other two solar
arrays will be deployed once the station assembly is complete. All four arrays will remain deployed
for Phase III, and their location and orientation will not change.
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Figure 179. Phase II and III Orientation and Pointing

Similar to Phase I, the arrays will require an alpha joint to rotate approximately 0.99 degrees per day
in order to track the Sun. There will again be bearings connecting the power/communication tower
to the central hub, as with the habitat previously. Power will again be sent through high-efficiency
slip rings as discussed in Section 0.

Figure 180. Phase II/III Solar Array Location

When the station is spun-up during Phases II and III to conduct gravity studies, the habitat and
ballast will be extended outward from the central hub on cables. Since the solar arrays are located at
the central hub, retractable power lines will be used. The lines will deploy and extend out with the
cables as the station starts to spin. However, unlike the cables, they will not be in tension. The lines
will be held on reels located inside the central hub. One set of lines will be sent from the hub to the
ballast, and another set of lines will be sent from the hub to the habitat.
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The power lines connecting the central hub to the habitat will be responsible for the transfer of large
amounts of power. They were sized to support the transfer of Phase III average power, 49.6 kW,
which is the maximum expected power requirement during the mission lifetime. That power
requirement is divided over four solar arrays, so each array is responsible for approximately 12.5 kW.
Since the station operates at 120 V DC, each array nominally must send 104 A of current through the
power lines (I = P/V). Typical annealed copper power cables capable of carrying around 104 A have
a specific mass of 0.4 kg/m (Wertz J. R., 2011). The habitat will be deployed around 50 m from the
habitat, so 50 m of copper cable will have a mass of approximately 20 kg. Given that annealed
copper has a density of 8930 kg/m3, 20 kg of wire with a length of 50 m will have a diameter of 7.6
mm (ρ = 8930 kg/m3 = m/v = m/(Lr2)).
Insulated wire with a diameter of 7.6 mm will be able to carry current without significant ohmic
power loss. Power loss can be related to temperature with the following equation:

Annealed copper has a resistivity of 1.7e-8 Ω-m, an emissivity of 0.15, and a melting point of 1356 K.
The temperature of the wire is well below the melting temperature.
The 7.6 mm diameter, 50 m long power cable from each solar array will have a maximum
temperature of 376 K and a resistance of 19 mΩ. Each cable could also be made up of smaller wires
as long as they have a comparable total cross-sectional area. The wires from each array will be
bundled together and deployed from the central hub to the habitat. There will be two bundles
deployed, one primary and one for contingency in case the primary bundle fails. A further
explanation of power distribution will appear in Section 0.

6.2. Energy Storage
Although continuous power will be supplied to Polus by solar arrays, energy storage is required for
periods of eclipse and in case of contingency. Polus will be eclipsed for 4.1 hours every six months
and must produce enough power to keep the station operational when sunlight is not available. In
order to store sufficient amounts of energy for each phase, 8 hours of average power requirement
storage was chosen as a contingency plan. Table 67 shows the total energy storage required for each
phase:
Table 67. Energy Storage Requirements for Each Phase

Phase

Avg. Power
[kW]

Time Per
Eclipse [Hours]

Contingency
Time [Hours]

Total Energy
Storage [kW-hr]

I

24.7

4.1

8

299

II

37.4

4.1

8

453

III

49.6

4.1

8

600

Energy storage requirements were calculated with an assumption that the station would be operating
at average power during eclipse or contingency periods. However, in times of eclipse or emergency,
the station will operate at reduced power levels. Planning for energy storage using average power
requirements allows for longer operational time at reduced power and a broad range of operational
capabilities. For example, 20 kW allows the station to remain operational at reduced power to power
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essential systems and some non-essential systems. In addition, 12 kW serves as a critical power
requirement, which will solely power essential life support and communications during times of
emergency.
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Figure 181. Comparison of Operational Times for Energy Storage System

Figure 181 provides a comparison of operational times for these different power requirements. As
the figure shows, planning for average power storage allows much greater operational times when
operating at lower requirements. For example, the station in Phase III will be able to operate for
approximately 12 hours at average power from the energy source. However, it will be able to operate
for more than 24 hours at a reduced power of 20 kW and more than 48 hours at a critical power of
12 kW. These operational times will provide sufficient power in times of eclipse and should allow
enough time during contingency periods to diagnose and address any problems or to safely evacuate
the station.
Different methods of energy storage were analyzed and compared in order to provide Polus with
sufficient power during periods of eclipse and contingency. A detailed description of the analysis
follows.

6.2.1. Batteries
There are several reactants to choose from when considering batteries, but typically batteries with
high specific energy are favorable in order to reduce mass and thus reducing launch costs. Nickel
Cadmium, Nickel Metal Hydride, Nickel Hydrogen, Silver-Zinc, Lithium ion, and Lithium polymer
are the main candidates for battery reactants. The figure below shows the reactants and their
respective specific energies.
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Figure 182. Battery Reactants Specific Energy

Nickel-Cadmium batteries are the most reliable since they have been used in space applications for
over 30 years. They have good battery properties such as large pulse current capability, a flat
discharge profile, and overcharge and over discharge capability. However, Nickel-Cadmium batteries
have a very low energy density relative to the available options.
Nickel Metal-Hydride batteries also have good battery properties but they have not been proven for
space applications.
Nickel-Hydrogen was developed specifically for space applications and many years of life test data
has been recorded making these batteries highly reliable. As a result, they have been used on many
space related missions adding to the battery life data. However, despite their reliability, these batteries
are highly expensive to manufacture.
Silver-Zinc batteries have a high energy density, high discharge current and voltage, extreme
resistance to shock, acceleration, and vibrations. These batteries, however, have a very low life time
and therefore cannot meet the lifetime requirement of the Polus mission.
Lithium polymer batteries have the highest energy density; however they are only proven for small
satellite applications. Therefore, Lithium Ion batteries are the best option since they are widely
available and have high specific energy. Lithium Ion batteries are also an experienced technology for
energy storage in space applications, and many manufacturers produce them to have a high reliability.
Most of these batteries provide 15 years of mission life in geosynchronous orbit (Clyde Space, 2014)i.
Given that Polus will not be eclipsed as often as a mission in geosynchronous orbit, it is expected
that these batteries will last longer. For this mission, these batteries will require primary and
redundant heaters to maintain them at an operational temperature between 268K and 308K. They are
also capable of withstanding 3 Mega-rads of radiation.
Battery mass for each mission phase can be calculated for rechargeable Lithium Ion batteries with a
specific energy of 120 W-hr/kg. The results for each phase are shown below:
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Table 68. Energy Requirements and Total Energy Storage Mass Calculation for Each Phase

Phase

Energy Requirement (kW-hr)

Mass (kg)

I

299

2492

II

453

3775

III

600

5000

6.2.2. Flywheels
Flywheels were also considered for storing energy on Polus because of their considerably low mass.
However, flywheels have a low TRL and are not proven for space flight. They are high risk since they
are capable of producing catastrophic damage due to their high rotation rates, and they are most
effective for drawing power over a short amount of time.
The general equation for flywheel energy is

! =!

!∗!∗!
!

E is the energy requirement, m is the mass of the flywheel, k is the shape factor, sigma is material
tensile strength and rho is the material density. The equation can be rearranged to solve for mass.
Different mass values are calculated depending on different shapes and materials.
Table 69. Flywheel Shape Factors

Shape

K factor

Laval Disk

1

Solid Disk

0.606

Thick Rim

0.305

Thin Rim

0.5

Thick rim and thin rim shapes are better suited for composite materials. Metals can be used in any
shape.
Table 70. Material Tensile Strength and Density

Material

Tensile
Strength
(GPa)

Material Density
(kg/m^3)

4320 Steel

1.52

7700

AISI 4340 (steel)

1.80

7800

AlMnMg (alloy)

0.60

2700

252

TiAl6Zr (titanium)

1.20

4500

E-glass (composite)

0.10

200

S-glass (composite)

1.40

1920

Carbon T-1000
(composite)

1.95

1520

Projected Composites

10

1780

Mass,(kg),

Given the energy requirement of 600 kW-hr, or 2.16 GJ, different shapes and material properties will
result in unique mass values. The figure below offers a comparison of these results.

40000!
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Figure 183. Mass Estimates According to Flywheel Shape and Material

Projected composites with a thin rim shape give the lowest mass estimate of 769 kg.
Flywheel radius must also be analyzed to consider the size and placement of the flywheel. The radius
of the flywheel can be related to the flywheel rotation rate, material tensile strength, and density by
the following equation:

!=

!
! ∗ !!

Figure 184 compares flywheel radius and rotation speed with the following curve:
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Figure 184. Radius vs. Rotation Rate

With this curve, it can be seen that a flywheel with a 1 m radius would require a rotation rate of
22,631 RPM. Lower rotation rates require larger radii, which is difficult to achieve due to space
limitations. One meter flywheels are not viable since they are too large, but as seen in Figure 184, a
smaller radius requires a higher spin rate. Thus, flywheels are considered high risk and should not be
used until flywheel technology is improved.

6.2.3. Variable Speed Control Moment Gyroscopes (VSCMGs)
VSCMGs can be used for attitude control like Control Moment Gyroscopes (CMGs). However,
VSCMGs have an extra degree of freedom due to their ability to spin down and reduce their RPM.
This function allows for an Integrated Power and Attitude Control System (IPACS). When the
VSCMG is spun down, energy can be drawn out of the gyroscope. A cluster of four VSCMGs would
be used for attitude control, and an analysis was done to determine how much energy could be
retrieved from each.
The VSCMGs were sized with a rotor radius of 1 m and a total rotational velocity of 60,000 RPM.
Of its total speed, 40,000 RPM was assumed to be continuously required for attitude control.
Therefore, 20,000 RPM could be used to store and draw energy. The VSCMG was given an
efficiency of 85%, and the energy storage capability was calculated based on the angular velocity with
the following equation:
1
! = (!"") ∗ !! !
2
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Figure 185. Energy vs. Rotation for Variable Speed Control Moment Gyroscope

Figure 187 provides a relationship between energy and revolutions per minute for the VSCMG. As is
evident from the figure, 28.5 kW can be drawn at a speed of 20,000 RPM. If all four VSCMGs have a
similar capability, then the cluster of four gyroscopes can produce a total energy storage amount of
114 kW-hr assuming they will be de-spun in one hour. This is a considerable piece of the total energy
storage requirements for Polus and could be used in conjunction with other options to achieve full
power capabilities. VSCMGs, however, have a low TRL (3-4) and will not be able to supply power to
the station for long periods of time without being constantly re-spun to an increased RPM, which
will take more power. Thus, other options were considered for Polus energy storage.

6.2.4. Regenerative Fuel Cells
Fuel Cells have a history of use in space operations for missions of short duration. For example,
Alkaline Fuel Cells using liquid Hydrogen and liquid Oxygen as reactants were used on the Space
Shuttle. However, for longer duration missions, reactant and reactant storage sizes can grow
sufficiently large to greatly outsize other energy storage methods. Regenerative Alkaline Fuel Cells are
a solution to this problem. The reaction between H2 and O2 produces power and creates water as a
byproduct. That water can be electrolyzed to reproduce H2 and O2. Although Regenerative Fuel Cells
have a low TRL (4-5), the technology does exist. Fuel Cells and electrolyzers are operational
independent of each other and need only to be combined into an efficient and reliable closed system.
This should be accomplished in the near term and ready to use by mission launch.
Alkaline Fuel Cells have a specific energy of 275 W-hr/kg, a 2400 hour life expectancy, and a 15
minute startup time. Approximately 0.3 kg of H2 and 1.8 kg of O2 can produce 6 kW-hr of energy.
Using liquid H2 and O2 requires the use of cryogenics, which is costly, heavy, and allows for
significant loss of reactants over time as they gas off. Using gaseous reactants in the Regenerative
Fuel Cell will eliminate the need for cryogenics.
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An analysis was done to calculate the amount of reactants and reactant storage required to produce
enough energy for the Phase III total energy storage requirement in Table 67. It was assumed that
the reactants would be stored in aluminum tanks with a nominal wall thickness of 4 cm and internal
pressure of 200 atm (20.3 MPa).
Table 71. Regenerative Fuel Cell Reactant and Container Mass to Produce Phase III Energy Storage
Requirement of 600 kW-hr

Reactant

Mass Required
[kg]

Density
[kg/m3]

Al Tank
Diameter [m]

Container Mass
[kg]

Gas. H2

27

0.082

1.4

770

Gas. O2

180

1.308

0.98

440

As Table 71 shows, the Fuel Cell will require nearly 200 kg of reactants and 1210 kg of reactant
storage. In addition, due it its specific energy of 275 W-hr/kg, the Fuel Cell will have a mass of 2180
kg. Thus, the total mass required for maximum energy storage requirements is 3600 kg.

6.2.5. Comparison
Overall, flywheels provide a much lower mass budget but the TRL is low and the risk is very high
considering they can cause catastrophic damage given their high rotation rate. In addition, flywheels
are effective when power is drawn out over a relatively short period of time. The objective for Polus
is to store energy to power the station as long as possible. Regenerative Fuel Cells also have a lower
TRL than batteries, but they can provide a mass savings of approximately 30% when compared to
Lithium Ion batteries. By 2020, regenerative Alkaline Fuel Cells using gaseous reactants will be flight
ready and provide energy storage to meet Polus’s requirements. In the case that regenerative Fuel
Cells are not flight ready by 2020, it is projected that Lithium Ion batteries will have advanced
enough to offer a comparable specific energy and, thus, resultant overall mass of 3600 kg.
Table 72. Mass, TRL, Risk Comparison

Regenerative Fuel Cell

Lithium Ion Battery

Flywheels

3600 kg Total Mass

5000 kg Total Mass

769 kg Total Mass

0.275 kW-hr/kg + 1210 kg
reactants plus storage

0.1200 kW-hr/kg

1 m radius = 22,000 RPM

~30% more mass than
fuel cells

Most effective for short
power draws

TRL 9

TRL 4

TRL 4-5
Risk: Moderate
(compressed H2)

Risk: Moderate
(Combustion of Li-Ion
Cells)

Risk: High
(High RPMs)
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6.2.6. Location
The habitat, central hub, and ballast will each contain an energy storage system. The primary energy
storage system will consist of a regenerative Alkaline Fuel Cell using gaseous H2 and O2 for reactants,
which will be stored in aluminum tanks. This system is required for Phase I when the habitat will be
the only piece of architecture in use. In addition, it will be located local to the life support systems in
case of failure of the solar arrays or power transfer lines. Thus, it will be installed prior to launch in
the habitat and will remain there throughout the life of the mission.
A large source of power for Phases II and III are the motors used to operate the support cables. The
spools of cable and their motors are located in the central hub. Since the primary energy storage
system is located at the habitat, there will also be a contingency energy storage system for the cable
motors located at the hub. There is a requirement for contingency that the station should be de-spun
in one hour. Fuel Cells have a 15 minute start up time, so they will not be used for contingency plans
when the motors must draw power immediately to reel in. Therefore, Lithium Ion batteries will be
placed at the hub to power the motors in case of contingency. The maximum power required for the
motors is 21 kW, and reeling in the cables in one hour at this power results in 21 kW-hr. Using a
Lithium-Ion battery with a specific energy of 120 W-hr/kg results in a battery size of 175 kg. For
additional fault tolerance, two equal sized batteries will be placed at the hub, resulting in a total motor
contingency battery mass of 350 kg.
The ballast must also draw power to operate the local thrusters. In cases of emergency de-spin when
there is a power transfer line failure, it must draw power immediately and cannot wait for the Fuel
Cells to start. Thus, 50 kg of contingency Lithium-Ion batteries will be located at the ballast to
operate the local thrusters during periods of contingency operation.

Figure 186. Energy Storage Locations. Regenerative Alkaline Fuel Cell will be located at the habitat (left), Li-Ion
batteries will be located at the hub (middle) and ballast (right) for contingency operations.
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6.3. Power Management and Distribution (PMAD)
Power is produced by the photovoltaic arrays at 160 V DC, while systems on Polus operate at 120 V
DC. Thus, power must be managed, regulated, and distributed throughout the station carefully.
Multiple systems were designed to ensure of this necessity. Each of the four arrays on Polus will
have its own system of similar design to manage the flow of power downstream. The following
schematic provides an overview of the PMAD design:

Figure 187. Power Management and Distribution Upstream/Downstream Diagram

6.3.1. Sequential Shunt Unit (SSU)
Power is produced by the photovoltaic array and is regulated by the Sequential Shunt Unit. The SSU
provides as consistent source of power based upon a programmable setpoint. For Polus, this setpoint
is 160 V DC. The voltage must be regulated because the arrays will often produce greater current
than required when fully illuminated with sunlight. The SSU will thus receive power from the array
and maintain its output voltage by shunting and un-shunting array strings. If the SSU power output
exceeds power demand, shunting will be triggered to reduce the SSU output. Likewise, if power
demand exceeds output power, un-shunting will be triggered to increase output from the SSU. There
are four SSUs on Polus; one for each solar array.

6.3.2. DC Switching Unit (DCSU)
After leaving the SSU, power will be delivered to the DC Switching Unit. The DCSU is used for
power distribution, protection, and fault isolation. It uses remote controlled relays to route power
between the photovoltaic arrays and downstream units. It will send power to the Main Bus Switching
Unit and to charge batteries and electrolyze water for the regenerative fuel cells. During periods of
eclipse, it will route power back out from the batteries and fuel cells to power the station. Polus has
four DCSU’s, each weighing approximately 110 kg.
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6.3.3. Main Bus Switching Unit (MBSU)
The Main Bus Switching Unit distributes power downstream to the DC-DC Converter Unit and
other loads. The MBSU regulates the amount of power distributed to each specific load on the
station. It also provides redundancy for upstream power units. Specifically, the MBSU can be
accessed, either on station or on ground, to redirect power to by-pass failures. Polus has four MBSUs
and each are around 100 kg.

6.3.4. DC to DC Converter Unit (DDCU)
The DC to DC Converter Unit is downstream from the MBSU and essentially acts as a “DC
transformer” to step down voltage. Loads on Polus operate at 120V DC, whereas power comes in
from the array around 160V DC. The DDCU receives the higher voltage and steps it down to the
lower. Each DDCU weighs around 110 kg and there are four on Polus.

6.3.5. Battery Charge/Discharge Unit (BCDU)
While Polus is in sunlight, a small amount of total power will be sent from the DCSU to charge the
batteries on board. The Battery Charge/Discharge Unit will determine the amount of charge required
and regulate the power drawn to do the charging. During periods of eclipse or contingency, the
BCDU will similarly determine the amount of power to be drawn from the batteries and use it to
power the station. There will four BCDU’s on Polus and each weighs approximately 110 kg.

6.4. Initial Spin-Up/Spin-Down Calculations
Initial calculations began with assumptions regarding centripetal acceleration to describe the motion
of the station. Parametric analysis of spin time and thrust levels were then conducted to determine
required thrust to spin up or down within one hour. Propellant mass requirements were then
determined based on thrusting time and specific impulse of a known thruster capable of
accomplishing the spin maneuvers. This data was presented at the preliminary design review.

6.4.1. Arm Length Sizing
An assumption of simple centripetal motion was made for the sake of initial station arm sizing.
Station rotation rate, centripetal acceleration, and arm length are related as follows:
!
!= !
!
Given the need to simulate Earth gravity (9.8 m/s2), and an assumed maximum human comfort level
of 4 revolutions per minute, required arm length is 55 meters. This value was used in following
calculations for station spin times.

6.4.2. Calculations for Earth, Martian, & Lunar Spin Times
The following equation was used to determine spin up times for several different gravity levels given
varied thrust and constant moment of inertia, arm length, and number of thrusters:
!=

∆! ∗ !!
!∗!∗!
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Time elapsed is t. α is change in rotation rate in radians per second. Iz is moment of inertia about the
z axis. T is thrust per thruster in Newtons. Number of thrusters is n. D is arm length in meters. In
order to spin up to earth gravity at four RPM in one hour, required thrust is about 325 Newtons per
thruster. The Mars case requires about 202.5 Newtons per thruster, while the Lunar case requires
about 133 Newtons per thruster. The Earth case constrained thruster selection, determining our
maximum required thrust to accomplish the maneuver. A thruster with a specific impulse, or Isp, of
about 316 seconds was chosen based on these requirements.

Figure 188. Total Thrust vs Spin up time from full stop

6.4.3. Propellant for Spin-Up/Spin-Down Maneuvers
Given the definitions of specific impulse and mass flow rate, the following derivation provided the
equation used to determine the propellant mass required to accomplish any given spin maneuver:
!
!∗!
!
! = !!" ∗ ∗ !
!
!∗!
!=
!!" ∗ !
!!" =

T is thrust, m is expended propellant mass, g is earth gravity, Isp is specific impulse, and t is thrusting
time. Given the iterative nature of the design process, a large number of mass values were calculated
based on constantly fluctuating station mass, which in turn altered required thrust. However, all
propellant mass values were on the order of magnitude of, at most, a few hundred kilograms of
propellant.

6.5. Calculations Based on Dynamic Analysis
After the preliminary design review, a more in depth analysis was conducted to provide a more
realistic estimate of propellant mass values. This was done by considering the system’s rotational
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dynamics. Once an equation was derived, propellant masses were separately calculated for the habitat
and ballast, and were further divided into fuel and oxidizer mass.

6.5.1. Derivation of Propellant Requirements Given System Dynamics
To begin, torque can be used to equated force, distance, moment of inertia, and angular acceleration.
! = ! ∗ ! = !! ∗ !
Angular acceleration can be expressed in terms of rotation rate and time.
!
!=
!!"#$
The moment arms for the ballast and habitat are kept equal in order to allow stable rotation. As such,
half of the torque is provided by two thrusters on the habitat, and half is provided by two thrusters
on the ballast.
1
! = !!"# ∗ 2 ∗ !!"# ∗ cos !
2
1
! = !!"##"$% ∗ 2 ∗ !!"##"$% ∗ cos !
2
The maximum force output from the thrusters Fmax, the required force to complete a given maneuver
FRequired, the total spin time Tspin, and total active thrusting time ΣTon can be related as follows:
!!"#$%&"'
!!"
=
!!"#
!!"#$
Additionally, propellant consumption for either the ballast or habitat can be calculated as follows,
assuming there are two thrusters:
!! =

!!" ∗ ! ! ∗ 2

Propellant mass is represented by mp, ΣTon is total active thrusting time, and ! ! is mass flow rate.
Thus for the entire system, total propellant expenditure for spin is:
!! =

!!",!!" ∗ ! !,!!" ∗ 2 +

!!",!"##"$% ∗ ! !,!"##"$% ∗ 2

Combining the above equations, an expression for propellant mass expenditure can be derived. The
resulting equations are largely the same. However, the equation for ballast propellant mass is scaled
based on the structural mass of the habitat and ballast.
∆!!"# =
∆!!"##"$% =

!! ∗ !! ∗ ! !
2 ∗ !!"# ∗ cos !! ∗ !!,!"#

!! ∗ !! ∗ ! !
!!"#
∗
2 ∗ !!"# ∗ cos !! ∗ !!,!"# !!"##"$%

6.5.2. Division of Fuel and Oxidizer
The propulsion systems used by this station employ bipropellant thrusters. Nitrogen tetroxide (N2O4)
acts as the oxidizer and monomethylhydrazine (MMH) acts as the fuel. The Δm’s calculated in the
previous section are total masses, and account for both oxidizer and fuel. The mixture ratio, MR, of a
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given thruster is simply a ratio of oxidizer mass to fuel mass. A derivation of fuel mass and oxidizer
mass can be seen below:
! !"#$% = !!"#$ + !!"#$#%&'
!!"#$#%&'
!" =
!!"#$
!!"!#$
!!"#$#%&' =
1
1+
!"
! !"#$%
!!"#$ =
1 + !"

6.5.3. New Propellant Mass Requirements
Based on these equations, mass values can be calculated for spin maneuvers to and from Earth,
Martian, and Lunar gravity levels. A spin cycle will henceforth be defined as a combination of the
spin up maneuver and the spin down maneuver associated with a certain gravity level.

6.5.4. Phase I
Propellant consumption in Phase I consists entirely of the fuel and oxidizer required for the final
orbital insertion maneuver to Lunar DRO, which is a 75 meter per second ΔV, and the operation of
the RCS system. About 1700 kg of propellant are required for the insertion burn, while an additional
10% is set aside for stationkeeping. Out of that 1700, there is about 1060 kg of oxidizer and 640 kg
of fuel. In total, about 1870 kg of propellant is required for Phase I operations. The same 1700 kg
propellant requirement exists in Phases II and III, as the DRO insertion maneuver is required in all
three cases. There will be no need for inter-vehicular refueling in this phase because the rest of the
structure is not yet launched. The fuel and oxidizer will be stored in the 4 tanks allocated on the
hub-facing side of the habitat. The radius for the oxidizer tanks is .44m and the radius for the fuel
tanks is 0.4. Theses sizes fit inside the fairing configurations and still allow us to carry all the
necessary propellant.

6.5.5. Phase II
Phase II operations that consume propellant include the insertion burn, stationkeeping, and spin
maneuvers. During Phase II, the station will spin to up to and down from Lunar, Martian, and Earth
gravity levels in three cycles. In total, there will six spin maneuvers executed in Phase II.

Lunar Case
The first set of maneuvers are a spin to Lunar gravity and a spin back to zero gravity. Both of these
maneuvers should require the same amount of propellant. To reach Lunar gravity, the final
acceleration at the habitat floor must be 1.6 m/s2. This requires a rotation rate of about 1.62
revolutions per minute. For the spin cycle associated with Lunar gravity, about 680 kg of propellant
is required. Accounting for stationkeeping during the following operational phase, the values on the
bar graph below illustrate the required propellant mass values for the two combined Lunar spin
maneuvers.
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Figure 189. Required Propellant per Structure-Lunar

Martian Case
The second set of maneuvers are a spin to Martian gravity and a spin back to zero gravity. Both of
these maneuvers should require the same amount of propellant. To reach Martian gravity, the final
acceleration at the habitat floor must be 3.7 m/s2. This requires a rotation rate of about 2.47
revolutions per minute. For the spin cycle associated with Martian gravity, about 1030 kg of
propellant is required. Accounting for stationkeeping during the following operational phase, the
values on the bar graph below illustrate the required propellant mass values for the two combined
Martian spin maneuvers.
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Figure 190. Required Propellant per Structure-Mars

Earth Case
The final set of Phase II maneuvers are a spin to Earth gravity and a spin back to zero gravity. Both
of these maneuvers should require the same amount of propellant. To reach Earth gravity, the final
acceleration at the habitat floor must be 9.8 m/s2. This requires a rotation rate of about 4 revolutions
per minute. For the spin cycle associated with Earth gravity, about 1680 kg of propellant is required.
Accounting for stationkeeping during the following operational phase, the values on the bar graph
below illustrate the required propellant mass values for the two combined Earth spin maneuvers.
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Figure 191. Required Propellant per Structure-Earth

Contingency
An additional 840 kilograms of propellant is kept in reserve to the account for an emergency spin
down maneuver. This accounts for 484 kilograms in the habitat and 356 in the ballast. This maneuver
would take place only in the event that the crew needed to evacuate the station. As such, it is the
same amount of propellant required for a spin down from Earth gravity in 1 hour.

Total
For Phase II, a total of approximately 6950 kilograms of propellant is expended over the course of
the insertion burn, all spin maneuvers, stationkeeping, and contingency. This includes 4325 kilograms
of oxidizer and 2621 kilograms of fuel. The central hub and ballast will be carrying all of the
propellant for this phase. The central hub will be carrying propellant for both the ballast and the
habitat for intra-vehicular refueling. With tank size and volume limitations, there will be refueling
done in between every gravity gradient.

6.5.6. Phase III
In Phase III, the mass of the station and its moment of inertia are increased by the addition of the
Mars Sim module. These increases drive up propellant requirements for this phase. During Phase III,
only a spin up to and down from Martian gravity will be performed. Again, both of these maneuvers
should require the same amount of propellant. To reach Martian gravity, the final acceleration at the
habitat floor must be 3.7 m/s2. This requires a rotation rate of about 2.47 revolutions per minute.
For the spin cycle to Martian gravity during Phase III, about 1415 kilograms of propellant is required.
An additional 1880 kilograms of propellant are needed for stationkeeping over the course of the 1000
day mission. This number was simply scaled up from Phases 1 and 2 by considering the operational
lengths of these phases. Accounting for stationkeeping, the values on the bar graph below illustrate
the required propellant mass values for the two Martian spin maneuvers.
265

Required!Propellant!

Required!Propellant!per!StructureeMars!
2500! 1659!
1405!
2000!
Total!Mars!
1033!
1500!
875!
Propellant!
626!
1000!
Oxidizer!
530!
Mass!
500!
Fuel!Mass!
0!
Habitat!
Ballast!
Structure!

Figure 192. Required Propellant per Structure-Mars

Contingency
An additional 710 kilograms of propellant is kept in reserve to the account for an emergency spin
down maneuver. This accounts for 400 kilograms in the habitat and 310 in the ballast. This maneuver
would take place only in the event that the crew needed to evacuate the station. As such, it is the
same amount of propellant required for a spin down from Martian gravity in 1 hour, considering the
increased mass of the station.

Total
For Phase III, a total of approximately 5700 kilograms of propellant is expended over the course of
the insertion burn, all spin maneuvers, stationkeeping, and contingency. This includes 3550 kilograms
of oxidizer and 2150 kilograms of fuel. The propellant required for this phase will be carried up in
the Dragon cargo. Again like in Phase II, between every gravity gradient will be spinning down to
refuel the tanks. The central hub will be holding a majority of the propellant.

6.6. Propulsion System Requirements
The Polus space habitat is designed to simulate varying gravity levels over three distinct phases
lasting over four total years. Each of the three phases has differing objectives, therefore different
propulsion requirements. These requirements range from orbit insertion to spinning up and down
the space habitat.

6.6.1. Phase I Requirements
For the first phase of the mission, just the hab section of Polus will be in space. It will be inserted
into DRO mostly by the upper stage, but a final ΔV of 75 m/s with a precision of plus or minus 5
m/s must be provided by a propulsion system onboard the hab. Also, a shorter the burn time for the
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insertion into DRO will ensure accuracy and precision. In addition to this maneuver, the propulsion
system must serve as backup for attitude and reaction control, in the case that the reaction wheels
fail.

6.6.2. Phase II Requirements
In the second phase of the mission, the central hub and the ballast join the hub in DRO. They will be
connected by cables with the hub in the middle and the hab and ballast about 55 meters away from
the hub. This structure will be spun up, around the hubs vertical axis, to varying rotation rates so
simulate Earth, Moon, and Mars gravity levels. The propulsion system must provide thrust to spin
the station up and down from these differing rotation rates, and make subtle adjustments if
necessary. It must also provide backup attitude and reaction control, in the case that the reaction
wheels fail.

6.6.3. Phase III Requirements
The requirements for phase three are very similar to Phase II, except for in phase three, the Mars
SIM gets attached to rotating station. The station will be rotating only at a rate which corresponds to
Mars gravity.

6.7. Propulsion Trade Studies
In order to determine the most favorable propulsion system, several trade studies were performed.
These studies include the most favorable choices for propulsion technology, specific engine
selection, and propulsion system placement/configuration.

6.7.1. Propulsion Technology
Table 73. Propellant Technology Characteristics

Propulsion Technology

Isp (seconds)

Thrust (N)

Cold Gas

50 – 179

0.05 – 5

Monopropellant

220 – 260

0.19 – 3000

Bipropellant

280 – 350

10 – 110,000

Cryogenic

400-465

40,000 and up

Electric

300 – 4000

0.01 – 2

Solid

280-305

30,000 – 81,000

6.7.2. Cold Gas
Cold Gas thrusters are most simple form of propulsion technology. Thrust is produced from
expanding high pressure gases through a converging-diverging nozzle. They are typically used when
thrust and Isp requirements are very low, as they have very low performance, but very high reliability.
The main use of cold gas thrusters is for attitude control and small ΔV missions.
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6.7.3. Solid Rocket Motors
Solid rocket motors are generally used in the first stage of launch vehicles. These motors consist of a
metal casing which contains the fuel and oxidizer mixed together, known as the propellant grain.
Once the igniter starts the combustion process, it cannot be stopped and deliver a certain amount of
total impulse. They have similar performance characteristics as hypergolic bipropellant engines, but
without the controlled thrusting.

6.7.4. Monopropellant Rocket Engines
Monopropellant systems use one propellant (generally hydrazine) that decomposes as it passes
through a catalytic bed. This decomposition produces hot, high-pressure gases which are expanded
through a converging-diverging nozzle to produce thrust. In general, monopropellant systems are
used for reaction/attitude control and low ΔV requirements. Although slightly more simple than a
bipropellant system, monopropellant engines have a lower performance.

6.7.5. Bipropellant Rocket Engines
In a bipropellant system, a fuel and an oxidizer combust after they come in contact with each other.
This combustion produces very hot, high-pressure gases which are expanded through a nozzle to
produce thrust. This type of system is much more complicated than cold gas or monopropellant
systems, but has much higher Isp characteristics.

6.7.6. Cryogenic Rocket Engines
Cryogenic rocket engines are subgroup of bipropellant rocket engines. The propellants are liquefied
gas at temperature. Typical propellants are liquid oxygen and liquid hydrogen which have to be kept
at -183°C and -253°C respectively. These type of rocket engines are typically used in upper stages
and launch vehicles.

6.7.7. Electric Propulsion
Electric propulsion is a vast and quickly expanding field of study. However, it can be divided into
three main groups by the technique used to accelerate the propellant. Electrothermal propulsion
heats propellants electrically and expands them through a nozzle. In electrostatic propulsion, electric
fields are used to accelerate charged particles. Electromagnetic propulsion uses similar concepts as
electrostatic propulsion. Electric propulsion has very high Isp’s, but very low thrust, usually less than
1 N.
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Figure 193. Propellant Required for Phase I ΔV
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6.7.8. Propulsion Technology Decision
The final selection for the propulsion technology used for Polus ended up coming down to a few
main factors. The first is the mass of required propellant for each system. As seen in Figure 193, cold
gas systems require the largest propellant mass, followed by monopropellant and solid rocket
systems. Each of these systems was ruled out at this point for the main propulsion system due to
their low performance. In addition, solid rockets were determined to be an ineffective option due to
their lack of throttle ability and thrust control. Bipropellants, cryogenic, and electric propulsion
systems were further investigated.
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The next characteristic that was looked at was the thrust capabilities of bipropellant, cryogenic, and
electric propulsion systems. Higher thruster allow Polus to complete its ΔV in a shorter time as well
as spin up/down faster in phases 2 & 3. As shown by Figure 194, which is derived from Error!
Reference source not found., thrust is inversely related to total burn time for ΔV maneuvers. While
the cryogenic and bipropellant systems produce significant enough thrust to complete a ΔV=75 m/s
on the order of an few hours or less, electric propulsion has very low thrust values which would
correspond to burn times in the hundreds of hours. Even if 10 electric thrusters that produced 2 N
of thrust each were used, it would take over 54 hours to complete this ΔV. That is far too long to
model the ΔV=75 m/s as instantaneous with any accuracy or precision. The 2 remaining options
now are bipropellant and cryogenic systems. While the cryogenic propellants provide higher specific
impulse and thrust than normal hypergolic bipropellants, they are very difficult to store, especially
over an extended period of time. Therefore it was decided that Polus would use a bipropellant rocket
system for ΔV’s as well as spinning up or down.

6.7.9. Bipropellant Thrusters
Now that it has been determined that Polus will use a bipropellant system, a specific type of thruster
or engine needs to be determined. There are many types of bipropellant thrusters, with uses ranging
from attitude control to orbit insertion.
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6.7.10. Primary Thrusters
The primary thrusters are responsible for inserting the habitat in DRO in Phase I, and spinning
up/down Polus in phases 2&3. They are also responsible for providing a ΔV precision of ±5 m/s
during Phase I and maintaining the desired rotation rate during phases 2&3. In order to guarantee the
5 m/s precision, the thrusters be able to pulse or throttle, in order to make fine adjustments to the
hab’s velocity. In phases 2&3, the rotation rate will not remain completely constant on its own, even
though DRO is an extremely stable orbit. External disturbances such as slight atmospheric drag,
gravitational pull from other bodies in space, and plume impingement will alter the rotation rate. This
will need to be corrected, as much as 5 rpm per year (Wertz, Everett & Puschell, 2011). If the
rotation rate were corrected every hundredth of an rpm, that would correspond to 500 corrections
per year, or 1500 total over the 3 year mission timeline.
Table 74. Bipropellant Thrusters

Vendor

Aerojet

Aerojet

Moog

Model

R-4D

R-40

Leros 1c

Thrust (N)

490

4000

458

Specific Impulse(s)

315.5

290

324

Propellants

MMH/NTO

MMH/NTO

Hydrazine/MON

Mixture Ratio

1.65

1.65

0.85

Inlet Pressure Range
(psia)

60-425

150-400

190-300

Restarts

20,781

50,000

72

TRL

9

9

9

6.7.11. Aerojet R-4D
The aerojet R-4D thruster was determined to be the most favorable option for our primary
propulsion system. Originally developed for the Apollo Service and Lunar modules, hundreds of R4D engines have flow in space in the last 50 years without even one failing. The reliability of the R4D, as well as its high Isp with a good thrust were the determining factors in its selection. Although
the Leros 1c rocket engine has a higher Isp than the R-4D, it does not have the capability to restart as
many times as necessary. There are many other apogee style bipropellant thrusters with similar
characteristics as the MOOG Leros 1c, but they have restart numbers on the order of a few hundred.
For this mission length and requirements, more restarts are necessary.

6.7.12. Secondary Thrusters
The secondary thrusters ideally would not have to be used for the entire duration of the mission.
Optimally, the primary R-4D thrusters provide all thrust needed for DRO insertion in Phase I, and
for spin up/down in phases 2 & 3. The reaction wheels on Polus would provide any attitude control
as needed. In case either of both of these primary systems fails, these thrusters will be able to
compensate. If the reaction wheels failed, the system needs to be capable of producing 170 N of
force to the habitat during spin to achieve a minimum slew rate of 0.02° per second. Also, to
maintain attitude control during spin, it is estimated that we will need to be able to make 110,000 to
210,000 corrections during the lifetime of the mission (Wertz, Everett & Puschell, 2011).
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Table 75. Secondary Thrusters

Vendor

Aerojet

Aerojet

Northrop Grumman

Model

R-1E

MR-107V

MRE-15

Thrust (N)

111

220

86

Specific Impulse(s)

280

229

228

Propellants

MMH/NTO

Hydrazine

Hydrazine

Mixture Ratio

1.65

N/A

N/A

Inlet Pressure Range
(psia)

100-400

80-377

138-430

Restarts

300,000

30,275

105,561

TRL

9

7

8-9

6.7.13. Aerojet R-1E
The aerojet R-1E thruster was determined to be the most favorable option for our secondary
propulsion system. The R-1E was developed as an attitude control and orbit maintenance thruster
for the Space Shuttle Orbiter. It proved to be the most advantageous thruster for our purposes
because it had the highest specific impulse of any thruster that was found that met both the
minimum thrust and restarts requirement. Using two thrusters in conjunction will provide the
minimum of 170 N of thrust. Another advantage of the R-1E is that it uses MMH and NTO for
propellants at a mixture ration of 1.65, just like our primary system. This similarity will save
tank/feed system mass.

6.7.14. Thruster Placement/Orientation
Two main thruster placement designs were investigated in order to determine optimal position of
thrusters. The first design featured a “diamond cluster” of 4 R-4D thrusters on the center of both x
faces of each the habitat and the ballast. 8 additional R-1E thrusters would be spread around the z
faces of the habitat and ballast and angled to provide fault tolerance in case of reaction wheel or R4D failure. The second design featured thruster blocks, or quads. There would be quads on both x
and z faces of each the habitat and ballast. The habitat and ballast would each have 2 R-4 D thrusters
on both z faces. One would face in the positive y direction, the other in the negative direction. They
would be used for spin up/down. The rest of the thrusters would be R-1E’s.

6.7.15. Plume Impingement Calculations
Plume impingement was a huge factor in determining the location of the propulsion system. A rocket
plume is made up of combustion products that can interfere greatly with the normal operation of any
spacecraft. Currently, there are many different techniques for trying to predict and model a number
of plume parameters including temperature/velocity/pressure profiles, heat transfer, radiations,
condensation, and impact forces to name a few. Most are done using relatively complex computer
programs that simulate airflows and heat transfers.. These are beyond the scope of this project, but a
simplified model has been developed by solving the collision less Boltzmann equation distribution
function due to a directionally-constrained point source (Woronowicz, 2011). This model held up
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reasonably well when compared with test data from a 10N MMH/NTO bipropellant thruster.
Woronowicz gives the equation for mass density of the exhaust plume as:
•

β mcosϕ w2 −s2
− z2
ρ (x,t) =
e
{(
α
+
w)e
+ (0.5 + w 2 ) Πerfc(z)}
2
A1Πr
When solving Error! Reference source not found., I set r to be a constant of 0.1 m and t to be a
constant at 7.5 seconds because when the station is rotating at Earth gravity during phase two, it will
be rotation at 4 rpm. This means that 7.5 seconds after the habitat fires its thrusters in one spot, the
ballast will be in that same location experiencing plume effects.

Figure 195. Plume Density vs. Thruster angle

Figure 195 shows that as the inclination/declination of the thrusters above/below the plane of spin
leads to a decrease in the plume density 7.5 seconds later when structure rotates through the plume.
Due to this necessity of angling the thrusters away from the plane of spin, the second thruster
orientation design was chosen because the R-4D thrusters used during spin up are located on the top
and bottom of the habitat/ballast. In order to get the same reduction in plume density, the thrusters
in configuration one would have to have a greater inclination/declination, which leads to lower
performance and more propellant required.

6.7.16. Final Design
The propulsion system for Polus shall consist of 2 different kinds of MMH/NTO thrusters (R-4D
and R-1E) arranged in two different quads or thruster blocks. The first type of quad (spin quad) shall
consist of 2 R-4D thrusters and 2 R-1E thrusters and is shown in Figure 196. The R-4D thrusters
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will face in the ±y direction while the R-1E thrusters will face in the ±x direction. There will be 4 of
these quads, 2 on the z faces of the hab, and 2 on the z faces of the ballast. The second type of quad
(control quad) shall consist of 4 R-1E thrusters. There will be 4 of these quads as well, 2 on the y
faces of the hab, and 2 on the y faces of the ballast. The thrusters will be facing in the ±x and ±z
directions. All thrusters will be inclined 30° for two reasons. The first reason is that inclination is
necessary to reduce plume impingement effects. At 30°, the plume density will be cut in half while
the thrust will only be reduced by about 13%. The second is reason is to allow the control quads to
spin up/down the habitat in the case that one or both of the spin quads are un-operational. Firing
both thrusters in the ±z directions would cancel out any z directional forces and provide a net force
in the ±x direction.

Figure 196. Spin Quad

Figure 197. Phase I Undeployed
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6.8. Performance
6.8.1. Phase I
Table 76. Phase I Performance

Propulsion System

Primary

Secondary

Burn Time (hours)

1.5

11.5

Mass of Propellant (kg)

1695

3308.05

6.8.2. Phase II
Table 77. Phase II Performance

Propulsion System

Primary

Secondary

Minimum Moon Gravity Spin
Up Burn Time (hours)

0.344

2.65

Moon Gravity Spin Up Mass of
Propellant (kg)

340

664

Minimum Mars Gravity Spin
Up Burn Time (hours)

0.524

4.04

Mars Gravity Spin Up Mass of
Propellant (kg)

517

1009

Minimum Earth Gravity Spin
Up Burn Time (hours)

0.853

6.58

Earth Gravity Spin Up Mass of
Propellant (kg)

841

1641

6.8.3. Phase III
Table 78. Phase III Performance

Propulsion System

Primary

Secondary

Minimum Spin Up Burn Time
(hours)

0.696

5.37

Mass of Propellant (kg)

708

1381
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6.9. Thermal Introduction
The main purpose of this design is to keep the livable area at a comfortable temperature for the crew,
not exceeding 300K, not going below 292K, and, when possible, staying at room temperature. This
is accomplished via four resistive heaters, two radiator panels, and pumped fluid loops in order to
equalize and regulate the cabin temperature. When creating any thermal system for a rotating habitat,
it is tempting to just design for equilibrium temperatures in “hot” and “cold” cases. However, while
this may work for phases where the sunlit area stays more or less constant, Polus moves between
these extremes up to four times a minute. There simply isn’t time for the temperature to reach a
static equilibrium. Therefore the design of the thermal model must take into account the changing
incident solar area, and somehow simulate the dynamic equilibrium the habitat eventually reaches.

6.9.1. Calculation of Incident Solar Area
In order to accurately simulate the thermal phenomena within the station, an algorithm that will
return the incident solar area with respect to the angle of rotation is required.

Solar Area of the Habitat
As is seen in Figure 198, the incident solar area of a cylindrical habitat with two ellipsoidal end caps
can be modeled as a rectangular region with a length of lcylinder, and two similar elliptical hemispheres
with
a
semi-minor
axis
length
of
lendcap.
!
In other words, !!_!!" = !!"#$%&'( + !!!"#$%& . If the sun’s rays are hitting the habitat at an
!
angle θ, the rectangular region would extend between the two points on the cylinder’s edges that lie
on the center line, as the incident area would begin to taper off beyond those two points. Therefore,
!!"#$%&'( = ! cos!(!) . The length lendcap is not as easily determined. It is tempting to assume that,
like the rectangular region, !!"#$%& = ℎ cos!(!) . However, as is seen in Figure 198, lendcap is not
simply a radius on the ellipse, it is a perpendicular line to the tangent, extending from it to the
ellipse’s center point. In order to actually calculate its value in terms of θ, d, and h, a relationship
between θ and ϕ, the angle of the tangent radius, needs to be determined.
First, the slope of the elliptical region is calculated via derivation:
! =ℎ 1−

!!
!
2

! !!!!!!! ∴

!"
=−
!"

ℎ!
!
2

!

1−

!
!!
!
2

!

Then, knowing that θ is the tangent line’s angle, the arctangent is calculated (after reversing the sign
of the negative slope), and it is revealed that:
! = !"#!!

!"
!!"

= !"#!!

!!
! !
!

!!

!!
! !
!

!"#!! (

!!
! !
!"#!(!)
!

= !"!!!

!! !"# !
! !
!
!
!

= !"#!!

! ! ! !"# !
! !
! !"#
!

!

=

).
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!!

∴ tan ! =

,

! !
!"#!(!)
!

! = !"#!! (

and

From the equation for the polar form of a ellipse from its center: ! =

!!

)

.

! !
!"#!(!)
!
!
!
!

!
(! !"# ! )! !( !"# ! )!

.!

!

∴ !!"#$%& = !!cos!(90! − ! − !). With these three equations for ϕ, r, and lendcap, an algorithm can
easily be set up to determine lendcap’s value for any θ.

Figure 198: Incident Solar Area of Pressure Vessel

Solar Area of the Hub
In a realistic model of the incident solar surface area, the effects of shadow caused by different
components of the space station blocking each other needs to be included. Since the hub at the
center of the rotational axis is aligned with the elliptical in order to equalize the temperature gradient
across the sunlit and dark sides, its area can be expressed as a rectangle with constant dimensions.
The area in shadow is calculated by defining a coordinate system as seen in Figure 199, in which an x
is set to be zero at the edge of the habitat and is increasing as the habitat area increases. The x value
of the hub’s edges relative to this coordinate system can then be determined as:
!

!

!

!

!! = !!"#$%& − ℎ + ! + !!" cos ! − !!" ; !! = !!"#$%& − ℎ + ! + !!" cos ! + !!" .
!
!
!
!
It becomes apparent that when calculating the area in shadow, there are five different situations for a
single coordinate. x2 could be negative, it could be within the first or second end cap region, the
cylindrical region, or it could simply be beyond the habitat’s incident area altogether. This goes the
same for x1, depending on how “wide” the hub is with respect to the habitat. Therefore, the
algorithm for calculating the shaded region checks which state each coordinate is in, adds the area
between 0 and x2, and subtracts the area between 0 and x1. If either are within the end cap regions,
the shaded area from Figure 199 can be calculated by the equation for the segment area of an ellipse:
!!!!"#$ =

!
!
! !"#!"#

!

! − sin !

.

Since ! =

!
!

1−

!!
!!"#$%&

!

, ! = !"!#2

!
!

1−

!!
!!"#$%& !

,! ,

where y is simply !!"#$%& − !! for x2, and !!"#$%& − !! for x1. With these equations, a modification
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to the incident solar area due to the shadow cast by the hub on the habitat (or vice versa) is easily
included.

Figure 199: Hub's effect on Incident Solar Area

Addition of a Transfer Tube
With the addition of a tube to facilitate shirtsleeve transfer between hub and habitat, both the extra
incident area and the area in shadow due to the tube need to be taken into account. In order to
calculate the sunlit area of the tube, two cases are considered. From Figure 200, if the region
denoted by the length ′!′ = ℎ + ! +

!!!"
!

cos!(!) − !!"#$%& −

!!!"
!

is defined as the incident

area of the tube that adds to the total, then there will be situations where ′!′ ≥ 0!or ′!′ < 0. Once
′!′ < 0, the value becomes meaningless and the equations that govern the tube’s total area have to
be changed.
For the 1st case, !!!!"#$% =

!!!"
!

1 − cos !

, !!"#$_!"# =

!!"#$
!
!!"#$

sin!(!) , and the total incident

solar area of the tube is !!_!"#$ = (′!′ + !!!!"#$% )!!"#$ + !!
!!"#$_!"# .
!
In the 2nd case, ′!′ = ℎ + ! cos ! − !!"#$%& , ltube_end stays the same, and the total incident
!

solar area of the tube is !!_!"#$ = ′!′!!"#$ ! + ! !"#$ . The area of shadow that the tube casts on
!
the hub (not including shadow cast by the habitat) for the two cases is
!
!!!!"#$ = (!!!!"#$% )!!"#$ + !! !"#$ !!"#$_!"# and !!!!"#$ = !!_!"#$ respectively.
!
Now, if the situation were reversed, and the tube was casting a shadow on the habitat, the incident
solar and shadow areas would be calculated in the same way, except now
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!

!

!!!!"#$% = !!"#$%& − ℎ cos ! , and ′!′ = !!" + ! cos ! − !!" . With these additions, a
!
!
fully comprehensive simulation can be created of the rotating station’s surface area. The final
algorithm can be found in [appendix], and its results can be seen in Figure 201.

Figure 200: Transfer Tube's effect on Incident Solar Area

6.9.2. Calculation of Radiative Area
As the space station is composed out of components that are reasonably modeled as basic solids, its
radiative area be calculated by using their surface area equations. The habitat’s end caps can be
modeled as two similar hemispheres of an oblate spheroid, which is simply an ellipsoid that has a
circular horizontal cross section. Unlike the general case for an ellipsoid, which doesn’t have an
exact equation for the surface area, the oblate spheroid’s surface integration simplifies to
!!_!"#$%&' =

!! !
!

1+

!!!"" !
!""

!"#ℎ!! !""

, where !"" =

1−

!!
! !
!

. The other components of

the habitat can simply be modelled as cylinders. The results of these calculations can be seen in
Table 79.

6.9.3. Conclusions on Habitat Configuration
Four different configurations were considered throughout the lifespan of the project: Two with a
basic tube, hub, and habitat combination with elliptical end caps, and two using cables instead of the
transfer tube. These configurations were further split up by the addition of a cylindrical outer
whipple shield that protected the pressure vessel from ballistics and radiation. The means to
calculate the surface area of the basic configuration has been discussed primarily because the others
are merely simplifications. Adding the whipple shield can be modeled via extending the cylindrical
section to the total length and flattening the end caps. To replace the transfer tunnel with cables, the
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tube’s effects just aren’t taken into account, as the effect of cables on the incident solar area is
negligible.

Figure 201: Total Incident Solar Area for Multiple Configurations

An increase in incident solar area results in an increase in radiator area required when the station
is sunlit. Also, an increase in radiative surface area, results in an increase in heater power required
when the station is eclipsed. Therefore, as a rule of thumb it is best to minimize both. As can be
seen in Table 79, the removal of the transfer tube makes the station much more manageable in that
regard, and the addition of the whipple shield only results in a marginal increase in both that is more
than made up for by its essential benefits.
Table 79: Average Radiative and Total Incident Solar Areas for Multiple Configurations

Configuration:

Average Total
Incident Solar
Area

Transfer Tube, no No transfer tube,
whipple shield
no whipple shield

298.0 m2

126.2 m2

Transfer tube,
whipple shield

No transfer tube,
whipple shield

301.7 m2

131.7 m2
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The final configuration that was decided upon was one without the tube, with a whipple shield,
and little to no livable area within the hub. During Phase III of the mission, a mars yard would be
added onto the habitat, extending the habitat’s dimensions. The effect of this can be seen within
Figure 202, which depicts the area values with respect to θ that are used in the final thermal
calculations. The radiative area of Phase I is the same as Phase II, and its incident solar area is kept
constant at 52.33 m2.

Radiative
Area
!! = 268.3!! !

Figure 202: Radiative and Incident Solar Areas of the Habitat for Phase II and III

6.9.4. Thermal Model Design
With an accurate model of the solar and radiative areas, a thermal model can be designed for the
habitat. This is done by creating a time-step based iterative algorithm for the temperature at various
points along the wall structure, as can be seen in Figure 203 (i.e. ! ! + 1 = ! ! + ∆!).

Wall Heat Transfer Simulation Requirements
The cylindrical whipple shield that surrounds the habitat not only provides basic ballistic and
radiation protection, it will, in combination with the polyethylene covering the pressure also act as a
thermal insulator. Therefore, the radiation between the inner and outer walls need to be taken into
account as well as the radiative heat transfer between the habitat and space. The conduction between
the walls has to be included as well, via the struts that connect the pressure vessel to the habitat, the
fluid pipes leading to the radiator, and other miscellaneous connections, such as wires and sensors.
Polyethylene is a terrible heat conductor, so the conduction equations also need to take into account
the heat transfer through the walls.
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Figure 203: Thermal Model of Habitat Wall

Conduction
∆!"#

The conduction between two points in the same material is equal to
. However, if the
!
conduction takes place through two different materials that are touching, the conduction equation is
slightly different. For instance, the conduction through the aluminum wall and the polyethylene can
be described as

∆!

!!""#$
!!"#$ !! !!!"#$"

!

!
!! !! !!!"#$"

!

!!"#$%&!!"#$#
!!"#$%&!!"#$# !! !!!"#$"

, where hc is the thermal

conductance coefficient between the two materials. However, since polyethylene is an insulator, the
conductance coefficient is large enough that the middle term can be ignored. To simulate extra
conductive area due to fluid pipes, wiring, and sensors, +/-0.5 m2 in area was added to the equations,
but in the end it had a negligible effect in the final results.

Radiation
Each time a photon bounces between surfaces, its energy times the surface absorptance is absorbed,
and the rest is reflected. Therefore, the amount of energy absorbed by the inner surface due to its
own radiation can be described as !! 1 − !!""#$ !!""#$ + !! 1 − !!""#$ !!""#$ 1 −
!!""#$ ! + ⋯ + (!! 1 − !!""#$ !!""#$ )(1 − !!""#$ )! as n goes to infinity, which simplifies to
!! (!!!!""#$ )!!""#$
!!(!!!!""#$ )!
!! (!!!!""#$ )!!""#$
!!(!!!!""#$ )!
!! !!""#$

.
!! !!!!""#$ !
!! !!""#$
!! !!!!""#$ !

. Likewise, the energy absorbed by the outer surface inside the whipple shield is
, so the energy it radiates to the inner surface is !! −

!! !!!!""#$ !!""#$
!! !!!!""#$ !

=

Putting the two together, the amount of energy going into the inner surface is then

+

!! (!!!!""#$ )!!""#$
!!(!!!!""#$ )!

− !! =

!! !!""#$ !!! !!""#$
!! !!!!""#$ !

=

!!""#$ (!! !!! )
!!!""#$ !!!""#$ !

.

Therefore, the net radiative heat transfer from point 4 to 3 is:
!!!""#$ ( !! − !!"#$" !! ! − !! − !!"#$" !! !
2 + !!""#$

Final Algorithm
Combining these results, the final algorithm for heat transfer through the model presented in Figure
203 is as shown:
The cabin temperature (T1) changes at a rate of
!"! !"#!!""#$!!"#$%!!""#" + !"#$%&'("#!→! + !"#$%&'("#!→!
=
!!""#$ !!"#$%&#$ !
!"
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!! − !!

∴ ∆!! = (!!"#$%"&' − !!"#$"%&! +

!!"#$%&!!"#$#
!!""#$
+
!!"#$ !! − !!"#$"
!!"#$%&!!"#$# !! − !!"#$"
!! − !! !!"#$" !!"#$%&#$
∆!
+
)
!!""#$ + !!"#$"
!!""#$ !!"#$%&#$

The Inner pressure vessel wall surface temperature (T3) changes at a rate of
!"! !"#$%&'("#!→! + !"#$"%$&'!→!
=
!!"#$%&!!"#$# !!"#$%&!!"#$# !
!"
!! − !!
∴ ∆!! = (
!!"#$%&!!"#$#
!!""#$
+
!!"#$ !! − !!"#$"
!!"#$%&!!"#$# !! − !!"#$"
!!!""#$ ( !! − !!"#$" !! ! − !! − !!"#$" !! !
∆!
+
)
2 + !!""#$
!!"#$%&!!"#$# !!"#$%&!!"#$#
The Inside of the whipple wall’s temperature (T4) changes at a rate
!"! !"#$"%$&'!→! + !"#$%&'("#!→! + !"#$!"#$%&!→!
=
!!"#$% !!"#$%&#$ !
!"
!!!""#$ !! − !!"#$" !! ! − !! − !!"#$" !! !
!! − !! !!"#$" !!"#$%&#$
∴ ∆!! = (
+
2 + !!""#$
!!""#$ + !!"#$!
!! − !! !! !!"#$%&#$
∆!
+
)
!!"#$%
!!"#$% !!"#$%&#$

of

The
Outer
wall
surface
temperature
(T5)
changes
at
a
rate
of
!"! !"#!!"#$%!!"#$"%$&'!!""#" + !"#$%&'("!!→!
=
!!"#$% !!"#$%&#$ !
!"
!! − !! !! !!"#$%&#$
∆!
∴ ∆!! = (!! !! !!"#$% − !!!"#$% !! !! ! − !!"# ! +
)
!!"#$%
!!"#$% !!"#$%&#$
The application of this algorithm in the form of a MATLAB script can be found in [appendix].

6.9.5. Results
Thermal Coating and Radiator Requirements
In order to determine the properties of the thermal controls, the simulation was used to calculate
how much heat the radiators needed to dissipate (Pradiator) in the three mission phases for a variety of
different thermal coatings, the results of which are in Table 80. In order to minimize the mass
budget, the radiators need to be as small and need to dissipate as little heat as possible. However, if
Pradiator is negative, then heat needs to be added to the habitat even in the sunlit case, which will drive
the power budget into the realm of infeasibility.
Table 80: Thermal Coating

Type of Coating

Absorpta
nce

Emitta
nce

Martin Black Velvet
Paint

0.91

0.94

-15240
W

666.0 W

0.92

0.72

10460 W

26770 W

Pyramil Black on
Beryllium Copper

Pradiator
(Phase I)

Pradiator
(Phase II)

Pradiator
(Phase III)
-10740
W
22040 W
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Parsons Black Paint

0.98

0.91

7310 W

10260 W

887.0 W

0.96

0.86

-2661 W

16500 W

5197 W

0.17

0.92

-65200
W

-62240
W

-87500
W

Hughson White Paint
A-276 + 1000 ESH UV

0.44

0.88

-41670
W

-33910
W

-52910
W

Sherwin Williams
White Paint (F8W2030)

0.39

0.82

-38470
W

-31660
W

-50000
W

Magnesium Oxide
Aluminum Oxide Paint

0.09

0.92

-70840
W

-69260
W

-96080
W

Brilliant Aluminum
Paint

0.30

0.31

13400 W

18730 W

14450 W

0.25

0.34

6314 W

10810 W

4307 W

0.31

0.45

386.0 W

3443 W

1230 W

0.34

0.55

-11420
W

-5416 W

-16810
W

GSFC Black Paint
313-1
GSFC White Paint
MS-74

0.15 mm Kapton Film
with Aluminum
Backing
0.25 mm Kapton Film
with Aluminum
Backing
0.50 mm Kapton Film
with Aluminum
Backing

From Table 80 it can be concluded that 0.25 mm Kapton Film with aluminum backing, albeit
more expensive than regular paint, is the most ideal surface coating, as it does not require heating
during the sunlit case, and Pradiator remains below 5000 W.

Eclipse Phase and Heater Requirements
If the temperature within the habitat were to be kept at a constant 297 K, then the heater power
required with the thermal coating selected would be 30000 W or higher. This infeasibility is true for
all the coatings reviewed. However, instead of attempting to completely cancel out the thermal
gradient, the habitat is preheated via resistive heaters for a period of time before the eclipse, bringing
it up to the maximum allowable temperature. Therefore, by simply running the heaters at a safe
rating (~1750 W each) throughout a couple hours surrounding eclipse, the temperature is allowed to
increase and decrease within the acceptable temperature range, as can be seen in Figure 204.
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Figure 204: Habitat Temperature Surrounding the Eclipse Phase

During Phases I and II, two of the four heaters will be active, requiring 3500 W of power to run for
7.3 hours. During Phase III, all four will run, requiring 7000 W for 9 hours. As a contingency, the
actual maximum rating of the heaters is 7000 W each. Therefore, they will run at only a fraction of
their total output for the duration of the mission, but will still keep the station warm even if three out
of four break.
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6.10. Thermal Design
The thermal design will maintain the required temperature inside the habitat. This temperature
ranges from 292 K to 300 K, but nominally the habitat is designed to stay at 297 K. The habitat is in
lunar DRO, so the temperature of the surrounding space is only 4K. Unlike spacecraft in LEO, there
is a tendency for the habitat to become too cold. Several methods are implemented to increase the
temperature of the habitat. Sources of heat include solar radiation and internal power. The thermal
design passively and actively controls how much heat comes in and out of the habitat. The surface
coating determines the absorption and emission of radiation. Radiators are also implemented in order
to release excess heat. A pumped fluid loop is used to equilibrate the temperature inside the habitat.

Figure 205: Overview of Thermal Design

6.10.1. Phase I Thermal Control
This phase requires temperature control when the habitat is not revolving about the central hub. The
surface coating and radiator sizing was based on calculations for the earth gravity case.

6.10.2. Without rotation
If the habitat did not rotate about its axial axis, one side would get hot and one side would get
cold. The equilibrium temperature was found considering a unit area on both sides.

!ℎ!" =

!
!! !!! + !"#
!!"#$

!!"#$ =

!"!!"#
!!"#
!!"#$
!"!!"#

1
4

+ !4!"#

= 353!!

1
4

+ !4!"#

= 212!!

!! = !"#$%!!"#$
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! = !"#$%&'()('*
!! = !"#!!!"#!!"!!"#
!!"# = !"#$%"&'!!"#$%
!!"#$ = !"#$%&'!!"#!!!"!ℎ!"#$!$
! = !"#$$#%#&'
! = !"#$%& − !"#$%&'((!!"#$%&#%
!!"# = !"#$"%$&'!!"#!
!!"# = !"#$%&"'!"()*!!"#$"%&!'%"
The hot side gets up to 353 K and the cold side gets as low as 212 K. The temperature difference is
too high and outside the desired range.

6.10.3. “Barbecue” roll
In order to get an even distribution of temperature on the surface of the habitat, the habitat executes
a “barbecue” roll. The RCS thrusters will implement a roll with a 10 min period. This was arbitrarily
chosen. It is short enough to effectively equilibrate the temperature on the surface of the habitat, but
not fast enough to create a large amount of gravity.

Gravity
2!
!"#$
= 0.01
!
!
!
! = ! ! ! = 4 ∗ 10!! ! !
!
The gravity induced by this rotation is still in the microgravity regime. The thrust required for this
rotation is very small since the angular velocity is so low. The required propellant can be considered
negligible.
! = 10!"# = 600!!; !! =

Temperature Gradient
The temperature will increase on the sunlit side, but will decrease on the dark side. Starting from the
nominal temperature of 297K, the propagation of temperature for half the period showed very small
change in temperature. The sunlit side and the dark side had a difference less than 2K. This
calculation is without the use of radiators and pumped fluid loops. Assuming that the cold side
drops to about 292 K, the temperature remains in the desired range over 2 periods. There is tendency
for the temperature to increase inside the habitat over time.
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Figure 206. Temperature Increase on Sunlit Side

Figure 207. Temperature Decrease on Dark Side

Temperature propagation
The temperature will increase on the sunlit side, but will decrease on the dark side. Starting from
the nominal temperature of 297K, the propagation of temperature for half the period showed very
small change in temperature. The amount of heat removal was determined by decreasing the internal
power until it stayed within the range. The habitat needs to remove 3kW of additional heat through
radiators.
!
!!"# = !!"# !!"# !!!"#
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This corresponds to 7.6!! ! of effective surface area of the radiator. This is smaller than the
radiator size during the other phases. The radiator will only be partially extended.

Figure 208. Barbecue Roll

6.10.4. Radiator
The radiator is designed for the case with earth gravity. The surface coating is GSFC White Paint
NS43-C, which was chosen due to its large emissivity of 0.92. During the earth gravity case, the
habitat needs to reject 4.4 kW of heat through the radiator. This corresponds to a surface area of
11! ! . Since there are 2 radiators, the cross sectional area required is 2.75!! !

Position
The radiators are position on the strut connected to the habitat. It is oriented in such a way that it is
orthogonal to the sun and the habitat wall surface at all times. It is extended off booms so that that
no heat is radiated back to the habitat.

Figure 209. Radiators
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Structure
Each radiator is about 750 kg. The panels are square, so the effective center of gravity is located
about 5 m from the strut. The radiator also needs to be supplied with fluid so the booms need to be
hollow. A safety factor of 1.5 is chosen. The yield strength for Aluminum is 276MPa.
! = !"#; !! =

!"
4!"#!!
!"
=
=
!
!
!
!"
! !! − !!

The inner radius will be determined by the pipe flow requirements. The fluid is ammonia with
0.73

!"

!!

density. Problems occur with high velocity, so a reasonably 4

!
!

was determined

! = ! !!!! !
!"

With a mass flow rate of 0.35 , the inner radius needs to be 20 cm. With a relatively high safety
!
factor, the outer radius is 22cm. The radiator is not likely to fail, during the rotation. The radiator
could fail due to fatigue, which is why the radiator will not be extended and retracted often. Instead
the fluid pipe is used for the most of the control.

6.10.5. Pumped Fluid Loop
The habitat contains two pipes that will run along the walls. These contain pumped water due to
its high specific heat. Ammonia was ruled out inside the habitat due to its toxicity. The water
loop is connected to the ammonia loop through a heat exchanger. There is a heat exchanger for
each water loop in case of failure. The maximum mass flow rate was determined based on how
much heat needs to be delivered to the radiator.

Figure 210. Pumped fluid loop connected to heat exchanger

6.10.6. Mass Flow Rates
! = !!∆! !
The pumped water loop needs to transfer 4.4kW of power to the heat exchanger. The water pipe gets
!"
!"
up to 300 K and the specific heat is 4.19 . The required mass flow rate of water is 0.35 . The
!"

!

!

required pipe radius for this fluid and mass flow rate is 2cm, using a velocity of 0.5 !. The specific
!
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heat of ammonia is 6.2
0.35

!"
!

!"
!"

and the expected temperature is 299K. This has a mass flow rate of

. These mass flow rates can vary as desired depending on thermometer readings.

6.10.7. Thermal Control
There are two methods of control. The radiator can be retracted or extended and flow rate can be
changed. If the radiator temperature needs to heat up, increase the flow rate of the ammonia loop. If
the temperature is too low, such as the eclipsed case, the radiator can be retracted. There is also a
heater if it gets too cold. If the habitat temperature is unbalanced, the water loop flow rate can be
increased to equilibrate the temperature.

Figure 211. Thermal Control Flowchart
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7. Avionics and Software
7.1. Configuration
7.1.1. Final Configuration
The moments of inertia and center of mass of the final configuration of Polus are listed in Table
81. For reference, the origin of the system is located at the end of the solar panel tower near the
communication antennas, as shown in Figure 212. The center of mass is located at the center of the
y and z-axes and nearly 17 meters from the origin in the x-axis. The final moments of inertia and
center of mass data for Phases 2 and 3 are located in Table 82, and the origin of the Phase II and 3
systems is in the center of the central hub. The center of mass for Phases 2 and 3 is located at the
origin of the system for the x and y-axes and just below the origin in the z-axis. Because our stability
ratio is negative, the system is spin stabilized. Spin stabilization is discussed in 0.
Table 81. Phase I Moments of Inertia and Center of Mass

X-Axis Center of
Mass (m)

16.9

Ix (kg ∙ m! )

1.6225x106

Iy (kg ∙ m! )

6.7022x105

Iz (kg ∙ m! )

7.0699x105
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Figure 212. Phase I Center of Mass Diagram

Table 82. Phases 2 and 3 Moments of Inertia and Center of Mass

Phase II

Phase III

Ballast Mass (kg)

45100

70300

Ballast Cable Length (m)

59

50

Z-Axis Center of Mass (m)

-0.0570

-0.0447

Ix (kg ∙ m! )

5.2077x106

6.4203x106

Iy (kg ∙ m! )

3.5871x108

4.6280x108

Iz (kg ∙ m! )

3.5941x108

4.6283x108

Stability ratio

-0.13

0.0041

7.1.2. Stability
Spin Stability
For a design configuration to be stable, the system must spin about either its axis of maximum or
minimum moment of inertia; spinning about its axis of intermediate moment of inertia is unstable
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because the system will begin to spin about one of its other axes if perturbed. In the context of
Polus, the spin axis is the z-axis. Requirements dictate that the system must be spin stabilized by
rotation around the axis of maximum moment of inertia.
Spin stability is typically modeled as a ratio of moments of inertia or !.
! =!

(!! − !! )(!! − !! )
!! ∗ !!

where I3 is the spin axis (z), I1 is the axis along the cables (x), and I2 is the remaining axis (y).
The condition for stability is ! < 0.
In addition to spinning around the axis of maximum moment of inertia, the system must spin about
a point located on its body. The system’s center of mass is placed at the center of the central hub.
Small discrepancies in the location are tolerable as described in 7.1.3
For PDR a two-arm design with habitat and ballast is used. To ensure stability, stability arms are
attached to the sides of the hub in the y-direction. To achieve rotational stability, two stability arms
of a length of 20 meters and 958 kilograms are attached. These arms were designed to be the
minimum mass necessary to reach a negative stability ratio. Modeling these arms included wire
masses, for batteries at the ends of the arms, and structural loads, which drove the thickness of the
arms, so they could not be infinitely long.

Trade Study Between 3 Arms and 2 Arms

Figure 213. Configuration Diagrams

In the initial design of the system, a few baseline configurations were determined and evaluated. The
two most desirable configurations based on system requirements and interests of the subgroups were
a two-arm configuration and a three-arm configuration. The two-arm design consisted of a ballast
that offsets the habitat mass and two stability arms in the y-axis. The three-arm design consisted of
two arms opposing the habitat to form a ‘peace sign’ configuration. Both of these designs were
created to ensure that the center of mass is at the center of the hub and that the system has the
largest moment of inertia in the Z-direction so that the system is spin-stabilized around the zaxis. The configurations described are pictured in Figure 213.
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For the purposes of the trade study, the habitat mass was assumed to be 40,000 kg. The habitat is
modeled as a cylinder with a radius of 4 meters and height of 6.37 meters and its center of mass is in
the center of the cylinder. For the two-arm configuration a ballast point mass of 40,000 kg is
modeled, and for the three-arm configuration the two ballast masses are 20,000 kg each. Cables are
modeled as one large cable at a unit mass of 25 kg/m.
For the two-arm configuration, the combination of mass and length of the stability arms is
considered for spin stability. To analyze the two-arm configuration, different lengths of stability arms
are plotted against the mass of the point mass attached to the stability arm as seen in Figure 214. As
mentioned previously, a negative stability ratio indicates stability.

Eddot vs Mass
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Figure 214. Stability Curves for Two-Arm Configuration

In Figure 214 the structure holding the stability arm is not modeled for simplicity; however, this is a
valid assumption because the structure would increase the moment of inertia around the z-axis, thus
making the system more stable and the minimum mass shown in the graph would still hold. For the
three-arm configuration, the angle between the x-axis and the ballasts is the limiting factor for spin
stability. By plotting the stability ratio against the angle, a stable solution can be found as seen in
Figure 215. Figure 215 assumes two ballasts masses of 20,000 kg each as noted in the description of
the trade study earlier.

295

Eddot vs Theta
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Figure 215. Stability Ratio vs Theta

A summary table is generated. The results of the trade study are analyzed based on additional mass
and Iz (moment of inertia around the z-axis). A smaller Iz equates to less propellant needed during
spin-up. Given that the relationship between Iz and angle for the three-arm configuration is roughly
quadratic, and is linear for mass of stability arms in the two-arm configuration, these graphs are
omitted. Additional mass is defined for the two-arm configuration as the mass of the stability point
masses, ballast cables, and motors for the ballast arm. Additional mass for the three-arm
configuration is the mass of the ballast cables and the mass of the motors required to drive the cables
of the two ballast arms. For the purposes of this trade study, each motor weighs 1000 kg and there
are six of them per arm, one motor per cable. Each cable is estimated to have a mass of 25 kg/m,
which is close to the 26.7 kg/m unit mass used in the final configuration. It can be seen in Table 83
that the two-arm configuration has a smaller Iz and a smaller additional mass. In addition to these
measured quantities, a two-arm configuration requires a less complex central hub design and greater
reliability because there is a smaller number of failure modes associated with less cables. Finally, a
significantly larger cable length also presents a different set of challenges. This study was done with
an Earth gravity configuration, meaning that it was rotating at 3.91 RPM to have an effective Earth
gravity (9.81 m/s2) at the end of the habitat arm of 50 m. At 65 meters, the gravity level on the
ballast would be 10.9 m/s2 and at 105 meters, the gravity level would be 17.6 m/s2. It would be
important to make sure that the ballast could withstand the gravity at the necessary length.
Table 83. Summary of Possible Design Configuration

Mass Arms
(kg)
Length
Stability Arms
(m)
Length Ballast

Two Arm

Two Arm

Three Arm

Three Arm

Three Arm

7000

3400

-

-

-

10
53

15
53

56

58

65
296

Arms P2 (m)
Length Ballast
Arms P3 (m)
Theta (deg)
Additional
Mass (kg)
Iz P2 (kg ∙ m! )
Iz P3 (kg ∙ m! )

85
-

85
-

91
6

94
15

105
30

14325
2.46E+08
5.10E+08

10725
2.46E+08
5.10E+08

14800
2.53E+08
5.34E+08

14900
2.60E+08
5.53E+08

15250
2.93E+08
6.39E+08

Different weights of ballasts can also be modeled and a MATLAB graph of the different
configurations can be found in Figure 268 in the Appendix.

7.1.3. Moment of Inertia Sensitivity
Moment of Inertia Sensitivity
The difference in moment of inertia around the y-axis and z-axis is 700,000 kg-m2 for Phase II and
30,000 kg-m2 for Phase III, meaning that if in Phase III enough mass is shifted to cause a 30,000
kgm2 moment of inertia transfer from the z-axis to the y-axis, the system is no longer spin stabilized.
Since Phase III has the smallest margin of stability, mass movements during Phase III are analyzed.

People
Assuming six 95th percentile male crew members, moving them from the habitat to the center hub
gives the following moments of inertia.
!! = 6.374!10! !kg ∙ m! !
!! = 4.4379!10! !kg ∙ m! !
!! = 4.4384!10! !kg ∙ m! !
! = −0.0085
In fact, moving the crew from the habitat to the center hub improves stability.
Given that moving the crew to the center hub improves stability in its change on moment of inertia,
all six crew members are placed in the Mars SIM, which is a more feasible scenario. Performing
calculations, the final moments of inertia are
!! = 6.42!10! !kg ∙ m! !
!! = 5.1182!10! !kg ∙ m! !
!! = 5.1184!10! !kg ∙ m! !
! = −0.0022
Moving all of the crew into the Mars SIM decreases stability; however, at any one time the Mars SIM
will only contain two crew members. In the event that all six crew need to be in the Mars SIM while
spinning, the system will still remain spin stabilized.

Other Objects
Most of the food is stored in the habitat. The largest mass of food that needs to be stored in the
habitat and Mars SIM is 8600 kg. Similar to the case of moving crew, by moving the food closer to
the center hub, the stability margin will increase. Moving food further from the center will cause a
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decrease in the stability margin so care must be taken when moving food or other objects further
from the center hub. As a rough estimate, all 8600 kg can move up to 9 meters farther away from
the habitat in Phase II and 1.9 meters in Phase III. Moment of inertia must be considered in the
placement of food, storage, and other objects in order to maintain stability.

7.1.4. Mass Movement
In addition to modeling the system’s sensitivity of change in center of mass and moment of inertia, it
is also important to analyze the effect of motion with respects to linear and angular velocities to see if
a periodic motion affects the stability of the system. A paper by W. T. Thomson and Y. C. Fung
analyzes the stability of a spinning space station due to periodic crew motion. The study concludes
that instability may occur if the crew moves at a period of “an integral multiple of half the period” of
the period of satellite. If an object moves at large enough amplitude at such a frequency, instability
can occur. A larger body has a greater chance of causing this type of instability (Thomson & Fung,
1965).
Periodic human motion was analyzed following Thomson and Fung’s study, and it was determined
that the nature of human motion was not significant in causing instability. Larger mass motions were
also analyzed to determine a limit to instability caused by period and frequency of movement.

Human Movement
In most cases, the system is much more massive than the six crew members and the effect on the
system is negligible; however, in the case of large magnitudes of motion, instability may
occur. Figure 216 shows the operable range in terms of the parameter ∈ and the angular rate, !, of
the moving body in an Earth gravity rotation (3.9 RPM). The red-shaded region indicates instability.
The operable range is determined by performing analysis on the space station based on moments of
inertia native to the system. The mass movement study was originally done for the Polus
configuration presented at the Preliminary Design Review. The moments of inertia of that
configuration are:
!! = !7.504x10! ![kg ∙ m! ]!
!! = 5.291!10! ![kg ∙ m! ]!
!! = 6.919!10! ![kg ∙ m! !]
The system can be rotated to have a spin axis moment of inertia and two identical other minor axis.
By performing a 45-degree rotation in the x-y plane, the following moments of inertia are achieved
!! = !! = 3.021!10! ![kg ∙ m! ]!
!! = 6.919!10! ![kg ∙ m! ]
The following angular momentum equation applied to the system
!! = !! !! !
!! = ! (!! + 6!! ! )!! !
!! = !! + 2!! ! !! + !! !
where ! is the angular rate of the moving body, ! is the circular frequency of the crew motion, and
m is the mass of the crew.
Using the previous equations of angular momentum and the fact that !! ≈ 2!! = 2!! , the stability
equations for circumferential motion shown below can be derived
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where ws is the spin rate of the system.

10
9
8
7

θ̇

6
5
4
3
2
1
0
0

0.2

0.4

0.6

0.8

1

Figure 216. Instability under Circumferential Motion for 6 Crew Members under Earth Gravity

A typical person walks at a speed of 1.5 m/s with a maximum running speed of about 8 m/s.
Human gait can be likened to an inverted pendulum with a frequency of 0.4 to 3.6 Hz (Nilsson &
!
Thorstensson, 2008). Angular rate is defined as . A crew member moving circumferentially around
!
the habitat under simulate earth gravity at a typical walking speed will have an angular speed of
!
! = 0.03! !"#
!=
50 !
!
1.5!

Similarly, at an average maximum running speed, ! = 0.16!!"#/!. The angular speed ratio noted in
the middle of the circumferential motion stability equation can be seen dividing the human’s angular
rate by the spin rate of the system. In this study a spin rate of 3.91 RPM is used as !! .
!"#
0.03
!
!
=
= 0.073
w! 0.409! !"#
!
At a running speed the ratio is 0.391.
Epsilon for the system is defined as
! = 600![!"] ∗

3.6 ! !! ∗ 2! !
= 1.25!10!!
3.021!10! !" ∙ ! !

!"#
!∙!

!
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to 0.01

!"# !
!∙!

.

For the walking case the upper and lower bounds of stability are very similar so the numbers from
the running situation are used to determine
1.29 <

!
< 1.3
!!

This is clearly above the ratios of 0.073 and 0.391 derived above, indicating that mass movement of
the crew is not significant enough for the station to become unstable when spinning at Earth gravity.
Alternately, the stability constraint can be rewritten in terms of an angular rate
!"#
< 0.532!
!
A similar derivation takes place when analyzing the movement for the system spinning at Martian or
Lunar gravity. Assuming that humans walk and run at a similar speed and frequency as compared to
Earth, human motion will not cause instability in Polus. The final results of the study are seen in
Table 84.
0.528 < !

Table 84. Limits on Angular Motion with Walking Frequency

Gravity Level

!!

!!"#

!!"#

Lunar

0.167

0.215

0.217

Martian

0.252

0.325

0.328

Earth

0.409

0.528

0.532

Space Trolly
Using a space trolly introduces a large motion into the system, and it is important to determine
whether that motion will cause instability of system. The theoretical space trolly would have a mass
of approximately 2500 kg including structure, cargo, and crew. To determine the same relationships
in the previous section, one would need to know the frequency of movement of the elevator.
Preliminary analysis is done
!

!"#
!=
!

!
∗ 2!!
!

An acceleration of 1.5 m/s2 is chosen for the analysis and L remains 50 m

! = ! (2500 !" ∗

1.5
∗ 2!
50
3.021!10!

!

= 9.8!10!! !

!"#
!∙!

!

Continuing the analysis, the system will be unstable if the elevator has an angular rate of about 0.535
rad/s or a velocity of 26.75 m/s. At an acceleration of 1.5 m/s, the elevator will traverse the 50
meter span is under 6 seconds and will not reach an velocity of greater than 9 m/s. This analysis
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would need to be redone once actual elevator specifications have been created, but it is definitely
feasible to create an elevator that does not infringe on the stability of the space station.
Summarizing the stability diagram, stability can occur if the crew moves at a period at an integral
multiple of half the period of the spinning system (Thomson & Fung, 1965). In Polus’s case, any
integral multiple of 0.207 rad/s is not allowed, meaning the crew must be moving at about a speed of
10 m/s, 20 m/s etc. to cause instability. All of these speeds are infeasible in the context of a space
station and can be considered out of the realm of possibility. As the amplitude of the crew motion
becomes larger or an elevator begins to move at a harmonic oscillation, the range around 10 m/s will
increase. To prevent instability, elevator speeds nearing 10 m/s should be avoided.

7.2. Communication
7.2.1. Requirements
The communications system for Polus was based on two primary requirements. First, the station
must be able to maintain constant communication with the desired ground station on Earth with
minimal blackout or dead zone scenarios. Further, any reflector antennas mounted on the
communications tower must maintain unimpeded line-of-sight with Earth as much as possible.
Blackout situations may occur when the field of view is obstructed by the rotating habitat or ballast.
Second, requirements for projected uplink/downlink rates for low and high bandwidth transmissions
are 1 MBps and 50 MBps, respectively.

7.2.2. Architecture
The proposed architecture to fulfill these requirements consisted of modes of communication in
three different frequency ranges, all radio-based: UHF/VHF, S-band, and Ka-band. Low-bandwidth
data (1 MBps maximum) will be transmitted with the UHF/VHF antenna, and high-bandwidth data
will be transmitted with parabolic reflector antennas in the Ka-band and S-band.

Communications Tower Structure
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Figure 217. Antennae Array Structure

The structure of the antenna system is as follows in Figure 217. On the top, there is a dipole dualband yagi-uda antenna that can transmit/receive in the UHF/VHF range. Underneath the yagi is a
Ka-band dish, and on the bottom is an S-band dish. Both of the dish type antennas are 1-m in
diameter. The antenna array is mounted to the top of the truss communications tower, which was
sized appropriately to maintain line of site over the actual hab. The arm holding the dishes is made
out of 6061- aluminum, and is mounted to a rotating servo which will allow three out of the four
antennas to be facing earth at all times. The antenna facing in the opposite direction will be used to
maintain communications with the Orbiter used in the asteroid redirect phase of the mission.

Optical vs. Radio Communications
The two options considered when choosing the appropriate communications medium for Polus were
an optical, or laser-based, communication system and a radio communication system. The advantages
of laser over radio are that it achieves higher data rates without increasing power usage, uses shorter
wavelengths that allow for smaller terminals using less power for equivalent or higher data rates,
achieves nearly error-free uplink and downlink, and transmits with much less delay (close to
instantaneous) since it is completely optical. Laser-based communication has already been
demonstrated by the Lunar Laser Communication Demonstration (LLCD), which is a project part of
the Lunar Atmosphere and Dust Environment Explorer (LADEE) mission. The success of these
demonstrations has raised the TRL of space-based laser communication systems to 7 (Toyoshima &
Takayama, 2012).
Conversely, radio is still a robust platform for space-based communication systems due to its
extensive heritage in many missions, including the Apollo and space shuttle programs. Although the
feasible data transfer rates are not necessarily comparable to those for laser-based systems, the
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requirements for Polus did not necessitate communication at rates offered by laser-based systems. It
was determined that communications in the S-band and Ka-band would be able to satisfy the highbandwidth requirements. Moreover, there are many ground stations that support radio
communication systems, whereas for laser-based communication systems, only one ground station in
White Sands contains a terminal that has the ability to receive and interpret optical data signals (Israel
& Cornwell, 2014).

Radio: UHF/VHF
UHF/VHF radio transmissions allow for communications to occur regardless of the presence of
clouds within the line of sight of the signal. This is because the UHF/VHF frequencies being used
are not in the microwave spectrum, and therefore are not scattered by the presence of water. For this
reason, information regarding the health of astronauts, stability of the habitat, and other critical
information will be transmitted via these frequencies. Though UHF/VHF require much higher
power than other microwave bands, the reliability of these bands, along with their availability with
ground networks, make them a viable choice for transmitting vital information at a nearly constant
rate. Because of the high power requirement, the data being transmitted and received has to be low
bandwidth. Therefore short text packets will be compressed so that they contain only the essential
data needed.

Radio: S-band
S-band communications have been reliable for space missions in the past, as they were used for
Apollo missions and currently for the ISS. There is a large network of transmitting antennas on Earth
that can allow for high bandwidth communications between the habitat and the Earth to be possible.
More specifically, high bandwidth demanding functions, such as HD video streams, are allowable
within the link margin allotted to uplink via S-band, which is noted in Table 88.

Radio: Ka-band

Figure 218. Earth Atmosphere Attenuation as a Function of Signal Frequency (Miller, 2007)
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Ka-band receiver antennas are becoming more common at ground stations on Earth, and provide a
means for receiving high bandwidth communications from the habitat. Ka-band transmissions tend
to have higher attenuation due to water in the atmosphere than other frequencies such as S-band, as
can be seen in Figure 218 (Miller, 2007). However, since Ka-band is being used to transmit non-vital
information, the signal attenuation is acceptable. This is because the amount of data transmission
possible compared to the possibility of attenuation is highly acceptable. In fact, a solution to this
problem would be to provide multiple scheduled windows for high-bandwidth data transmission to
occur. Scheduling would be a function of the chance of the signal being attenuated along with the
necessity of the data transmission. The chance of the signal being attenuated is very much affected by
the environment of the ground station, therefore multiple transmission windows would be necessary
when transmitting to a station with a high probability of cloud cover, such as Hawaii, while a station
in the deserts of Australia or New Mexico would have a much lower chance of signal attenuation.

7.2.3. Network Selection
Ground station network selection was based on the specifications defined by the UHF/VHF, Sband, and Ka-band antennas. For UHF/VHF communications, four viable ground stations included
the Wallops Ground Station (VA) and the White Sands Complex (NM) for VHF and the Merrit
Island Launch Annex (FL) and the Ponce de Leon Tracking Station (FL) for UHF. For S-band and
Ka-band communications, a large number of ground stations were required so that the station
antenna could guarantee uplink and downlink at all times regardless of which part of Earth was in
view. As such, the Deep Space Network (DSN) and the Near Earth Network (NEN) were the best
options due to the widespread locations of their ground stations. See Table 85 for an overview of the
specifications for each of the viable ground stations.

Table 85. DSN & NEN Ground Antenna Specifications (MacDonnell, 2000)

Assuming a beamwidth of 0.7° for the antennas (S- and Ka-bands) on the station, the region defined
by the coverage area mapped onto the surface of the earth would have a diameter of 6110 km (based
on a 500,000 km slant range, which is the furthest distance the station would be from Earth while in
DRO). This coverage area was determined to be adequately large for the purposes of achieving
communications with Earth at any time (see Figure 219).
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Figure 219. Map of Ground Station Locations and Coverage Area

7.2.4. Data Compression & Coding Techniques
Data compression methods were selected based on the standards defined by the Consultative
Committee for Space Data Systems (CCSDS). These standards ensure lossless compression ratios of
anywhere between 3 and 16 based on data packet size and compression algorithm. Viable options for
coding techniques included Hamming, Reed-Solomon (RS), and Turbo. Bit error rate (BER) analyses
were performed for each of these techniques at BERs of 10-6 and 10-5.

Data Compression
Lossless compression was chosen for vital data like station telemetry, crew health, and audio feeds
since distortion was undesirable in these cases. The lossless compression process contains several
steps. First, the preprocessor predicts and maps the data samples with a minimal prediction error.
The adaptive entropy encoder selects the coding option that gives the highest compression ratio for
the data samples. Rice’s adaptive coding technique is then used to apply several algorithms to the
preprocessed samples. The algorithm that yields the shortest encoded length for the current block of
data is selected for transmission (Consultative Committee for Space Data Systems, 2012). For video
feeds, lossy compression was chosen because distortion was tolerable in this case, and a higher
compression ratio was also desired.

Bit Error Rate Analysis for Different Coding Techniques
Signal-to-noise ratios (SNR) for different coding techniques and modulations were interpolated from
Figure 220, Figure 221, and Figure 222, which are based on calculations found in Investigation of
Hamming, Reed-Solomon, and Turbo Forward Error Correcting by Mitchell. The results of the BER analysis,
shown in Table 86, indicated that Turbo coding was the best option based on the desire for the
smallest SNR. In addition, Turbo codes are appropriate for long distance and low power wireless
communications due to their characteristic low BERs at low SNRs. This means that data is
transmitted nearly error-free with a low-energy signal. As a result, Turbo codes have been used in
applications like deep space communications and third generation cellular standards (Mitchell, 2009).
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Figure 220. BER vs. SNR for Hamming (7,4) Codes (Mitchell, 2009)

Figure 221. BER vs. SNR for RS (31,16) Codes (Mitchell, 2009)
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Figure 222. BER vs. SNR for Turbo Codes (Mitchell, 2009)

Table 86. BER Analysis for Different Code Types and Modulations
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7.2.5. Link Margin Analysis
Link margin analysis was performed using an excel spreadsheet to calculate the contribution of
different factors to the overall link budget (MacDonnell, 2000). The link margin took into account
factors such as the antenna type, power, and diameter for receiving and transmitting antenna, slant
range, bit error rate (BER), data rate, and frequency being used to transmit data with. For the total
link margin analysis, downlink and uplink scenarios for S, X, Ka, Ku, UHF, and VHF were
individually studied in order to gain a better understanding as to which frequencies were feasible for
the preferred method of data transmission. Once the initial analysis was complete, the antennas for
the habitat were sized to a diameter, which was physically acceptable, and the sizing analaysis limited
the modes of transmission to S-band, Ka-band, UHF, and/or VHF. The other factors that
determined which frequencies were to be used were the amount of acceptable atmospheric
attenuation the signals could receive, along with the availabilities at NEN and DSN ground stations
for each specific frequency.
The parameters for each calculation included a BER of -50 dB and a slant range of 5x108 m. These
parameters were used to derive values for “worst case” scenarios, when the habitat was at the
furthest point from earth, and at the maximum data rates.

Uplink Scenarios
The uplink scenarios were chosen according to a link margin analysis that yielded acceptable budgets
for the data rates specified. The analysis for uplink is noted in Table 87.
Table 87. Link Margin Analysis for all Uplink Scenarios

TX
Diameter
[m]

RX
Diameter
[m]

Eb/N0
Recieved
[dB]

Eb/N0
Required
[dB]

BER
[dB]

Data Rate
[bytes/sec]

Link
Margin
[dB]

Ka-band

11

1

31.31

9.73

-50

10 MB/s

21.58

S-band

11

1

19.17

9.73

-50

1 MB/s

19.17

VHF

Yagi

Yagi

23.37

9.73

-50

100 kB/s

13.64

UHF

Yagi

Yagi

21.92

9.73

-50

100 kB/s

12.19

Downlink Scenarios
Like the uplink analysis, the downlink scenarios were analyzed to determine which frequencies could
create an acceptable link margin. Additionally, multiple data feeds for downlink were analyzed. The
results revealed that a link margin as low as 8 dB can be maintained with as many as seven HD feeds,
while up to 10 feeds results in a link margin closer to 6 dB, as displayed in Table 88. Therefore, this
analysis indicates that the antenna design goes beyond the minimal requirement for there to be HD
video streaming from the habitat, allowing for video to show multiple activities in the habitat at once.
One example of this could be activities being coordinated between an EVA and an astronaut inside
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of the habitat. Video could be streamed to show a multi-perspective view of the EVA, along with
updates from an astronaut inside of the habitat.

Table 88. Link Margin Analysis for all downlink scenarios

TX
Diameter
[m]

RX
Diameter
[m]

Eb/N0
Recieved
[dB]

Eb/N0
Required
[dB]

BER
[dB]

Data Rate
[bytes/sec]

Link
Margin
[dB]

Ka-band (1 HD
feed)

1

11

26.54

9.73

-50

10 MB/s

16.81

Ka-band (7 HD
feeds)

1

11

18.09

9.73

-50

70 MB/s

8.36

Ka-band (10 HD
feeds)

1

11

16.54

9.73

-50

100 MB/s

6.81

S-band

1

11

15.19

9.73

-50

1 MB/s

5.45

VHF

Yagi

Yagi

28.60

9.73

-50

100 kB/s

18.87

UHF

Yagi

Yagi

21.92

9.73

-50

100 kB/s

8.96

Nominal Transmission Modes
The nominal transmission modes were decided after performing the full link margin analysis.
Results of the link margin analysis, along with the mission requirements, allowed for Ka-band and
VHF to be chosen for downlink to earth, and S-band and UHF for uplink to the station. These
decisions are detailed in Table 89. Additionally, the orbiter’s link margin has been accounted for,
given that uplink to the habitat is performed over UHF and downlink to the orbiter is performed
over VHF. The orbiter’s link margin is so high because the UHF antenna is 500 W, while the VHF
antenna is 350W. This is an entire order of magnitude larger than the the 50 W used by each
individual dish antenna. However, this high power dipole yagi on the habitat allows for the orbiter to
use a low power transmitter/receiver, thus allotting more power to the science instruments on board.
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Table 89. Link margin analysis for nominal transmission modes

Direction

Data Rate

Antenna Type

Link Margin [dB]

Uplink to Hab

100 kb/sec

UHF-Yagi

12.19

Uplink to Hab

1 MB/sec

S-band Dish

19.17

Downlink to Earth

100 kb/sec

VHF-Yagi

18.87

Downlink to Earth

10 MB/sec

Ka-band Dish

16.81

Hab to Orbiter

10 MB/sec

VHF-Yagi

79.17

Orbiter to Hab

10 MB/sec

UHF-Yagi

67.71

7.2.6. Communications Backup
In the case any of the primary communication systems fail, a duplicate set of dishes and antennas will
be stored within the habitat, which can replace an antenna which has failed. The best-case scenario
for communications would have all four antennas on the station functioning at full power, receiving
and transmitted complete packets between earth and the habitat. The worst-case scenario would
involve only one antenna functioning. Having only the yagi antenna functional allows for the
absolute least amount of communication that can keep the mission going. This is minimal because
the yagi will allow for low bandwidth data to be transmitted and received. However, this is will
include the most vital data pertaining to the station, and allow for instructions to be uplinked to the
astronauts in order to initiate repairs on the communications system.

7.3. Avionics
7.3.1. Attitude, Determination, and Control System
Polus requires two different approaches to attitude, determination, and control system (ADCS) as
there are two distinct configurations of the system: non-rotating and rotating. During Phase I, the
system is slowly rotating about the x-axis in a “barbeque” roll, but its rotation rate is a slow 1
revolution per 10 minutes, so it is not spin stabilized. In Phases II and III, in order to create artificial
gravity, the system is rotated up to 3.96 RPM. This rotation generates a spin-stabilized system, but
also presents another set of challenges in the ADCS realm.

7.3.2. Configuration
An overall flow-chart is show in Figure 223. This flow chart is generalized for all Phases, though the
exact execution of the control laws and attitude actuators varies based on the requirements of that
phase. The system employs reaction wheels as a primary method of actuation for Phase I and a
secondary method for Phases II and III. The reaction wheels are sized based on requirements for
Phase I. Thrusters are used in all Phases if a larger actuation is necessary to correct for changes in
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attitude and to despin the reaction wheels upon saturation. Inertial measurement units (IMUs), sun
sensors, and start trackers are used as attitude sensors throughout the entire mission.

Figure 223: Attitude Control System Flow Chart. Adapted from (Hayleck Jr, 1965)

Disturbances
SDRO is a highly stable orbit with very few external perturbations. Internal disturbances, such as
movement of crew and supplies have a negligible effect on the center of mass and moments of
inertia as described in 7.1.3. While some correction for disturbances will be necessary, these
disturbances are not the primary driver in the attitude requirements.

Attitude Sensors
A combination of inertial measurement units, sun sensors, and star trackers are used to determine
attitude. During Phase I, there are two IMUs on the habitat and one on the communication tower to
ensure pointing to earth. In Phase II, those IMUs remain in place while two more IMUs are added,
one to the central hub and one to the ballast assembly. In Phase III, a final IMU is launched on the
Mars SIM and remains there for the duration of the mission.
In Phase I Sun sensors are placed around the habitat, 60 degrees apart to ensure full 360-degree
coverage. In Phase II, two more sun sensors are put on the hub.
There are two star trackers on the habitat in Phase I and mounted orthogonally to the tower. They
are moved to the hub in Phase II to keep them at a central location in constant view of the star field
while limiting their rotation.
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Attitude ActuatorsIn Phase I, the primary attitude actuators are the three reaction wheels. The wheels were designed to
provide the required .02 º/s slew rate, with minimal mass and power consumption (Hayleck Jr, 1965).
Reaction wheels were chosen as they were found to save mass and power as compared to using RCS
thrusters as the primary ACS system. This trade is presented after the design of the wheels is
discussed.
Since Iz was the maximum moment of inertia in Phase I, the necessary slew rate was applied to this
axis to size the reaction wheels. Due to volume constraints in the launch arrangement, the maximum
size per wheel (with housing) was determined to be a .55m box; for that reason, a .5 m diameter
wheel was selected, as it would fit after being caged. Based on current standards for reaction wheel
bearings, a maximum rotation rate of 2000 RPM was selected (Rockwell Collins, 2014). Given the
wheel rotation rate and the housing constraints, a range for the rim height was calculated. From that,
possible materials could be determined, based on the material density and necessary maximum
angular momentum for the wheel. Having selected a material, the rim height could be selected, and,
at this point, the wheel had been sized and a material had been chosen. Given the wheel properties, a
motor that fit the requirement of a 21-second full spin-up time for the reaction wheel- this
requirement was picked based on NASA reaction wheel design guidelines (Hayleck Jr, 1965). This
process led to wheels made of graphite aluminum, housed in 6061-Aluminum, with an outer rim of
.02x.1m and an inner disc of .02x.02m. With the wheels specified and a spin rate determined, the
housing could also be designed (Hayleck Jr, 1965). Based on the volume/size constraints, as well as
structural properties of the housing and heritage, 6061-Aluminum was chosen. The wheel itself was
also analyzed to ensure it would not experience a critical structural failure while spinning at its max
rotation rate. The motor provides 10 N-m, leading to a spin-up time of 20.8 seconds. The total mass
of 4 wheels and their motors was 250.8 kg, and the power consumption of 3 motors running was
125.1 W.
Table 90. Link Margin Analysis for Nominal Transmission Modes

Total Mass (kg)

Total Power (W)

Reaction Wheels

2085.7

125.1

Propellant

2919

144

The presented trade study accounts for the mass of propellant needed to de-saturate the wheels every
90 days. It is important to note that the wheels are designed for a 4% usage rate per day, meaning
they would likely need to be de-saturated at longer intervals. However, even with this conservative
estimate, the reaction wheels require less mass. Furthermore, they also require less power on a daily
basis. The conclusion is that in Phase I, reaction wheels are superior to propellant on a systems level,
in terms of mass and power.
In Phases II and III, the reaction wheels are moved from the habitat to one on each of the habitat,
the hub and the ballast. They are oriented around the x-axis (tunnel axis) to prevent twisting of the
cables. The design for Phase I is the most stressing scenario in which the reaction wheels could be
used, and so their capabilities are sufficient for Phases II and III. Moreover, the reaction wheels are
already on board, so there is no additional mass or cost to using them in the later phases, making
them preferable to having additional propellant for dealing with cable twist.
The RCS thrusters are used as a back-up system in case of reaction wheel failure or to despin the
reaction wheels. The RCS thrusters are also capable of providing a larger thrust in case a larger slew

312

rate than the one stated in the requirements is necessary. The RCS thrusters are also used for spinup/spin-down precession.
It is possible to have torque induced precession during the spin-up and spin-down cycles of the
mission. Therefore, there is a requirement that the station must be able to maintain its spin axis
during these processes. To meet this requirement, thrusters axial to the arms may have to be firedhowever, by modeling the station as a rigid body and determining its rate and steady state precession
during spin-up, it was found that the propellant necessary would be 4.6 kg, in the case of 0g to Earth
gravity. Since this is a much smaller amount of propellant than what is necessary for spin-up/spindown, it is not an issue, and fits into the ACS propellant budget.
Nutation is not an issue, as the reaction wheels in place around the x-axis can actuate for over 40
spin-up/spin-down cycles without saturating. Also, the direction of nutation is the opposite for the
spin-up/spin-down case, so if the wheels do not saturate during the spun-up time, the change in
angular momentum caused by the nutation should cancel itself out.

7.3.3. Requirements
Attitude Requirements
Phase I requirements dictate that system must be able to rotate about the x-axis at 0.1 rev/min to
maintain the ‘barbeque” roll for thermal consistency. Both the y and z-axes must be able to slew at a
rate of 0.02 deg/s. The y and z-axes requirement stems from a current International Space Station
requirement (Starr, 2010). Though this requirement may not have the same drives for Polus, it is a
close enough approximation to use for reaction wheel sizing calculations, and it can be modified
before the actual construction of Polus.
Other attitude requirements are that the wheels must be able to fully spin-up within 21 seconds, and
that the station must not precess during spin-up/spin-down.

Determination Requirements
Solar panels have a pointing accuracy of about 4 degrees so the sun sensors are required to have a
higher accuracy than the solar panels. The sun sensors have an accuracy of less than 1 degree.
The star tracker requirements stem from the communications requirements. The star trackers are
required to have an accuracy of one order of magnitude greater than the pointing requirements given
by communications. In Polus, the communication antennas require an accuracy of 0.25 degrees;
therefore, the star trackers must have an accuracy of 0.025 degrees.
Given that the system must be able to slew at 0.02 deg/s, the IMUs must have an accuracy of at least
that much, though greater is more ideal. An accuracy of 0.1 degree/hour allows for a cumulative
inaccuracy that can be handled by Kalman filters and other algorithms in the attitude determination
software.

Control Requirements
In order to accurately control Polus, the control system must be able to adequately deal with the
inaccuracies of the sensors and attitude actuators. The exact constraints and requirements are
dependent on the final configuration of Polus, as these parameters significantly affect the plant
model used in the controller. The following parameters are still TBD, but are necessary for a
successful ADCS controller.
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Polus must be able to point to an angular accuracy of less than a degree of the commanded direction.
Communication, power, and thermal requirements will contribute to the exact accuracy, but given
current communication requirements of 0.25 degree accuracy, the system must have an accuracy of
less than 0.25 degrees. To keep the system’s motion from blurring sensor data, the control system
must limit jitter to an acceptable level for each sensor, particularly the IMUs and any type of optical
device, to limit high frequency motion. Inherent drift of the system will be minimal, but it should be
kept to a minimal level to limit low frequency motion. The settling time is especially dependent on
the final plant model, but it must be kept at a minimum to limit overshoot, ringing, and nutation
(Hayleck Jr, 1965).
The control bandwidth lower limit can be approximated by
!
!! = !"#$ !
!
The inertial nutation frequency inherent to the system’s configuration is defined as
!! =

!!
!
!! !

where !! is the spin rate, Is is the spin moment of inertia and It is the transverse moment of inertia of
the symmetric body, determined for Polus by rotating the system 45 degrees in the x-y plane.
The torque-free precession rate is defined as
!! − !!
!!
!!
The precession rate for Phase I, which is performing a .1 rev/min ‘barbeque” roll is 0.006 rad/s and
the nutation rate is 0.025 rad/s. Error! Reference source not found. lists the precession and nutation
rates inherent in the system for Phases 2 and 3.
Table 91. Precession and Nutation Rates for Phases II and III

Nutation
(rad/s)
Precession
(rad/s)

Lunar

Martian

Earth

Phase II

0.162

0.246

0.399

Phase III

0.329

0.499

0.809

Phase II

0.162

0.246

0.399

Phase III

0.329

0.498

0.808

The sensors used will be able to provide quaternions in order to determine the system’s absolute
orientation without gimbal lock. Since the Polus system is so complex, Kalman filtering is necessary
to smooth data (Hayleck Jr, 1965). Processing the ADCS sensor data is done both on the flight
computer and at ground stations. Sensor data that needs immediate processing is capable of being
processed onboard Polus, but a portion of the long-term ADCS data processing will be done on
Earth and communicated back to the system.
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7.3.4. Contingency
The ADCS system is two-fault tolerant. An IMU, a sun sensor and a star tracker can all fail and the
system will still be able to recover given the redundancy of the sensors. In Phase I, there are two
IMUs, six sun sensors, and two star-trackers. Any two of these sensors can fail without significantly
hindering the functionality of the attitude determination software. Since data is being processed on
and off the habitat, there are places to store and command ADCS maneuvers even if parts of the
architecture are non-functioning. Since communications, computer architecture, and sensors are all
two-fault tolerant, the ADCS overall is also two-fault tolerant
In Phase I, there are four reaction wheels. Three reaction wheels are needed for normal operation
and the fourth reaction wheel is for contingency. If two or more reaction wheels fail, the thrusters
have the capability to slew the system. The spare will be put off all three axes, so iff the spare wheel
does not fail but two others do, it is possible to do some attitude maneuvers with just the two
remaining wheels.

7.3.5. Sensors
The objective of the sensors system was to provide comprehensive monitoring capability over the
entire system at all times. Required sensors have been broken down into four subcategories: Attitude
Determination and Control, Crew Systems, Power Propulsion and Thermal, and Loads Structures
and Mechanisms. The descriptions and requirements for the sensors in each subcategory are detailed
below, with a comprehensive power, data, and mass budget at the end of the section followed by a
phase-based breakdown.

7.3.6. Attitude Determination and Control System
Star trackers and inertial measurement units (IMU) were used to determine the position, velocity,
acceleration and orientation of the station for GNC and communications pointing operations. In
addition, sun sensors were used to determine the location of the sun for solar panel pointing
applications. Positioning of all sensors can be seen in Figure 224Figure 224. ADCS Sensor
Positioning at the end of this section.

Inertial Measurement Units
The role of the IMU was to measure the angular velocity and acceleration of the station. The IMUs
selected had an accuracy of <0.1 degree/hour in order to meet mission requirements for determining
system velocity and acceleration in order to predict or track any instabilities. There were six IMUs
mounted on the station in Phase III: two on the station, one on the hub, one on the communications
tower, one on the Mars Yard, and one on the ballast assembly.

Sun Sensors
Sun sensors were used to determine the position of the sun in any orientation of the habitat to ensure
optimal solar panel pointing. The sun sensors chosen had a field of view of ~60 degrees, allowing
Phase I 360-degree coverage with six sensors. Upon hub launch, two additional sensors were
mounted on the hub in order to ensure the sun could be detected when the habitat was eclipsed by
the rest of the station. The sensors had an accuracy of <1 degree, adequate for the pointing
capabilities of the solar panels, which are approximately 4 degrees.

Star Trackers
The star trackers were used to monitor the starfield around the habitat, providing comprehensive
system position and orientation. The star tracker accuracy was .025 degrees, one order of magnitude
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greater than the positioning requirements dictated by communications. The star trackers were
mounted orthogonally on the communications tower. This allowed them to be easily shifted from the
habitat to the hub in the crossover from Phase I to Phase II, and constantly have a clear view of the
starfield free from habitat eclipse.

ADCS Sensor Positioning

Figure 224. ADCS Sensor Positioning

IMUs
Star Trackers
Sun Sensors

7.3.7. Crew Systems
The objective of Crew Systems sensors’ is to ensure the health and safety of the astronauts while in
the habitat or on EVA. Temperature sensors, with an accuracy of .5 degrees Celsius and pressure
sensors with an accuracy of 100 Pa. were distributed over the inside of the station to ensure the
station was free from serious leaks. Positioning of all sensors can be seen in Figure 225 at the end of
this section.

Gas Composition Sensors
Gas composition sensors were distributed through the interior of the station in order to measure
oxygen, carbon dioxide and nitrogen levels. They served a secondary purpose of ensuring proper
circulation was maintained: if one floor of the station had an imbalanced gas mix, there would have
likely been a problem in the circulation system leading to that level.

Astronaut Biometrics
Heart rate, blood oxygen, respiratory rate, and muscle activity were monitored for all astronauts
during launch, exercise and EVA while on mission. This required four sets of measurement
equipment for the first launch and two for the subsequent launch. During exercise and EVA, up to 3
sets were active concurrently.
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Water Volume and Quality
A linear variable differential transformer was used along with a piston to measure the volume of
water in the holding tank to the nearest 10 mL. The water quality was determined by a sensor suite
sensitive to a level of 1 !g/L of contaminants, 1/1000 of the maximum allowable concentration as
set by the National Institute of Health (Drinking Water Contaminants, 2013).

Radiation Sensors
Radiation Sensors were used to measure the radiation incurred by the station’s components and its
inhabitants over the course of the mission to the nearest mSv. Quantifying radiation was most
important to monitor astronaut radiation levels and prevent them from exceeding lifetime limits. In
addition, it was also critical to monitor the station’s computers and hard drives in order to ensure
that the data remained uncorrupted, and that onboard calculations could be trusted. Incurring
excessive radiation could wipe or corrupt hard drives, or cause errors in onboard calculations.

Smoke Detectors
Implementing a smoke detector in a space habitat, especially a variable gravity habitat, required
management of several factors. Generally, Earth smoke detectors work by sensing a high volume of
aerosol particles in a short time, which rise to the detector, indicating a plume of smoke. However, in
0g, smoke particles behave differently. They “clump” around the source, forming larger particles and
drifting with the air movement in the station, so a ceiling mounted detector would be unreliable
(Wittry, 2006). Instead, mounting the detectors in the airflow system would allow for smoke
detection regardless of the orientation of the station, and function in both 0 and 1g. NASA is
currently developing a smoke detection system for space that detects particles based on size rather
than density, as particles in space form much larger than their typical earth diameter of 1 micron.
However, it was not at a TRL level that would entail inclusion in this mission.

CS Sensor Positioning
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Figure 225. CS Sensor Positioning
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7.3.8. Power, Propulsion and Thermal
The Power, Propulsion and Thermal sensors were responsible for ensuring the station was operating
in allowable temperature and pressure ranges, and monitoring the operation of the thrust and power
storage systems. Positioning of all sensors can be seen in Figure 226 at the end of this section.

PPT Sensors
Temperature sensors with an accuracy of .5 degrees Celsius and pressure sensors with an accuracy of
100 Pa were distributed over the outside of the station to ensure the station was within safe operating
temperatures. In addition, the temperature and pressure sensors were placed in tanks and thrusters. A
battery level sensor with an accuracy of 5% (to account for battery degradation) was included to
monitor the amount of electrical power available to the station during blackout. Conductive pipe
sensors were mounted on the fuel pipes to ensure the pipes were properly engaged and had no
failures when the station was spun down and connected for fuel transfer.

PPT Sensor Positioning
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Figure 226. PPT Sensor Positioning
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7.3.9. Loads, Structures and Mechanisms
Loads, Structures and Mechanisms sensors were largely focused on monitoring the integrity and
behavior of the cables during all modes, especially spin-up and spin-down. These sensors included
strain gages, conductive wire integrity sensors, and cameras. When considering the sensor choices for
this task, it was critical to know both quantitatively and qualitatively whether there were possible
cable-snarling or degradation issues, and that is why all three somewhat redundant sensors were
included. Positioning of all sensors can be seen in Figure 227 at the end of this section.

Loads, Structures and Mechanisms Sensors
Strain gages were placed in areas of calculated maximum load in order to provide early warning of
possible failure during spin-up, as well as serving as a method of quantifying loads on the system.
Conductive wire integrity sensors were attached to each of the cables, to provide advance notice of
fraying and ensure all cables were properly connected before spin-up. Four 720p, 20 Hz cameras
were included in the sensor budget for monitoring the entire system. They were distributed between
the cables, the robotic arm, and the docking port (MarsSim cameras were counted separately, as they
were not for system monitoring but for mission data). If the data and power for these cameras was
not needed for system monitoring, the extra bandwidth and power could be allocated to additional
HD feeds or stored.

LSM Sensor Positioning

319

Figure 227. LSM Sensor Positioning
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7.3.10. Total Budgets
The total sensor budget shown below in Table 12. encompasses the full quantity of sensors mounted
on the station in Phase III. Throughput was included to aid computer processor selection. A phase
based budged can be found below in Table 13.

Data rate calculations
Data rates were calculated via the following formula:
(! ∗ ! ∗ 1000 ∗ ! ∗ !)
8.389 ∗ 10!
Where D represented the Data size in kwords (thousands of words), S represented the word size in
bits, R represented the data rate in Hz, and Q represented the quantity of sensors required. The
constant in the denominator converts the resultant amount of bits/second to kilobytes per second.
Table 92. Total Sensor Budget

Sensor
IMUs
Star Tracker
Sun Sensor
Biometric
Water
Air

Quantity
6
2
8
3
4
36

Sample
Rate (Hz)

Throughput
each (KIPS)

10
.01
1
.5
.1
1

9
1
2
-

Data rate
!"

each ( )
!"#
57
.25
.1875
.4
-

Power
each (W)

Mass each
(kg)

20
10
.3
20
10
1.7

2
3
.1
1.2
1.5
.11
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Radiation
Smoke
Thrusters
Temperature
Cameras
Total

2
6
30
50
4
-

.1
1
2
1
20
-

.07
76

.08
50
560

.84
2
.01
1
60
550

2
.5
.01
.01
.5
42.2

Phase Based Budget
The phase-based budget featured in Error! Reference source not found. highlights the differences
in budget between phases. The phases are cumulative, so all mass from Phase I is included in Phase
II, and so on. Total data rate was calculated as the amount of data per second multiplied by the total
time in blackout, and is used as a baseline for minimum required storage. For safety, the total time in
blackout used to calculate data storage was 8 hours, twice the maximum expected eclipse time. Total
storage on board was on the order of gigabytes, as discussed in computer requirements, to ensure
essential data could be stored for an entire phase in the case of total communications failure.
Table 93. Phase Based Budget

System Total
Mass:
Power:
Throughput:
Data rate:
Memory Required:
Total Cost:

Phase I
30 kg
430 W
46 KIPS
176 Kb/sec
5.4 Gb
1.5M

Phase II
38 kg
510 W
65 KIPS
439 Kb/sec
13.3 Gb
2.2 M

Phase III
42 kg
550 W
76 KIPS
560 Kb/sec
17 Gb
2.5 M

7.3.11. Guidance, Navigation, and Control
The SLS fairing will bring Polus to near the intended SDRO orbit. Minimal amount of guidance,
navigation, and control (GNC) is required to navigate from the initial location to SDRO. GNC’s
main requirements stem from Phase I navigation to SDRO with less intensive navigation
requirements for Phases 2 and 3.

Requirements
During Phase I, Polus must be able to navigate to DRO and maintain a safety ellipse ‘orbit’ around
the asteroid. The same sensors used for ADCS will be utilized for inputs into the GNC to limit the
amount of extra components on Polus The ground flight computer will take sensor data and
implement the control algorithm to complete the requirements of the missions.
During Phases 2 and 3, Polus will be able to maintain the orbit in SDRO. Similar to Phase I, the
sensors will be inputs into the computer and sent to the ground station for processing. Commands
will be sent back to the system, and the GNC adjustments will be made by the thrusters located on
the habitat and ballast.

Orbital Maintenance
Since SDRO is a stable orbit, little to no orbital maintenance is required in terms of external
disturbances. The ACDS capabilities are enough to also perform any orbital maintenance through the
use of thrusters.
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Ground-Based vs. Autonomous Orbit Control
Ground-based orbit control will put a less heavy computational load requirement on flight computer.
Most current satellites perform GNC computations at the mission control and ground station. The
onboard flight computer processing power will be mostly used for life-support systems and
communications necessary to support the crew. The majority of the GNC calculations will be
performed at ground stations and the relevant commands sent to the space system. The computers
on-board Polus will have the capability of performing the GNC calculations and commands in the
event of a contingency where there is no communication between Polus and Earth and orbit control
must be done autonomously. Most of the time, however, the system will operate with ground-based
orbit control, where the readings from the sensors are communicated to the ground station, analysis
is performed, and appropriate commands are sent back to the station.

Sensor Accuracy
The sensor accuracies for GNC are not as stringent as the accuracies required for ADCS since there
is significantly less perturbations associated with DRO. The sensor and data processing requirements
from ADCS are sufficient.

7.3.12. Contingency
All components of the GNC system are two-fault tolerant; therefore, the GNC system is also twofault tolerant. The largest emergency for GNC is a communication failure or computer failure. The
communication is two-fault tolerant and the computer system is two fault tolerant, but still operable
after three faults. Since orbital maintenance is at a minimum, the chance of becoming severely lost
during a communication or computer malfunction is negligible. The sensors system is also two-fault
tolerant.

7.3.13. Computer Architecture
The computer architecture was primarily predicated on the requirement for a two-fault tolerant
system. Specifically, fault tolerance was defined as the ability to, after a critical fault to a computer,
still function, and still be able to detect another fault. To meet this requirement, at least three
computers were needed. Three computers would provide two fault tolerance using comparison and
self-test techniques for two computers, similar to those used by the Space Shuttle. If these
comparison and self-test techniques are used to provide tolerance for one additional fault, then four
computers would provide a three fault tolerant system, matching the system used by Space Shuttle.
To be precise, Space Shuttle had five computers on board, but only four of the computers were rated
for flight-critical operations. Therefore, for Space Shuttle, four flight-critical rated computers
provided a three fault tolerance (Sklaroff, 1976).
The major problem with following a similar computer architecture to the one employed by Space
Shuttle would be the complexity of the system, and the potential cost of four to five computers.
Furthermore, Space Shuttle required its four flight-critical computers to perform as a redundant set
with a recovery set of less than one second during critical phases such as “boost, reentry, and
landing” (Sklaroff, 1976). Polus will not be performing any of these functions, and therefore, such a
complicated system is unnecessary. Skylab, the United States’ first space station, and a system that
functioned more similarly to Polus than Space Shuttle, used two computers. The two computers
were not running simultaneously; rather, if one failed, the other computer would take over. The
switch was permitted by mission requirements because Skylab, similar to Polus, was not required to
navigate or need high-frequency flight control functions. In the case of a failure, Skylab could safely
drift until the computer systems could be fixed unlike Shuttle, which had no such margin of safety
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(NASA). Based on Polus mission requirements, which were more similar to that of Skylab, the two
computer systems evaluated were four computers and five computers.
Note that the computers of Polus would use radiation hardened processors. However, an analysis on
the exact requirements for radiation hardening may be necessary. Given the launch date is several
years in the future, more technological advances in this field would likely change the specifications of
the processor, such as increasing the number of instructions per seconds it could handle, as well as
increasing how radiation hardened the processor is.

7.3.14. Four-Computer System
The four-computer system was the design with the least number of computers that still provided two
fault tolerance. The system was designed such that, at most, three computers would be on at any
given time. The three-computer system allows for voting without standoffs, and would permit the
fourth computer to remain in a standby state. In the event of a failure of one computer, the standby
computer would be turned on, thus leaving the station with three active computers again. In the
event of a second failure, two computers would remain. At this point, using similar techniques that
were used in Space Shuttle’s computer system, tolerance for a third fault could be provided. As
mentioned previously, these techniques would include self-test measures as well as comparison of the
outputs.

7.3.15. Five-Computer System
The five-computer system would be modeled from Space Shuttle’s successful design. Four
computers would be rated for flight critical calculations, and one computer would only be used to
perform non-critical calculations. However, this design added complexity and costs (monetary,
weight, power), while designing over the requirements. Given the requirement for a two fault tolerant
system, and no additional requirements given from other sub-systems, a three fault tolerant system
was simply not needed. Additionally, the added complexity and costs—money, weight, volume, and
power—were not acceptable without a strong need for a quick response time or the added fault
tolerance.

7.3.16. Radiation Mitigation
The electronics onboard Polus, such as the computers and communication networks, are vulnerable
to radiation exposure in space. In order to mitigate the effects of radiation, both radiation-hardened
(rad-hard) parts and radiation tolerant design were used. An example of radiation tolerant design is
the use of a redundant computer system, where if one or two computers fail due to radiation, Polus
would continue functioning. Radiation may have both long-term and short-term effects, such as
increased current draw over time and immediate bit errors. The mitigation techniques for both cases
are discussed below.

Single Event Upset (SEU) Mitigation
A single event upset (SEU) is a change of state caused by ions or electro-magnetic radiation. The
radiation effects in space are caused by galactic cosmic rays (GCRs). Generally, an SEU is not
considered permanently damaging. SEUs include bit errors—when a bit of data is incorrectly
changed—in the Random Access Memory (RAM) and the Read-Only Memory (ROM). Additionally,
spurious, missed, or misprioritized interrupts—a notification to the computer system that a specific
process or task needs attentions—are also considered SEUs.

Random Access Memory (RAM) Corruption
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In order to deal with RAM corruption, two software methods can be employed. One method is an
Error Detection and Correction (EDAC) chip. Using an Error Correction Code (ECC), such as
Hamming, Reed-Solomon, Turbo, or Low-Density Parity-Check (LDPC) codes, bit errors can be
found and corrected. The Hamming code was developed by Richard Hamming in the 1950s and is
still used as one of the more effective ECCs available. However, since the emergence of the
Hamming code, Reed-Solomon codes were developed and widely replaced the Hamming code.
Recent developments have led to the use of Turbo codes and LDPC codes, and Turbo codes have
become standardized at NASA Jet Propulsion Lab (JPL). For the EDAC chip used on computers for
Polus, the Reed-Solomon error detection and correction algorithm was chosen. The only downside
to EDAC implementation is increased memory access times. However, since Polus is a space station
with no need for rapid computations in navigation, increased memory access times are acceptable.
The second method to deal with RAM corruption is RAM scrubbing. RAM scrubbing works by
fetching information from the bus, and correcting it on the bus, which is then written back to the
RAM. RAM scrubbing does increase processor usage. However, as mentioned above, the increased
processor usage is acceptable due to the lack of a need for rapid computations.

Read-Only Memory (ROM) corruption
A Cyclic Redundancy Check (CRC) checksum may be used to detect any changes and errors to the
Read-Only Memory (ROM). There is no significant downside to implementing a CRC checksum.
While computing the checksum does not actually fix any errors in ROM, the correction of errors is
handled by an EDAC chip.

Interrupts
Algorithm robustness allows for errors associated with interrupts to be mitigated. Spurious interrupts
are mitigated by computer generated confirmation flags. An interrupt with the properly associated
confirmation flag can be ignored. The use of confirmation flags increases interrupt response time,
but this increase is acceptable due to the functions the computers are performing.
In some cases, interrupts may simply be missed. While there is no way to immediately make sure that
interrupt is addressed, the use of a counter would later shed light on how many interrupts were
addressed and how many interrupts were actually send out.
Interrupts may also be misprioritized. For example, an interrupt that does not require immediate
attention may sometimes be read as more important than everything else, including tasks that are
actually more important than this interrupt. In order to address this issue, a redundant status register
check was employed. The priority of each interrupt is saved, and can be cross-referenced by the
computer before deciding which interrupt to address first.

Computer Hang-up
In the case of a computer hang-up, it is vital to reboot the system such that it may perform its
functions again. Additionally, unlike computers on the ground where the user may manually reboot
the machine, it is necessary to accomplish this remotely in space. Therefore, a watchdog timer was
used for Polus’ computer system. If a computer freezes and does not respond for some set time, a
signal is sent out by the watchdog timer, initiating responsive action such as a reboot.

Radiation Tolerant Design for Hardware
A long term effect of radiation on electrical equipment is the increase of that equipment’s current
draw. Pennsylvania State University proposed handling this issue by simply resetting the power to the
component once its current reaches a certain level in their proposal for the Local Ionospheric
Measurements Satellite (LionSat). Using a similar method, the processor and SDRAM chips are each
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equipped with a small “smart” circuit breaker. If the processor sets off the circuit breaker, power is
removed and the memory is reset over several seconds before power is restored. However, in the
case of the SDRAM, a more clever technique was used. A backup memory chip is included in parallel
with the primary SDRAM chip and two circuit breakers are arranged in pairs for each pair of
SDRAM chips. If a circuit breaker trips for a primary SDRAM chip, the primary chip is turned off
while the secondary chip is simultaneously turned on. The process can then be repeated once the
secondary chip reaches a high level of current, and power is returned to the primary chip (Surrusco,
Bilén, & Croskey, 2004).

7.3.17. Computational Load
Based on processors that have flight heritage, trends for the computational load for future processors
may be visualized. The specific processors used in this analysis include the flight computers used on
the Viking Orbiter at 25,000 instructions per second (IPS), Voyager at 80,000 IPS, Space Shuttle at
1.2 million IPS (MIPS), the International Space Station (ISS) at 11.3 MIPS, and the BAE RAD6000,
BAE RAD750, and Mongoose processors used on multiple systems. The trend line that best fit the
data was an exponential fit. However, the last known data point was for the year 2012 and
extrapolating the data 10 years from this point leads to a skeptical analysis. At the end, it was decided
that the progress in the field of space rated computers cannot be trusted to follow a trend.
To predict an estimate for the computational load, the Space Shuttle and FireSat example from the
Space Mission Analysis and Design (SMAD) book were used as baselines. FireSat had a maximum
estimated throughput on the order of 40 MIPS for an individual processor, while Space Shuttle used
processors that had throughputs of 11.3 MIPS. It is important to note that while both systems
accounted for spare throughput, the known spare throughput on the FireSat example was 50%. The
analysis on what functions the computers would perform and how much throughput each function
would require must be done. However, using Space Shuttle as a baseline for the throughput with an
additional safety factor accounting for growth in the throughput of Polus’ design and having a 50%
spare as recommended by SMAD, even a throughput of 50 MIPS could easily be supported by
radiation hardened processors available today such as BAE’s RAD750 processor.
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Figure 228. Computation Load over Time

7.3.18. Command and Data Handling (C&DH)
The command and data handling (C&DH) subsystem’s primary function is to manage all forms of
data on the spacecraft. This data includes sensor outputs, computer outputs, as well as data from
camera feeds. Additionally, part of the C&DH subsystem’s function is to store data onboard until it
is sent back to the ground.

7.3.19. Onboard Mass Memory Unit
The onboard mass memory unit will be a solid state recorder with memory on the order of terabits.
The solid state recorder was picked specifically for its lack of moving parts, allowing for it to stay on
continuously rather than needing to be turned off during the spin-up and spin-down phases of Polus.
Additionally, the amount of memory was picked such that all data from a phase could be stored in
the event of a communications subsystem failure. While such a massive communications subsystem
failure on a manned mission might dictate end of mission, it is also possible for a failure where the
Ka band is rendered useless and cannot be used to stream camera feeds to the ground. In this event,
the S band would be used to stream telemetry and vital mission information, and all video data would
be stored onboard until the communications capabilities are resumed. Note that the video data would
be compressed with losses, as mentioned in the communications subsection. The power, mass, and
volume costs associated with this memory are in the various budgets.

7.3.20. Bus Architecture
The bus architecture is a vital part of Polus. It was important to create internal redundancies within
the bus, such that the failure of one networking interface would not hinder operations. Additionally,
radiation hardened interfaces were chosen in order to limit the risks associated to failure, especially
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over time. For such a long-term manned mission, it was decided that the technological readiness level
(TRL) had to be very high (9).

Standards Utilized
There were four different standards chosen. All the standards are TRL 9 and the two primary
standards being used are MIL-STD-1553 and IEEE 1355 (SpaceWire). These two standards have
built in redundancies, with SpaceWire being radiation hardened, specifically used in deep space
applications.

MIL-STD-1553
MIL-STD-1553 is a TRL 9 networking interface that operates at the speed of 1 Megabit per second
(Mbps). The primary advantage of MIL-STD-1553 is the extensive use of it, and thus the reliability of
it, including a low error rate of less than 1 word fault per 10 million words. Additionally, it is a dualredundant architecture.
This interface was used most commonly throughout the station due to its reliability. It is the slowest
interface used, and therefore, was not feasible for all connections such as transporting video data.
However, it was used for redundancy in case of a failure in the primary architecture.

IEEE 1355
IEEE 1355 (SpaceWire) is a TRL 9 networking interface that operates at a speed up to 200 Mbps. At
this speed, SpaceWire was the fastest interface chosen. Due to how expensive SpaceWire is, it was
only used where a high speed, TRL 9, and radiation hardened networking interface was required.

IEEE 802.11
The primary use of IEEE 802.11 (TRL 9) is for the local area network (LAN) WiFi such that the
astronauts onboard Polus can work on laptops without needing a wired connection. However, this
interface will not be used to communicate critical information. Furthermore, if there was a failure on
this interface, the availability of IEEE 802.3 serves as redundancy.
There is a possibility that IEEE 802.11 may interfere with the Ka band. However, proper spacing of
the networking nodes should reduce this possibility. An analysis of this would need to be completed.

IEEE 802.3
IEEE802.3 (wired Ethernet) is a TRL 9 medium data rate networking interface. Wired Ethernet
serves primarily as a redundancy for SpaceWire, or the primary networking interface when a medium
data rate interface is required. Additionally, wired Ethernet capabilities are required in the case of a
failure of the wireless interface 802.11.

Bus Diagram

327

Figure 229. Polus Avionics Bus Block Diagram

Note that IEEE 802.3 was not included in the above diagram. However, it was used to connect all
connections that IEEE 802.11, MIL-STD-1553, and IEEE 1355 are used in. This was done for
redundancy and fault tolerance. Additionally, note that the analog connection was strictly used for
the HD display and housekeeping. Also note that there are three busses to provide two fault
tolerance.
A more detailed analysis on which standards are primary for each connection must be done.

Safe Mode Functions
In the case of a major failure, a safe mode is employed. In this case, the bus would operate at reduced
function. The reduced function would only allow the operation of vital camera feeds such as those
being used to monitor the robotic arm.
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8. System Budgets
8.1. Master Cost Budget
A major consideration of this design project is a low-cost implementation. In order to determine how
much the entire system will cost, a variety of costing models were used. A design restriction is to be
able to adhere to a $3 billion/year cost restriction, which is something that has been met. Through
the following analysis it will be shown that the Polus final design will be able to be implemented in a
cost effective manner. The progression of the costing analysis will be shown as well as the different
methods of costing in order to explain the conclusion of this design being low-cost.

8.1.1. Top Down Costing
To begin costing, a top down level costing method was implemented in order to estimate overall
budget needs for major cost drivers of the project. The top down method is based on the work
breakdown structure, from which cost can be broken down to level 3 requirements for some items.
These estimates are general guidelines for how much each section of the project should cost which
then allow Systems Integration to better understand the project in a more holistic view.
Table 94. Top Down Costing

Level 1

Level 2
Launch Architecture:
$5.60

Mission Planning:

Level 3
Launch Vehicle

Science Objectives:

$8.65B

$2.8B

Mars Orbiter: $530M

Crew System: $45M
Assembly

Robotic Arm: $150M

Structures: $5.5B
Power: $33M
Spacecraft System:

Solar Panels: $31M

Propulsion: $2.8B
Sensors: $2M

$8.40B

Software: $2M
Avionics: $45M

Communications: $30M
Guidance, Navigation,
and Control: $10.5M

8.1.2. Bottom Up Costing
In addition to doing a top down method, a bottom up costing model was utilized to get a more
accurate understanding of actual costs. Each subsection was responsible for their own trade studies,
including cost analysis of any proposed design.
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Table 95. Launch Vehicle Trade Study (As seen in MPA)

Launch
Vehicle
SLS Block
1A
Falcon
Heavy
Atlas V
551
Delta IV
Heavy

Mass To
LEO (kg)

Payload Faring
Diameter (m)

Payload Faring
Height (m)

Cost Per
kg

105,000

8.4

~25

$14,300

53,000

4.6

11.4

$7,200

18,500

4.5

16.5

$13,450

20,500

4.5

15

$12,900

[28]

One of the most important trade studies was that of the launch vehicles. It is one of the largest costs
of the project so it is imperative to understand the variety of options both currently on the market
and near future possibilities that will allow for the success of the Polus mission in a cost efficient
manner. As seen above, the SpaceX Falcon Heavy rocket is the most cost effective method of
delivering crew. Despite its heavy price tag, the SLS rocket is chosen for its payload fairing height. A
further analysis on this trade study will be discussed in later Mission Planning and Analysis section.
Solar technology was another topic of discussion in regards to cost effectiveness. The specific issue
was balancing power and cost efficiency. Power and propulsion were another large cost driver and it
was important to not only see the different options that could be employed for the Polus design, but
it was also important to understand the needs of the PPT team in regards to cost. Using their
developing design needs, a better costing model was progressively made throughout the semester.
Table 96. Power Source Trade Study (As seen in PPT)

Specific Power
[W/kg]

Specific Cost
[$/W]

Degradation
Over Life

25-200

500-3000

Medium

Sensitivity
to Sun
Angle
Medium

2-40
5-20
275

400K – 700K
16K – 200K
50K – 100K

Low
Low
Low

None
None
None

Solar
Photovoltaic
Nuclear Reactor
RTG
Fuel Cells

Table 97. Solar Cell Technology Trade Study (As seen in PPT)

Technology

Efficiency

Specific
Area
[W/m ]

Mass-Area
Ratio [kg/m
]

Specific Cost
[$/m ]

252
308
354
382
410

2.7
2.8
2.8
2.8
2.8

134,616
134,830
151,165
151,165
151,165

2

GaAs (Single Junction)
GaAs (Multi Junction)
GaAs (Improved MJ)
GaAs (Ultra MJ)
GaAs (MJ 2020 Projection)

18.5 %
22.6 %
26 %
28 %
30 %

2

2
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8.1.3. Project Costing Timeline
From start to finish of the semester, costs were carefully monitored, calculated, and information was
relayed to respective subsystems. A constant back and forth facilitated better cost estimates and as
the Polus design progressed, a clearer picture was painted both for the engineering and cost aspects
of the mission.

Preliminary Budget
Table 98. Preliminary Budget

Subsystem

Cost ($B)

30% Inflated Cost ($B)

% of Total
Budget

AS

0.120

0.156

3.35

CS

0.325

0.4225

9.08

LSM

0.495

0.5135

11.03

PPT

0.740

0.962

20.67

MPA

2.0

2.6

55.87

Total

3.680

4.654

At the beginning of the semester, a preliminary budget was established for each team to adhere
to in order to give them a better understanding of their limitations. The budget was created on
expected proportions of each subsystem based on the project description. The departments requiring
the largest funding would naturally be MPA, PPT, and LSM. Comparatively crew systems and avionic
instrumentation costs would be dwarfed by launch vehicle, propulsion, and material costs for the
habitat. Even at the beginning of the project, it was known a heavy lift launch vehicle such as SLS or
Atlas rocket would need to be employed. The cost of one of these rockets was estimated to be
around 1 to 1.5 billion dollars. Also a crew launch was required, which would be on the order of 200
million dollars. The budget was padded with 30% margin in order to decrease the risk of going over
the expected costs. The 30% padding was applied throughout the costs for the project in order to
mitigate future cost fluctuations due to the experimental nature of the mission, potential issues in
materials or fabrication, and more generally it acted as a safeguard for unforeseen complications.
Although the preliminary budget was low compared to the given restrictions of three billion dollars a
year start up costs, it acted as a guide to proportionate spending based on teams. The main takeaway
from the first budget was which teams would be the cost drivers in the project from which Systems
Integration was better able to scope the entire project team in terms of monetary needs.

8.1.4. Preliminary Design Review Budget
Table 99. PDR Budget

Subsystem

Cost ($B)`

30% Inflated Cost ($B)

% of Total
Budget

AS

0.05

0.065

0.42

CS

0.20

0.26

1.71

LSM

3.63

4.719

30.81
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PPT

2.50

3.25

21.22

MPA

5.40

7.02

45.84

Total

11.78

15.31

By the time of the Preliminary Design Review, the total cost of the project had become clearer.
In order to create the second budget, a mix of cost estimating relationships and industry/historical
data was used. Again, avionics was the lowest cost due to its high TRL values for its already space
tested instrumentation. The largest cost for Crew Systems was the space toilet, which cost $19M and
had been used in space many times.

Cost Estimating Relationships

C($M)='a[m

inert

(kg)]

b

Table 100. PDR Cost Esimtating Relationships

m inert (kg)

a

b

Cost ($B)

Habitat

11,000

1457.4

0.0856

3.233

Payload
Launch

105,000

8.662

0.55

5.003

4

34.97

0.55

0.0749

Liquid
Rocket Engine

For PPT the main cost comes from the quad thruster configuration. 32 liquid rocket engines
came to around $2.38 billion with another $200K added in for propellant costs. Power analysis was
in its formative stages by the point of the PDR and all that was estimated was the solar cells at $30M.
Due to the uncertainty in the power budget, around $850M was added to PPT’s budget to
compensate for future design developments with the power system.
It is important to identify the major cost drivers in the project and understand how large of a risk
each would be in terms of fluctuating the overall project budget. The largest line items were then
used and analyzed based on their space readiness and occurrence. The highest risk to cost fluctuation
are the launch vehicles. While there have been other similar launches in the past, the vehicles being
employed in this mission had never been used yet. Specifically the SpaceX Dragon Rider and Falcon
Heavy were state of the art equipment that was revolutionizing the spaceflight industry. Due to their
innovative nature, it caused concern about future budget marks. They were also the only recurring
costs therefore had major implications on the overall budget. Using this insight, more frequent
updates were being kept with the MPA team in order to ensure the mission was on budget. One of
the key distinctions in this budget and the final one is that the launch vehicle cost for the SpaceX
equipment was changed. Originally priced at $384M for Falcon and $140M for Dragon, the launch
costs were later determined at $227.5M for both. Using data from SpaceX it was realized that the
Dragon capsule was included in the Falcon Heavy, which was priced at $175M. Adding the standard
30% price padding, it came to a total $227.5 mark for each crew launch.
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Table 101. Cost Fluctuation Risk

Departme
nt
MPA

Subgroup

Main Cost
Driver

Cost ($M)

Uncertain
ty

Occurren
ce

SLS

1500/eac
h

High:
Never Flown

Recurring

Falcon
Heavy

384/each

High:
Never Flown

Recurring

Dragon
Rider

140/each

High:
Never Flown

Recurring

Guidance,
Navigation,
and Control

0.86

Low:
Space Tested

NR

Star
Tracker

0.24

Low:
Space Tested

NR

Space
Toilet

19

Low:
Space Tested

NR

Solar Cells

30

Low:
Space Tested

NR

Launch
Vehicle

AS

Sensors

CS
PPT

Power

8.1.5. Final Budget
Table 102. Final Budget

Subsystem

Cost ($B)

30% Inflated Cost ($B)

% of Total
Budget

AS

0.125

0.1625

0.74

CS

0.44

0.572

2.61

LSM

5.51

7.163

32.63

PPT

1.88

2.45

16.76

MPA

7.98

10.374

47.26

Total

18.85

20.71

The total final budget came down to roughly $21 billion. This was close to a $6 billion jump
from the previous budget during the preliminary design review. The increase represented a more
finalized design, which led to more accurate cost estimates. Primarily the habitat was larger with more
parts, including the robotic arm and communications tower. Using the new mass, a cost estimating
relation could be utilized for the in space habitat relation. In addition, the Mars SIM was better
fleshed out and due to its experimental nature, acted as a new cost driver coming out to a total cost
of $2.25 billion. Smaller costs included the science package for MPA namely the satellite and
instrumentation for all science experiments. PPT elected the use of two types of liquid rocket
engines, one that would weigh 2kg and the other 4.31kg. 24 of the 2kg thrusters and 8 of the 4.31
333

thrusters totaled to $1.8 billion. The quad thruster formation remained the same therefore there
wasn’t a large cost fluctuation for the propulsion division. The hub was another new cost driver. It
was difficult to estimate the cost of this piece of the system because it has a lot of parts, but is mainly
just a metal hull with some key parts. Because a cost estimating relationship was not available for this
type of structure, an estimate was made based on the material cost of the entire structure, but more
importantly the fabrication of such a project.

Cost Estimating Relationships
Table 103. Final Budget Cost Estimating Relationships

Item

m inert (kg)

a

b

Cost ($M)

Satellite

750

13.89

0.55

529.6

Liquid
Rocket Engine

2 & 4.31

34.97

0.55

1853

Science
Instrument

150

2.235

0.5

27.37

In Space
Habitat

21577

1457.7

0.0856

3424

Mars SIM

10630

751.64

0.1183

2250

Cost Drivers
Table 104. Overall Project Cost Drivers

Item

Cost ($B)

Costing Method

Thrusters

1.85

CER

Launch Vehicles

5.63

Industry Data

Habitat

3.42

CER

Hub

2.08

Material Cost & Estimated
Development

Mars SIM

2.25

CER
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Figure 230. Budget Progression Throughout Semester

Figure 231. Cost by Subsystem

A year-by-year budget was determined in order to give a more comprehensive picture of the
years of operation. The costs were heavily reliant on the launch schedule. The development costs
come from the SLS, which is about 1/3 of its total price tag. This cost allows for flexibility during the
years of operation because it will occur before the mission but is still tied to the overall launch costs.
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Yearly Costs
Table 105. Cost per Year

Develop
Phase

Cost
Launch

($M)

ment Cost
Month

Year

1 structure

1000

September

2021

1 crew

227.5

January

2022

1 structure

1000

April

2022

1 crew

227.5

August

2022

1 crew

227.5

March

2023

1 crew

227.5

Sept

2023

1 structure

1000

November

2023

1 crew

227.5

March

2024

($M)
500

I

500

II

500

III

Dev
Total Launch Costs

4137.5

Total Cost

Costs

1500

5637.5

Figure 215. Launch Cost During Mission Timeline
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As seen, the limitation of $3billion/year start-up costs will certainly be met and sufficient
flexibility is available for any further operation costing. The highest cost years will be 2022 and 2023
due to its three launches totaling an estimated $1. 455billion. Overall the project will come out under
budget and the 30% padding will work to sufficiently mitigate any unforeseen cost fluctuations in the
future.

8.2. Master Mass Budget
Calculations on upper stage fuel and structure for the structural launches result in 45,000kg per
launch being available for the payload. This includes habitat structure, habitat fuel, and everything
inside. This 45,000kg does not include the upper stage structure that will be used in Phases II and III
for ballast.

8.2.1. Phase I Total Mass
Phase I structural launch includes everything the habitat needs to be fully operational and
habitable when the crew arrives. It also includes the robotic arm and all Asteroid Redirect Mission
science equipment. The mass total of the Phase I structural launch comes to 42,400kg.

8.2.2. Phase II Total Mass
Phase II structural launch includes all additional components needed to achieve artificial gravity.
This includes the central hub, cables, winches, and full resupply for the next crew. The mass total of
the Phase II structural launch comes to 41,000kg.

8.2.3. Phase III Total Mass
Phase III structural launch includes the Mars SIM and all interior components / science
instruments, replacement cables, additional radiation shielding, and additional food and water storage
(as well as very large resupply) to enable the Phase III crew to accomplish a 1000 day Mars
simulation mission without resupply. The mass total of the Phase III structural launch comes to
37,500kg.

8.3. Master Volume Budget
The volume allocation was monitored throughout the design process. Through the use of CAD and
dimensional analysis it was ensured that all necessary components of the Polus station could be
launched safely to orbit.
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8.3.1. Fairing Packing
The SLS cargo fairing is an 8.4 [m] diameter cylinder that is 23.5 [m] in height. The curvature of
the nose cone used by the Polus team was approximated. Throughout the iterative design process,
dimensions of major components of the Polus station were tracked.

Figure 216. SLS Cargo Fairing Packing Configuration for Phases I, II, and III

The limiting dimension of the first SLS cargo fairing is the diameter of the habitat. The habitat’s
external diameter is 8.1 [m]. This is within the 8.4 [m] limit and leaves room for the supporting
launch truss structure (not depicted in any phase in Figure ). Internal volume of the habitat will be
discussed in Section 8.3.2. The remainder of the major components in the first SLS cargo fairing
have dimensions well within those of the fairing’s. The maximum diameter of the cryogenic upper
stage in all phases is 5.1 [m]. The limiting dimensions of the second SLS cargo fairing are the widths
of central hub and the ballast support structure. The central hub is an octagonal shape with a
maximum width of 5 [m]. The ballast support structure is a 5.1 [m] x 5.1 [m] x 5.1 [m] cube but the
RCS thrusters add 1 [m] to the width on either side, making the width 7.1 [m] which is still within the
8.4 [m] limit. The limiting dimensions of the third SLS cargo fairing is the diameter of the Mars SIM.
The diameter of the Mars SIM is the same 8.1 [m] as the habitat. There is significant unused volume
in the third SLS cargo fairing. If need be, the fairing packing can be rearranged to add additional
items. All components can safely fit into the SLS cargo fairing for all three launches.

8.3.2. Internal Habitat Volume
The internal dimensions of the habitat consist of an 8 [m] x 6.37 [m] cylinder with 1:4 ellipsoidal
endcaps. The habitat consists of two floors, each with a height of 2.1 [m]. The two ellipsoidal
endcaps have a central height of 1 [m]. Thickness of the floors account for the rest of the height. The
required volume needed based on Crew System requirements for the habitat was roughly 230 [m3].
This volume is based on the sum of the necessary habitable volume per person calculations (179 [m3]
total) and storage and equipment needed inside the habitat for Phase III volume calculations (50
[m3]). With the current dimensions, the volume of the habitat is 281.5 [m3], which satisfies
requirements and allows for uncertainty of necessary habitable volume per person calculations.
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9. Risk Analysis and Management
9.1. Event Compilation and Analysis
Mission risk is analyzed based on a combination of two factors: event likelihood and event
consequence level. Event likelihood ranges from rare (high TRL with failure rate or event probability
less than 1/100,000) to almost certain (low TRL with failure rate or event probability greater than
1/10). Event consequence level ranges from insignificant (does not affect mission/crew more than
mild discomfort) to catastrophic (mission failure and/or death to crew). The combination of
likelihood and consequence level is then cross-referenced in the Risk Analysis Evaluation Table in
order to determine the event risk level, ranging from very low (green) to very high (red).
Table 106. Risk Analysis Matrix

Risk Analysis Matrix
Insignificant

Minor

Moderate

Severe

Catastrophic

Almost Certain

2

3

4

5

5

Likely

2

3

4

4

5

Possible

1

2

3

4

5

Unlikely

1

2

3

3

4

Rare

1

2

2

3

4

In the initial evaluation, two risk levels are obtained: mission risk level and crew risk level. Based on
the risk event, these two risk levels may or may not be independent. For example, in case of a
structure failure associated with the habitat, the crew and mission risk levels are both very high. This
is because such a failure (with no mitigation efforts or contingencies) could potentially result in 100%
crew death and mission failure. However, in a case such as RCS failure, the mission risk level is high
and the crew risk level is low. The nature of the event is such that consequences for the mission
could be catastrophic (again, this is without contingencies or mitigation such as thruster redundancy),
but the consequences for the crew would be minor at worst.
After obtaining an initial mission and crew risk level, each event is considered for mitigation efforts
and contingency / emergency response procedures. Mitigation efforts include design changes, crew
training, and procedures that can be conducted prior to the risk event occurrence, which serve to
decrease the event likelihood and/or decrease the event consequence level. Contingency procedures
consist of the most likely and immediate course(s) of action by the crew following a risk event
occurrence, which serve to decrease the event consequence level and/or repair any problems caused
by the event. The combination of mitigation efforts and contingency procedures is used to formulate
an adjusted risk level to the crew and mission. Generally, preparation efforts and planning reduces
the risk level – however, in some cases, such as very low event likelihood or failure of an external
component, the adjusted risk can remain unchanged or even increase the risk level to the crew (most
often in case of an unplanned repairs EVA).
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In contingency operations, the first priority is the elimination of danger to the crew. This is followed
by elimination of danger to mission success, but only at reasonable additional risk to crew (for
example, conducting an EVA to repair an exterior component would be considered reasonable). The
last priority is the restoration of Polus to full functionality – again, this will only be pursued at
reasonable additional risk to crew.
The initial selection of mitigation and contingency alternatives was done on a by-event basis and
included many alternatives that would not have been realistic or even possible with the original
design. According to the NASA Risk-Informed Decision Making Handbook,
“the initial set of proposed alternatives should be conservatively
broad in order to reduce the possibility of excluding potentially
attractive alternatives from the outset. Keep in mind that novel
solutions may provide a basis for the granting of exceptions and/or
waivers from deterministic standards, if it can be shown that the
intents of the standards are met, with confidence, by other means.
In general, it is important to avoid limiting the range of proposed
alternatives based on prejudgments or biases.”2
Following this guidance for novel solutions contributed directly to the inclusion of the ARM device;
it was seen as a way to both increase work capabilities on the exterior structure and reduce risk to the
crew in case of emergency or component failure.

9.2. Original Risk Levels by Event

Category)

Event)

Structure2
Failure2

Main2Structure2(Phase2I)2
Main2Structure2(Phase2II2and2III)2
Hab2Airlock2(Phase2I,2EVA)2
Hab2Airlock2(Phase2I,2nonHEVA)2
Hab2Airlock2(Phase2II2and2III,2EVA)2
Hab2Airlock2(Phase2II2and2III,2nonH
EVA)2
Habitat2Pressure2Vessel2(Phase2I)2
Habitat2Pressure2Vessel2(Phase2II2

2

Original)Risk)
Level)
Level)
(Mission)) (Crew))
52
32
52
52
52
52
42
32
52
52
52

52

52
52

52
52

NASA Risk-Informed Decision Making Handbook. NASA/SP-2010-576, April 2010.
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Hardware2
Failure2

Assembly2

Category)

Docking2

Leaks2(to2
Space)2
Electronics2

and2III)2
Central2Hub2(occupied)2
Central2Hub2(unoccupied)2
Mars2SIM2(occupied)2
Mars2SIM2(unoccupied)2
Ballast2(rotating,2spinHdown2
component)2
Ballast2(rotating,2nonHspinHdown2
component)2
Ballast2(nonrotating)2
Airtight2Bulkhead2Seal2
Insulation2
Cables2
RCS2
Cable2Winches2(nonrotating)2
Cable2Winches2(rotating)2
Electrodynamic2Dust2Shield2
Dust2VCA2
Radiator2/2Solar2Array2Unfold2
Hab2/2Hub2Cables2
Ballast2/2Hub2Cables2
Ballast2
Communications2Tower2
Hab2/2Mars2SIM2

Event)
Failure2to2dock2DragonRider2(Phase2
I)2
Failure2to2dock2DragonRider2(Phase2
II2and2III)2
Failure2to2dock2Mars2SIM2
Propellant2Leak2
Radiator2Coolant2Leak2
Water2Leak2
Nitrogen2Leak2
Major2Atmosphere2Leak2
Pressure2Sensor2

42
42
32
32

52
32
42
22

52

52

42

42

32
32
22
52
42
42
52
32
32
52
52
52
52
52
52

32
32
32
52
22
32
42
22
22
42
42
42
42
42
42

Original)Risk)
Level)
Level)
(Mission)) (Crew))
52

42

32

22

42
42
42
42
32
52
32

22
22
22
42
32
52
32
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Failure2

Life2Support2
Failure2

EVA2
Natural2

CO/CO22Sensor2
Smoke2Detector2
Nitrogen2Sensor2
Inertial2Measurement2Unit2
Thermal2Equilibrium2Sensor2
Star2Tracker2
Battery2Combustion2
Communications2
Communications2Pointing2
Solar2Panel2
Radiator2Control2
Sun2Sensor2
Four2Bed2Molecular2Sieve2
MultiHFiltration2System2(Water)2
Sabatier2Reaction2
Advanced2CarbonHFormation2
Reaction2System2
Vapor2Compression2Distillation2
Forward2Osmosis2Bags2
Waste2Collection2(Space2Toilet)2
Suit2Rupture2
Disconnect2from2Station2
Radio2Failure2
Solar2Particle2Event2
Meteoroid2Contact2

32
32
32
42
42
42
42
42
42
42
42
42
32
32
32

32
32
32
32
42
22
32
22
22
42
42
22
42
42
32

32

32

32
22
22
32
32
22
32
42

42
32
32
52
52
32
42
42

9.3. Risk Mitigation and Contingency by Event

Category)

Event)

Structure2
Failure2

Main2Structure2
(Phase2I)2
Main2Structure2
(Phase2II2and2III)2
Hab2Airlock2
(Phase2I,2EVA)2
Hab2Airlock2
(Phase2I,2nonH

Mitigation)Measures)

PreHLaunch2
Stress/Vibration2Testing2
Astronauts2on2EVA2carry2
necessary2repair2tools2
Simulation2testing2

Primary)Contingency)
Attempt2to2repair2
Contingency2repairs2launch2
Detach2DragonRider2for2
EVA2pickHup2
Access2Airlock2for2repairs2
by2detaching2DragonRider,2
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EVA)2

EVA2from2DragonRider2

Hab2Airlock2
(Phase2II2and2III,2
EVA)2

DragonRider2able2to2
detach2for2EVA2pickHup2

Attempt2external2repairs2
Detach2DragonRider2for2
EVA2pickHup2and2reH
docking2to2Hab2

Able2to2use2Mars2SIM2as2
detachable2airlock2in2
case2of2emergency2

Attempt2repairs,2EVA2if2
necessary2

Simulation2testing2

Evacuate2to2DragonRider2

Simulation2testing2

Evacuate2to2DragonRider2

Simulation2testing2

Evacuate2to2DragonRider2

Central2Hub2
(unoccupied)2

Develop2remote2
undocking/docking2for2
DragonRider2

Mars2SIM2
(occupied)2

Astronauts2already2in2
EVA2suits2

ReHdock2DragonRider2with2
Hab2(detach2Mars2SIM2if2
necessary)2
Return2to2Hab2immediately2
Assess2damage,2conduct2
repairs2if2possible2

Hab2Airlock2
(Phase2II2and2III,2
nonHEVA)2
Habitat2Pressure2
Vessel2(Phase2I)2
Habitat2Pressure2
Vessel2(Phase2II2
and2III)2
Central2Hub2
(occupied)2

Mars2SIM2
(unoccupied)2
Ballast2(rotating,2
spinHdown2
component)2
Ballast2(rotating,2
nonHspinHdown2
component)2
Ballast2
(nonrotating)2
Airtight2Bulkhead2
Seal2
Hardware2
Failure2

Insulation2
Cables2

Airtight2bulkhead2
between2Hab2and2Mars2
SIM2
Mars2SIM2detachable2
after2spinHdown2
Develop2remote2
undocking/docking2for2
DragonRider2

Detach2Hab2from2Hub,2
stabilize2and2redock2with2
DragonRider2if2possible2

Rigorous2stress2analysis2
before2launch2

Spin2down,2reel2in2to2
conduct2repairs2

Robot2arm2available2for2
repairs2
Access2to2both2sides2of2
bulkheads2and2repair2
materials2
Ground2testing2
Three2fault2tolerant2
Cable2redundancy2
Cable2replacements2

Assess2damage,2conduct2
repairs2if2possible2

Conduct2EVA2repairs2
Attempt2repairs2
Repair2if2possible2
Reel2in,2spin2down,2
conduct2repairs2/2
maintenance2

343

RCS2
Cable2Winches2
(nonrotating)2
Cable2Winches2
(rotating)2
Electrodynamic2
Dust2Shield2
Dust2VCA2
Radiator2/2Solar2
Array2Unfold2
Hab2/2Hub2Cables2
Ballast2/2Hub2
Cables2
Assembly2
Ballast2
Communications2
Tower2
Hab2/2Mars2SIM2
Failure2to2dock2
DragonRider2
(Phase2I)2
Failure2to2dock2
Docking2
DragonRider2
(Phase2II2and2III)2
Failure2to2dock2
Mars2SIM2

Leaks2(to2
Space)2

Electronic

accessible2for2repairs2
Repair2crew2on2standby2
for2repairs2mission2
Thruster2redundancy2
Crew2conducts2winch2
test2before2spinHup2
Crew2conducts2winch2
test2before2spinHup2
Dust2VCA2serves2as2
secondary2system2
HEPA2filter2removes2
atmospheric2
contaminants2

EVA2to2repair2(if2necessary)2
EVA2to2repair2/2replace2
winch2
Spin2down,2reel2in2to2
conduct2repairs2
Conduct2repairs2if2possible2
Conduct2repairs2if2possible2

Use2of2robot2arm2to2
identify2/2fix2problems2

Assemble2with2robot2arm2

NBR2Lab2manual2
assembly2rehearsal2

EVA2from2Hab2Airlock2
(manual2assembly)2

Rehearsal2of2Hab2Airlock2
boarding2

EVA2from2DragonRider2to2
repair2or2board2hab2

Simulation2of2secondary2
docking2

Use2secondary2docking2
point2on2hab2

Robot2arm2available2for2
realignment2
Emergency2cutoff2
Propellant2Leak2
valve(s)2
Radiator2Coolant2
Emergency2cutoff2
Leak2
valve(s)2
Emergency2cutoff2
Water2Leak2
valve(s)2
Emergency2cutoff2
Nitrogen2Leak2
valve(s)2
Oxygen2masks2accessible2
Major2
to2crew2
Atmosphere2Leak2
Airtight2bulkheads2
Pressure2Sensor2
Secondary2Sensors2

EVA2if2necessary2to2align2/2
redock2
EVA2to2repair2
EVA2to2repair2
EVA2to2repair2
EVA2to2repair2
Evacuate2area,2attempt2
repairs2
Seal2bulkheads2
Repair2/2disable2if2possible2
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s2Failure2

Life2
Support2
Failure2

CO/CO22Sensor2
Smoke2Detector2
Nitrogen2Sensor2

Secondary2Sensors2
Secondary2Detectors2
Secondary2Sensors2
IMU2Redundancy2
Inertial2
Control2System2
Repair2/2shut2down2faulty2
Measurement2
identifying2malfunction2
IMU2
Unit2
Manual2override2/2
shutoff2
Manual2override2
Thermal2
accessible2to2crew2
Equilibrium2
Repair2/2disable2if2possible2
Sensor2
Secondary2Sensors2
Star2Tracker2
Backup2Star2Trackers2
Repair2/2recalibrate2tracker2
Fire2Extinguishers2
Extinguish2battery2fire2
accessible2to2crew2
Battery2
Combustion2
BackHup2batteries2
Replace2battery2
accessible2to2crew2
Backup2communications2
Diagnose2problem,2repair2
system2
Communications2
Communications2system2
Use2backup2system2
ground2training2
Communications2
EVA2to2repair2/2replace2
Backup2pointing2motor2
Pointing2
assembly2
EVA2to2repair2
Excess2power2capabilities2
Solar2Panel2
allowing2for2
Limit2power2usage2to2
repair/replacement2time2
critical2systems2
Independent2radiator2
Repair2/2replace2if2possible2
control2
Radiator2Control2
Manual2override2of2
Manually2override2radiator2
radiator2automation2
operation2combination2
Sun2Sensor2
Redundant2sensors2(8)2 Repair2/2recalibrate2tracker2
Four2Bed2
CrewHaccessible2
Replace2faulty2sieves2
Molecular2Sieve2
replacements2
CrewHaccessible2
replacements2
MultiHFiltration2
Repair2/2replace2filters2
System2(Water)2 Water2quality2testing2kits2
accessible2to2crew2
Replacement2
Repair2/2replace2
Sabatier2Reaction2 components2accessible2
components2
to2crew2
Advanced2
Replacement2
Repair2/2replace2
CarbonH
components2accessible2
components2
Formation2
to2crew2
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Reaction2System2
Vapor2
Compression2
Distillation2
Forward2Osmosis2
Bags2
Waste2Collection2
(Space2Toilet)2
Suit2Rupture2

EVA2

Disconnect2from2
Station2

Radio2Failure2

Natural2

Solar2Particle2
Event2
Meteoroid2
Contact2

Replacement2
components2accessible2
to2crew2
CrewHaccessible2
replacements2
Forward2Osmosis2
secondary2system2
Contingency2waste2bags2
accessible2to2crew2

Repair2/2replace2
components2

Replace2faulty2bags2
Repair2toilet2if2possible2
Use2contingency2waste2
bags2

Simulation2testing2
Return2to2Hab2Airlock2
Two2personnel2minimum2
immediately2
on2EVA2
Simulation2testing2
Two2personnel2minimum2
on2EVA2
Use2RCS2pack2to2return2to2
station2/2retrieve2
One2RCS2pack2minimum2
disconnected2astronaut2
on2EVA2
Cable2connect2points2on2
external2structure2
Simulation2testing2
Return2to2Hab2Airlock2
Two2personnel2minimum2
immediately2
on2EVA2
Periods2of2inhabitance2
Move2crew2into2most2
planned2for2low2solar2
heavily2shielded2area2ASAP2
activity2periods2
Dedicated2foreign2object2
Move2crew2into2most2
sensors2for2station22
heavily2shielded2area2ASAP2

9.4. Adjusted Risk Levels by Event
Category)

Event)

Structure2
Failure2

Main2Structure2(Phase2I)2
Main2Structure2(Phase2II2and2III)2
Hab2Airlock2(Phase2I,2EVA)2
Hab2Airlock2(Phase2I,2nonHEVA)2
Hab2Airlock2(Phase2II2and2III,2EVA)2

Adjusted)Risk)
Level)
Level)
(Mission)) (Crew))
32
32
32
42
32
32
32
32
32
32
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Hardware2
Failure2

Assembly2

Category)

Docking2

Leaks2(to2

Hab2Airlock2(Phase2II2and2III,2nonH
EVA)2
Habitat2Pressure2Vessel2(Phase2I)2
Habitat2Pressure2Vessel2(Phase2II2
and2III)2
Central2Hub2(occupied)2
Central2Hub2(unoccupied)2
Mars2SIM2(occupied)2
Mars2SIM2(unoccupied)2
Ballast2(rotating,2spinHdown2
component)2
Ballast2(rotating,2nonHspinHdown2
component)2
Ballast2(nonrotating)2
Airtight2Bulkhead2Seal2
Insulation2
Cables2
RCS2
Cable2Winches2(nonrotating)2
Cable2Winches2(rotating)2
Electrodynamic2Dust2Shield2
Dust2VCA2
Radiator2/2Solar2Array2Unfold2
Hab2/2Hub2Cables2
Ballast2/2Hub2Cables2
Ballast2
Communications2Tower2
Hab2/2Mars2SIM2

Event)
Failure2to2dock2DragonRider2(Phase2
I)2
Failure2to2dock2DragonRider2(Phase2
II2and2III)2
Failure2to2dock2Mars2SIM2
Propellant2Leak2

32

32

42

42

42

42

42
32
22
22

42
32
32
12

42

42

32

32

22
22
12
32
22
22
42
22
22
32
32
32
32
32
32

32
22
22
32
32
32
42
12
12
32
32
32
32
32
32

Adjusted)Risk)
Level)
Level)
(Mission)) (Crew))
32

32

22

22

32
32

32
32
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Space)2

Electronics2
Failure2

Life2Support2
Failure2

EVA2
Natural2

Radiator2Coolant2Leak2
Water2Leak2
Nitrogen2Leak2
Major2Atmosphere2Leak2
Pressure2Sensor2
CO/CO22Sensor2
Smoke2Detector2
Nitrogen2Sensor2
Inertial2Measurement2Unit2
Thermal2Equilibrium2Sensor2
Star2Tracker2
Battery2Combustion2
Communications2
Communications2Pointing2
Solar2Panel2
Radiator2Control2
Sun2Sensor2
Four2Bed2Molecular2Sieve2
MultiHFiltration2System2(Water)2
Sabatier2Reaction2
Advanced2CarbonHFormation2
Reaction2System2
Vapor2Compression2Distillation2
Forward2Osmosis2Bags2
Waste2Collection2(Space2Toilet)2
Suit2Rupture2
Disconnect2from2Station2
Radio2Failure2
Solar2Particle2Event2
Meteoroid2Contact2

32
32
22
42
12
12
12
12
22
12
32
22
22
32
32
32
32
22
22
22

32
32
32
42
22
22
22
22
22
22
12
22
12
32
32
32
12
22
22
22

22

22

22
22
22
22
22
22
32
42

22
12
12
32
32
22
42
32
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10.Conclusion
This mission would achieve a number of significant milestones within the scientific community
and expand the pervasion of human influence in space. Never before has a mission in space
attempted to create artificial gravity on a manned vehicle. Polus would be a system unique in this
regard and in a wider array of applications. By 2025, NASA and President Barrack Obama envision
humans making first contact with an asteroid in a way that is unprecedented. Polus will achieve this
goal and return, for the first time, mined asteroid samples for future experiments.
Polus will also provide invaluable data for future space operations as it proves these unexplored
concepts of artificial gravity and asteroid retrieval. The mission will be long enough in duration to
collect information on effective methods and technologies for long-term survivability in deep space.
The need for radiation shielding, food, and life-support resources drives innovative designs for
recycling all onboard materials while in a limited resupply environment. The physical fatigue and
effects of astronauts in micro gravity is a topic of deep interest and concern to NASA and private
space companies. In the variable gravity environment of Polus, data of human performance can be
used to create metrics that will aid in the exploration of other planetary bodies. Furthermore, these
results would help conclude the feasibility of an artificial gravity habitat for future space exploration.
By providing a gravity environment for astronauts to retain greater physical strength, the risks for
planned Mars mission in the 2030s can be greatly mitigated.
And as final remark, “Genus Humanus Gravitationem Superat,” which is the motto chosen for
the project. Translated from Latin, this states, “The human race is beyond gravitation.” Polus must
first defy gravity to be lifted high into the atmosphere. In space, Polus must be assembled and
operated in the absence of gravity. Finally, Polus will rotate and create its own gravitational field for
the astronauts onboard. This homage was chosen for Polus to express the tenacity and endeavor of
humanity to overcome, refrain from, and control that which has always kept us down: gravity.
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12.1.2. Gantt Chart
12.1.3. Task List
The Gantt chart task’s are color-coded and divided into smaller divisions, as a way to keep the
chart more organized. Below, Table 107 shows the different colors of the Gantt chart and the
division they represent. The task list located below the table shows the division color indicator
alongside each task. Each task also has the start and end date, which indicates how much time was
allocated to specific tasks.
Table 107. Gantt Chart Color Legend
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12.2. Mission Planning and Analysis
12.2.1. Mars SIM Design
Multiple designs were considered for the Mars SIM. Possible designs for the Mars SIM were:
1.
2.
3.
4.
5.

External testing
Combined SIM and science floor
Repurposed ISS module
Two floor addition
Single floor addition

The idea behind the external testing is that there would be no additional structure required to be
launched, saving the cost of a launch vehicle. Test apparatus could be attached to the habitat. Several
concerns exist with this arrangement. Foremost, the station is spinning to provide the apparent Mars
gravity. An astronaut performing EVA outside of a spinning habitat poses a high risk situation.
Additionally, space for this area would be minimal, as attachment point on the habitat for radiators,
arm grapple attachments and other items are at a premium. Mainly due to safety concerns, this was
not considered a viable option.
Following along the vein of not using a third structural launch, another option was to have a hybrid
SIM and science floor inside the habitat. However, due to the number of sensitive science
instruments, floor space for EVA operations would be limited. In addition, it would not be feasible
to decrease the pressure for a higher fidelity simulation.
Repurposing an existing ISS module was also considered. The Leonardo Permanent Multipurpose
Module (PMM) was the ISS module under consideration. This option would cost significantly less, as
the module is already in existence and already in space. However, due t the layout of the module, it
would need to be attached in a lengthwise configuration, which is not useful for gravity simulation.
There would be a 10% change in gravity from end to end of the module. I addition, the module
would require significant refurbishment as it will have already been in space for approximately 16
years. Not only does this option require on-orbit refurbishment, the additional delta-V to go to ISS
and then to SDRO make this maneuver more unfeasible.
The last two options require an additional structural launch. An additional two floor module would
provide significant space to perform simulated EVA and also space for donning and doffing suits as
well as considerable storage space for consumables or additional science packages. While this would
meet all the requirements for the Mars SIM, two additional floors is a significant increase in mass and
volume. A one-floor addition, incorporating an airlock, consumable storage, and space for the
donning and doffing of suits, will be sufficient to meet the previously specified requirements and is
discussed in the main body of the report.

12.2.2. Mars SIM Terrain Simulants
Several types of terrain simulants were also considered. Actual regolith, mentioned in the section
regarding the Mars SIM would provide the highest fidelity simulation. However, this type of simulant
would be considerably more massive than other types of simulants and would also require the
intentional introduction of potentially harmful dust and other contaminants to the system. The use of
3D printing was considered. High precision models could be produced that would not be very
massive. This option could prove to be expensive and has several alternatives that would work just as
well. Plaster set over wire mesh was also considered, similar to that used in large scale movie set
construction. This concept could provide a permanent and structurally stable simulation of a
moderately high fidelity. However, this also introduces unwanted particulates to the system and most
likely would not survive loads induced on it during launch. Hard rubber was considered as an

alternative to the plaster, but this also poses risk to the crew. Rubber has an outgassing issue that
becomes worse in space. The gas that escapes from the rubber is harmful to the crew. Despite the
fact that the Mars SIM is a closed system and crew will be in a contained suit, this is not an
acceptable option. To compensate for the outgassing that most non-metal materials experience, a low
outgassing fiberglass was chosen for the terrain simulation.

12.3. Loads, Structures, and Mechanisms
12.3.1. Central Hub Connecting Structure Trade Study
In order to make decisions for the design of Polus, trade studies were conducted to study different
configurations and their effects on mass and other variables. The following trade studies focus on
what type of structure connects the habitat and ballast mass to the central hub and the effect moving
masses inside the habitat are expected to have on the center of mass for the habitat.

12.3.2. Support Structure
One of the more basic design choices was deciding what connects the different sections of Polus.
Three fundamental designs were taken into consideration for this trade study: a wire rope system, a
rigid tunnel system, and a hybrid of the previous two. This trade study focused mainly on the total
mass of the system with a secondary consideration on the stability of the system.

12.3.3. Sizing of Systems
Each system is sized to handle the anticipated stresses that arise over the course of the normal
mission of the station. For this trade study all rigid material is assumed to be 6061-T6 aluminum
alloy and the wire rope is modeled as stainless steel wire rope.

Rigid Tunnel Support System
The rigid tunnel was designed in two parts: the skin and shielding, and the longerons. The skin and
shield followed the design of the habitat’s Whipple shield to maintain consistency within the system.
This means that the skin of the tunnel was sized in accordance with the Whipple shield requirements,
allowing the transfer tunnel to be able to take a hit from the larger flux in LEO. The longerons are
sized to withstand the axial tension induced by spinning which constitutes the largest force these
members will see in nominal operation of the station.
The equations used for modeling the masses of the system are located below. Lower case ‘m’
represents the mass per unit length for the system. Upper case ‘M’ represents the total mass for the
system. The r design refers to the arm length necessary to produce 1g of acceleration for a chosen w
design. A tunnel made of aluminum represents the cross-section area of the tunnel skin and Whipple
shield. The driving factor in the changing of the mass of this system turned out to be the rotation
rate, w design, and the relationship is inverse so smaller rotation rates push to increase the total mass
of the system.
𝑟𝑑𝑒𝑠𝑖𝑔𝑛 =

9.81
,!!!𝑀𝑡𝑢𝑛𝑛𝑒𝑙𝑠𝑦𝑠𝑡𝑒𝑚 = 𝑟𝑑𝑒𝑠𝑖𝑔𝑛 ∗ 𝑚𝑡𝑢𝑛𝑛𝑒𝑙𝑠𝑦𝑠𝑡𝑒𝑚
𝑤!𝑑𝑒𝑠𝑖𝑔𝑛

!𝑚𝑡𝑢𝑛𝑛𝑒𝑙 = 𝐴𝑡𝑢𝑛𝑛𝑒𝑙𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚 ∗ 𝜌𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚 ≈ 238!

𝑘𝑔
𝑚
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𝑚𝑙𝑜𝑛𝑔𝑒𝑟𝑜𝑛 =

𝑆𝐹 ∗ 𝑎𝑑𝑒𝑠𝑖𝑔𝑛
𝑎𝑑𝑒𝑠𝑖𝑔𝑛
∗ 0.5 ∗ 𝑚𝑡𝑢𝑛𝑛𝑒𝑙 ∗ !
+ 𝑀ℎ𝑎𝑏 + 𝑀𝑆𝐼𝑀
𝑆𝑦𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚
𝑤𝑑𝑒𝑠𝑖𝑔𝑛
≈

∗ 𝜌𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚

. 2241
+ 17
𝑤!𝑑𝑒𝑠𝑖𝑔𝑛

𝑚𝑡𝑢𝑛𝑛𝑒𝑙𝑠𝑦𝑠𝑡𝑒𝑚 = 𝑚𝑡𝑢𝑛𝑛𝑒𝑙 + 𝑚𝑙𝑜𝑛𝑔𝑒𝑟𝑜𝑛 ≈ 255 +

. 2241
𝑤!𝑑𝑒𝑠𝑖𝑔𝑛

Wire Rope Support System
The wire rope system was sized based on the projected loads that would be experienced by the wire
ropes during 1g spinning conditions. Effectively, the wire ropes, all together, had to bear the entire
weight of the habitat and Mars SIM under Earth gravity. Since there were six wire ropes, each
doubled up by a sheave, the effective tension in each wire rope is the 1g weight of the habitat and
Mars SIM divided by 12. The necessary diameter of the wire rope was calculated by applying a safety
factor of two and finding an appropriate diameter, which is readily manufactured, of steel wire rope
to withstand the modified design load. The motors had to be accounted for to model the wire rope
support system. The motors were sized by looking at analogous systems and extrapolating the mass
that would be necessary for a motor to handle the torques being applied.
The equations for the sizing of the wire rope system, below, show a dependency only on the w
design. Also, the relation is inverse which leads to more mass for slower rotation rates.
𝑀𝑤𝑖𝑟𝑒𝑟𝑜𝑝𝑒𝑠𝑦𝑠𝑡𝑒𝑚 = 12 ∗ 𝑟𝑑𝑒𝑠𝑖𝑔𝑛 ∗ 𝑚𝑤𝑖𝑟𝑒𝑟𝑜𝑝𝑒 + 6 ∗ 𝑚𝑚𝑜𝑡𝑜𝑟
𝑇𝑤𝑖𝑟𝑒𝑟𝑜𝑝𝑒 =

𝑆𝐹!!!
1
∗ 9.81 ∗ 𝑀ℎ𝑎𝑏!𝑆𝐼𝑀 = 73.5! 𝑘𝑁 !
!𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 1! 𝑖𝑛. = 0.0254! 𝑚
12
𝑘𝑔
𝑚𝑤𝑖𝑟𝑒𝑟𝑜𝑝𝑒 = 2.5!
,!!!𝑚𝑚𝑜𝑡𝑜𝑟 ≈ 1000! 𝑘𝑔
𝑚

Hybrid Support System
The hybrid system was sized by adding a five meter long section of tunnel, with the same mass per
unit length as in the rigid tunnel section, to the wire rope system. This led to the mass of the hybrid
section following the mass of the cable system with an offset from the mass of the additional tunnel
sections.
𝑀ℎ𝑦𝑏𝑟𝑖𝑑𝑠𝑦𝑠𝑡𝑒𝑚 = 𝑀𝑤𝑖𝑟𝑒𝑟𝑜𝑝𝑒𝑠𝑦𝑠𝑡𝑒𝑚 + 2 ∗ 5 ∗ 𝑚𝑡𝑢𝑛𝑛𝑒𝑙𝑠𝑦𝑠𝑡𝑒𝑚

12.3.4. Method of Study
The proposed, and properly sized, systems were implemented into a MATLAB script that allowed
for the variation of the size of the system. The size of the system was driven by the maximum
gravity requirement, 1g, and the maximum rotation rate the station would be spinning at, which was
varied from two rotations per minute (2 rpm) to ten rotations per minute (10 rpm).

Equations Driving Study
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The support arm trade study was focused mainly on the mass of the different systems that were
being considered. For that reason the driving equations, below, were the total mass equations for
each system. From these equations, it was determined that the study’s only variable was designed
rotation rate. It should be noted that in these equations the rotation rate was taken in radians per
second and not in revolutions per minute. The conversion factor from revolutions per minute to
radians per second is pi divided by thirty.
𝑀𝑡𝑢𝑛𝑛𝑒𝑙𝑠𝑦𝑠𝑡𝑒𝑚 = 2 ∗ 𝑚𝑡𝑢𝑛𝑛𝑒𝑙𝑠𝑦𝑠𝑡𝑒𝑚 ∗
𝑀𝑤𝑖𝑟𝑒𝑟𝑜𝑝𝑒𝑠𝑦𝑠𝑡𝑒𝑚 = 2 ∗ (𝑚𝑤𝑖𝑟𝑒𝑟𝑜𝑝𝑒 ∗ 12 ∗

9.81
𝑤!𝑑𝑒𝑠𝑖𝑔𝑛

9.81
+ 6 ∗ 𝑚𝑚𝑜𝑡𝑜𝑟 )
𝑤!𝑑𝑒𝑠𝑖𝑔𝑛

𝑀ℎ𝑦𝑏𝑟𝑖𝑑𝑠𝑦𝑠𝑡𝑒𝑚 = 𝑀𝑤𝑖𝑟𝑒𝑟𝑜𝑝𝑒𝑠𝑦𝑠𝑡𝑒𝑚 + 2 ∗ 5 ∗ 𝑚𝑡𝑢𝑛𝑛𝑒𝑙𝑠𝑦𝑠𝑡𝑒𝑚

12.3.5. Results and Conclusions
The mass results for the support arm trade study were plotted in Figure 232, located below. It is
important to note here that the length of the support arm decreases with the square of the rotation
rate.

Results

Figure 232. Support Arm Mass Trade Results

Conclusions
It was concluded that the hybrid system should be used for the design of Polus. From a mass
standpoint, the wire rope system was the best for the rotation regime considered for human comfort
and adaptability, approximately four rotations per minute. However, from a stability and safety
standpoint a pure wire rope system presents huge problems during spin-down. The hybrid system
comes in second from the mass standpoint and solves the problem of connecting during spin-down.
In addition the hybrid system provides an external airlock for EVA during Phase I which allows for a
conservation of habitable volume within the habitat itself. For these reasons the wire rope and
tunnel hybrid system was chosen for the support structure.
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12.3.6. Habitat Sizing Trade Study in Falcon Heavy Launch Vehicle
The initial Heavy Lift Launch Vehicle (HLLV) candidate was the SpaceX Falcon Heavy due to its
favorable cost per launch as compared to the NASA Space Launch System. A trade was performed
exploring the justifications for different pressurized hull shapes for Cislunar habitation. The
following sections analyze the horizontal, vertical, and curved habitat configurations to determine a
preferred habitat design comparing internal, livable volume and useable floor space.
Variable parameters of habitat design are kept consistent through the three configurations. A
minimum ceiling height for each floor for all configurations is 7 ft (2.13 m). This results in three
floors for the vertical configuration, two floors for the horizontal configuration, and one floor for
the curved living configuration.
All three habitat shapes have a consistent wall thickness of 300 mm. While this figure for habitat wall
thickness is grossly exaggerated for a realistic design, keeping this parameter constant for the three
designs throughout the study allows for control of a design variable to help eliminate bias.
Additionally, a true design will inevitably require a Whipple shield, radiation shielding, and a pressure
vessel wall. In addition, there will need to be an offset distance required between the walls of the
launch vehicle fairing and the payload contained within it. The exaggerated habitat wall thickness
used for this study is a simple and effective way to compensate for the added thicknesses of these
features.
All three configurations for this study are constrained to the internal volume of the SpaceX Falcon
Heavy Fairing. The habitable internal volumes and usable floor areas were calculated using the
Siemens NX8.5 Computer Aided Design (CAD) software. The values stated for the usable floor
areas do not include any cutouts in the floor necessary for passage between living levels. Because one
focus of our overall project’s studies is to determine what the best mode of passage is between floors
for sub-Earth gravity environments (i.e. ladder, stairs, ramp, etc…), for this study, the requirement of
pass-throughs between living levels is noted and compensated for in the results by acknowledging
that the usable floor area values are maximums and that the true value will be less. It is implicitly
assumed the amount by which each floor’s usable area is reduced by pass-throughs remains
consistent for any true embodiment no matter which of the habitat designs are chosen. The one
exception to this is for the curved living habitat configuration, which has only one living level and
does not require any pass-throughs.
For comparison, all models in the study, including the Falcon Heavy fairing, are assigned 6061-T6
Aluminum as their constituent material in the CAD software. The mass numbers for the models are
large and unreasonable. It is stressed that these values are known to be unrealistic but are being
presented purely as points of relative comparison between the three designs.
The final metric taken into consideration for comparing the three habitat configurations is the gravity
gradients existing in the plane of rotation along each floor, and the gradients between each of the
floors. For this portion of the study, two station radii of rotation were considered, 25 m and 50 m,
and the rotation rate is altered according to the equation for centripetal acceleration for circular
motion to tailor the bottom level (furthest floor, radially, from the axis of rotation) gravity level to
Earth gravity.
With these points of comparison, the purpose of this study is to explore justifications for a preferred
pressurized hull configuration for Cislunar habitation while attempting to keep all other parameters,
other than configuration, consistent between the designs.

12.3.7. SpaceX Falcon Heavy Fairing
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A CAD model of the fairing was made to constrain the three habitats and ensure the considered
designs all fit within the fairing (SpaceX, 2009). Presented below are the fairing dimensions supplied
by SpaceX (Figure 233) and the CAD model of the fairing (Figure 234).
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Figure 233. Falcon Heavy Fairing Dimensions

Figure 234. Falcon Heavy Fairing CAD Model

After the CAD model of the fairing was created, the software calculates the internal volume of the
fairing (Figure 235).

Figure 235. Approximate Internal Volume of Falcon Heavy Fairing

The approximate total internal volume of the cylindrical portion of the SpaceX Falcon Heavy Fairing
is 110 m3 and the conical portion is approximately 50 m3, giving a total internal volume of 160 m3.
As a point of comparison, 6061-T6 Aluminum is assigned as the model’s material and the mass of
the fairing is calculated by the software.

Figure 236. Approximate Mass of Falcon Heavy Fairing Made of 6061-T6 Aluminum

The approximate calculated mass of the Falcon Heavy fairing made from 6061-T6 Aluminum is 1440
metric tons. This value will be used as a relative metric for comparison with the habitat designs in the
following sections.
The Falcon Heavy Fairing CAD model will be used to constrain the largest possible habitat of each
configuration. Then each configuration will be analyzed and compared for total habitable volume and
useable floor area.

12.3.8. Vertical Living
A cylindrical pressure vessel is configured for a vertical living configuration (Figure 237). With 2.13
m high ceilings per floor, the result is three living levels. One end is an ellipsoidal end-cap while the
other end is flat. In reality, the pressure hull would have two ellipsoidal end-caps however, this form
was used to maximize the potential livable volume by fitting the fairing perfectly. This feature will be
consistent with the horizontal configuration as well.
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Figure 237. Vertical Habitat Configuration in Falcon Heavy Fairing

Habitable Volume and Floor Area
Each living space has approximately 25 m3 of habitable volume and 12.5 m2 of usable floor area. This
floor area estimate does not include pass-throughs to move between floors. Thus, this value for floor
area is a maximum value and the true floor area will be less, as useable floor area will be taken by
these necessary pass-throughs. The vertical living configuration provides a total 75 m3 habitable
volume and a theoretical maximum floor area of 37.68 m2.

Relative Mass of Habitat Configuration
6061 T-6 Aluminum is assigned as the habitat’s constituent material and the mass of the habitat is
calculated by the CAD software.

Figure 238. Relative Mass Calculation for Vertical Habitat Configuration
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The relative mass figure for the vertical habitat configuration is approximately 341 metric tons.
Again, this is not being presented as a realistic mass number for a real embodiment but instead is
being presented as a relative point of comparison between the habitat configurations.

Gravity Gradients
From the physics of rotational systems, the perceived, local gravity (centripetal acceleration due to
rotation about an axis) is directly dependent on the distance from the axis of rotation and the square
of the rate of rotation about that axis. Each living level’s floors are a different distance from the axis
of rotation and therefore have different local gravity levels. Upper floors have a smaller radius of
rotation and the local apparent gravity on that floor is less. Additionally, the floors of each level are
flat and therefore, in the plane of rotation, an increasing gravity gradient exists because the local
radius of rotation increases from the center of the floor to the walls (Figure 239).

>G

G

<G

Figure 239. Viewing Down on the Plane of Rotation and the Deviation Between the Curves of Constant
Rotation Radius (Green) from the Flat Habitat Floors (Gray); The Axis of Rotation is Out of Plane of the Page
and Located Far to the Right

These gravity gradients are different for each of the habitat configurations. Much like on the surface
of the Earth, on the surface of another planet, such as Mars, the gravity level experienced by a person
will remain relatively constant. Thus, it is preferred that we have minimal gravity gradients
throughout the living space of our station so as to maximize the fidelity of our station’s research into
human physiological effects due to long duration exposure to sub-Earth gravity levels. For larger
radii of rotation, the gravity gradient effect between living levels is lesser than for smaller radii. For
this reason we explore two different radii of rotation, 50 m and 25 m, for the locations of the bottom
floor of the living spaces from the axis of rotation.
For 25 m radius of rotation of the bottom floor of the habitat, the gravity levels between the floors
and the distance of each floor from the axis of rotation are shown in Figure 240.
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Figure 240. Vertical Habitat, Floor Gravity Levels at 25 m Station Radius

There is approximately a 20% decrease in the gravity level from the bottom floor to the top floor for
a 25 m station radius. The gravity gradients along each floor in the plane of rotation are presented in
Figure 241.

Figure 241. Vertical Habitat, in Rotation Plane Floor Gravity Gradients at 25 m Station Radius

The increase in local gravity level from the center of the floor to the wall in the rotation plane is less
than 4% for all three floors. This is likely an imperceptible change.
For a station radius of 50 m the study is repeated. Between floors, the gravity gradients are shown in
Figure 242.
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Figure 242. Vertical Habitat, Floor Gravity Levels at 50[m] Station Radius

There is approximately a 10% decrease in the gravity level from the bottom floor to the top floor for
a 50 m station radius. The gravity gradients along each floor in the plane of rotation are presented in
Figure 243.

Figure 243. Vertical Habitat, in Rotation Plane Floor Gravity Gradients at 50 m Station Radius

The increase in local gravity level from the center of the floor to the wall in the rotation plane is less
than 1% for all three floors. This would be an imperceptible change.

Summary
The physical extrinsic metrics of the vertical habitat configuration under consideration are
summarized below in Table 108. The gravity gradient numbers for the vertical habitat configuration
are summarized below in Table 109.
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Table 108. Vertical Living Physical Metrics Summary

Total Internal Habitable Volume:

75 m3

Total Usable Floor Area*:

<37.68 m2

Representative Mass Value**:

341 MT

* Total usable floor area max theoretical value; neglects floor area removed for pass-throughs
**Representative mass value for this study’s comparison purposes only
Table 109. Vertical Habitat Configuration Gravity Gradients Summary

Station Radius and
Rotation Rate

Floor Level

Center Centripetal
Acceleration

In-Rotation-Plane
Floor Edge
Additional
Acceleration
[m/s2]

50 [m]
4.23 [RPM]
25 [m]
5.98 [RPM]

Top

0.89g

+0.009

Middle

0.94g

+0.008

Bottom

1.00

+0.008

Top

0.78

+0.039

Middle

0.88

+0.034

Bottom

1.00

+0.031

In the next section, an analogous analysis will be performed for the same basic vessel shape as this
section’s analysis but with the floor oriented in a horizontal configuration instead of vertical.

12.3.9. Horizontal Living
A cylindrical pressure vessel is configured for a horizontal living configuration (Figure 244). With
2.13 m high ceilings per floor, the result is two living levels that each extends the full length of the
cylindrical vessel. One end of the vessel is an ellipsoidal end-cap, while the other end is flat. In reality,
the pressure hull would have two ellipsoidal end-caps, however, this form was used to maximize the
potential livable volume by fitting the fairing perfectly.
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Figure 244. Horizontal Habitat Configuration in Falcon Heavy Fairing

Habitable Volume and Floor Area
Each living space has approximately 40 m3 of habitable volume and 32.5 m2 of usable floor area. This
floor area estimate does not include pass-throughs to move between floors. Thus, this value for floor
area is a maximum value and the true floor area will be less, as useable floor area will be taken by
these necessary pass-throughs. The horizontal living configuration provides a total 80 m3 habitable
volume and a theoretical maximum floor area of 32.5 m2. This total useable floor area estimate is the
area of the floor created by the partition seen in Figure 244 separating the two living spaces because
the lower living space has a curved floor of radius equal to the radius of curvature of the Falcon
Heavy fairing (2.3 m). To make a useable floor area, a flat plane would is required. This would
decrease the ceiling height to less than 2.13 m, and is not a viable option. The total volume of the
two spaces is considered for the total volume calculation because in zero- or micro-gravity, this is a
useable space.

Relative Mass of Habitat Configuration
6061 T-6 Aluminum is assigned as the habitat’s constituent material and the mass of the habitat is
calculated by the CAD software.
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Figure 245. Relative Mass Calculation for Horizontal Habitat Configuration

The relative mass figure for the vertical habitat configuration is approximately 358 metric tons. This
indicates that, with all other parameters held constant, having a single partition dividing the habitat in
the long dimension as in Figure 244, versus having two partitions dividing the habitat in the vertical
living configuration, will potentially be slightly heavier. Again, this is not being presented as a realistic
mass number for a real embodiment but instead is being presented as a relative point of comparison
between the habitat configurations.
For a real life embodiment, the floor thicknesses are sized accordingly to support themselves and the
loads they carry, the horizontal configuration will be even more massive than the vertical
configuration because the horizontal configuration’s floor covers a much larger span. Thus, once
designed in detail using mechanics, the horizontal floor will either need to be thicker to support itself,
and the loads it carries, over this larger span and/or it will require additional support members; both
require more material and thus increase the mass of the horizontal configuration.

Gravity Gradients
Like with the vertical living configuration, each living level’s floors are a different distance from the
axis of rotation and therefore have different local gravity levels. The upper floor has a smaller radius
of rotation and the local apparent gravity is less. Additionally, the floor of each level is flat and
therefore, in the plane of rotation, an increasing gravity gradient exists because the local radius of
rotation increases from the center of the floor to the side walls. As for the vertical configuration, two
station radii are considered for study of the gravity gradients between floors and along each floor in
the plane of rotation.
For 25 m radius of rotation of the bottom floor of the habitat, the gravity levels between the floors,
the fractional change in gravity along each floor in the plane of rotation, and the distance of each
floor from the axis of rotation are shown in Figure 246.
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Figure 246. Gravity Levels in the Center of Each Floor and the Fractional Change Along Each Floor in the
Plane of Rotation; Viewing Down on the Plane of Rotation and the Deviation Between the Curves of Constant
Rotation Radius (Blue) from the Flat Habitat Floors (Gray), 25 m Station Radius

The increase in local gravity level from the center of the floor to the wall in the rotation plane is by
0.07g for the lowest floor and 0.08g for the upper floor.
For a station radius of 50 m the study is repeated. Between floors, the gravity gradients are shown in
Figure 247.
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Figure 247. Gravity Levels in the Center of Each Floor and the Fractional Change Along Each Floor in the
Plane of Rotation; Viewing Down on the Plane of Rotation and the Deviation Between the Curves of Constant
Rotation Radius (Blue) from the Flat Habitat Floors (Gray), 50 m Station Radius

There is approximately a 4% decrease in the gravity level from the bottom floor to the top floor for a
50 m station radius. The increase in local gravity level from the center of the floor to the wall in the
rotation plane is by 0.018g for the lowest floor and 0.02g for the upper floor. This would be an
imperceptible change.

Summary
The physical extrinsic metrics of the horizontal habitat configuration under consideration are
summarized below in Table 110. The gravity gradient numbers for the horizontal habitat
configuration are summarized below in Table 111.
Table 110. Horizontal Living Physical Metrics Summary

Total Internal Habitable Volume:

80 m3

Total Usable Floor Area*:

< 32.5 m2

Representative Mass Value**:

358 MT

* Total usable floor area max theoretical value; neglects floor area removed for pass-throughs
**Representative mass value for this study’s comparison purposes only
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Table 111. Horizontal Habitat Configuration Gravity Gradients Summary

Station Radius and
Rotation Rate

Floor Level

Center Centripetal
Acceleration

In-Rotation-Plane
Floor Edge
Additional
Acceleration
[m/s2]

50 [m]

Top

0.96g

+0.196

4.23 [RPM]

Bottom

1.00g

+0.176

25 [m]

Top

0.92g

+0.784

5.98 [RPM]

Bottom

1.00g

+0.715

As expected, the larger station radius of 50 m is better for minimizing gravity gradients for both
directions.

12.3.10. Curved Living
A pressure vessel is configured for a 50 m station radius such that there will be no gravity gradients
along the floor within the rotation plane and the volume will be maximized to fit in the Falcon Heavy
fairing. With 2.13 m high ceilings, the result is a single living space that extends through most of the
Falcon Heavy fairing .

Figure 248. Curved Living Habitat Configuration in Falcon Heavy Fairing

Habitable Volume and Floor Area
The living space has approximately 76 m3 of habitable volume (Figure 249) and 34.7 m2 of usable
floor area.
424

Figure 249. Curved Living Approximate Habitable Volume

Figure 250. Curved Living Usable Floor Area

This floor area estimate is precise because this configuration does not require pass-throughs to move
between different floors. This single floor will have no gravity gradients by virtue of its curvature
matching the curvature of the station’s rotation (50 m). This means that there is no in-rotation-plane
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deviation of the floor from the line of constant radius from the axis of rotation, as there was with the
other configurations.

Relative Mass of Habitat Configuration
6061 T-6 Aluminum is assigned as the habitat’s constituent material and the mass of the habitat is
calculated by the CAD software (Figure 251).

Figure 251. Relative Mass Figure for Curved Living Configuration

The relative mass figure for the curved living habitat configuration is approximately 327 metric tons.
This is the lightest relative mass figure of all three configurations. Again, this number is not being
presented as a realistic mass number for a real embodiment but instead is being presented as a
relative point of comparison between the habitat configurations.

Gravity Gradients
Unlike with the two previous living configurations, the single floor of the curved living configuration
is a constant distance from the axis of rotation (Figure 252) and therefore no gravity gradients exist in
this habitat configuration.
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Figure 252. Curved Living Construction in Falcon Heavy Fairing

By virtue of the single curved floor, there exists no gravity gradient in this design. Like for any
configuration, there is a head-to-toe gravity gradient for anyone standing on any floor. The reason
being that their head is at a smaller rotation radius relative to the station axis of rotation than their
feet; thus their head experiences less centripetal acceleration than their feet. The 50 m station radius
however minimizes this effect as was seen in the previous two configuration studies. Below is a
calculation of the centripetal acceleration felt at the head of a 6 ft (1.83 m) tall person in this curved
configuration.
The equation for centripetal acceleration is:
𝑎𝑐𝑒𝑛𝑡𝑟𝑖𝑝 = !!𝑟 ∗ ! 𝛺!
Tailoring the gravity at the floor to be 1 Earth gravity so we find the rotation rate to be:
𝑔
𝑟𝑓𝑙𝑜𝑜𝑟
1! 𝑟𝑒𝑣
∴𝛺=
2∗𝜋

60 𝑠𝑒𝑐
𝑚𝑖𝑛

=𝛺
𝑚
𝑠 = 4.22[𝑅𝑃𝑀]
50 𝑚

9.8

At this rotation rate, the head of a 1.83 m tall person would experience a centripetal acceleration of:
𝑚
𝑎𝑐𝑒𝑛𝑡𝑟𝑖𝑝 = 50 𝑚 − !1.83 𝑚 ∗ 4.22 𝑅𝑃𝑀 ! = 9.44! !
𝑠
Thus the gravity gradient over a 1.83m tall person would be:
𝑚
𝑚
𝑚
𝛥𝑎𝑐𝑒𝑛𝑡𝑟𝑖𝑝 = 9.8 ! − 9.44 ! = 0.36! !
𝑠
𝑠
𝑠
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This value of 0.36m/s2 is the reduction in gravity that a 1.83 m tall person’s head would experience
relative to their feet. This is much less than a 10% reduction, 10% being what is generally considered
in engineering analyses to be labeled as “much much less than”. Thus we conclude the station
occupants would likely not feel any “light-headedness”.

Summary
The physical extrinsic metrics under consideration for the curved living habitat configuration are
summarized below in Table 112.
Table 112. Horizontal Living Physical Metrics Summary

Total Internal Habitable Volume:

76 m3

Total Usable Floor Area*:

34.7 m2

Representative Mass Value**:

327 MT

* Total usable floor area max theoretical value; neglects floor area removed for pass-throughs
**Representative mass value for this study’s comparison purposes only
The gravity reduction from the feet to the head of a 1.83 m person would be approximately 0.36
m/s2.

12.3.11. Trade Study Summary: Habitat Sizing in Falcon Heavy Launch
Vehicle
Presented below is a table summarizing the physical metrics presented in Table 108, Table 110, and
Table 112, for each of the habitat configurations under consideration for a 50 m station radius:
Table 113. Summary of Physical Metrics for Three Habitat Configurations

Representative
Mass Number**

Habitable
Volume

Usable Floor
Area

[MT]

[m3]

[m2]

Number of
Living Spaces
(Floors)

Vertical Living

341

75

< 37.68*

3

Horizontal Living

358

80

< 32.5*

2

Curved Living

327

76

34.7

1

Habitat

* Total usable floor area max theoretical value; neglects floor area removed for pass-throughs
**Representative mass value for this study’s comparison purposes only
In addition to these physical metrics there exist gravity gradients between floors for the vertical and
horizontal living configurations and there are gravity gradients along each floor in the plane of
rotation. The gradients for the vertical and horizontal configurations are presented in Table 109 and
Table 111, respectively.

12.3.12. Trade Study Conclusion: Habitat Sizing in Falcon Heavy Launch
Vehicle
The design intent of the curved living configuration was to produce a habitat that minimized gravity
gradients throughout the living area as much as feasible. This trade study aimed to compare the
physical metrics of three habitat orientation configurations subject to the constraint of the internal
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payload area of the Falcon Heavy launch vehicle fairing. In addition to presenting the gravity
gradients for each of the configurations, habitable volume, usable floor area, and a relative mass value
for each configuration are determined.
The results of this study suggest that the curved living configuration does not provide an appreciably
different habitable volume or usable floor area over the vertical and horizontal, cylindrical habitat
configurations. Additionally, keeping wall thicknesses for each of the designs at a constant value that
is grossly larger than any reasonable design would require (for reasons discussed in the introduction
to this study), this study suggests that the mass of a curved habitat may be less than the other two
configurations considered. This may also be by virtue of the fact that we do not have additional
floors, which require more material for support structure.
The conclusion of this study is that a curved living configuration may be the best use of space for
lifting a habitat to orbit in the Falcon Heavy fairing. Curved living configuration has comparable
physicals metrics to the other designs but provides the benefit of removing the gravity gradients
throughout the living space to the fullest extent possible as compared to the other designs.
The results of this study became a moot point when the decision was made to switch our HLLV
from the SpaceX Falcon Heavy to the Space Launch System (SLS) being developed by NASA
because the SLS fairing provides a lot more payload mass and volume within the fairing. With the
upper stages required to boost our structures to lunar distant retrograde orbit, there would be little or
no space left in the Falcon Heavy fairing for a sizeable structure. The SLS boasts an internal fairing
diameter greater than 8 m. At this diameter, a cylindrical pressure vessel that has the habitable
volume and useable floor area recommended by Crew Systems is almost a perfect sphere. Thus, we
dropped the results of this study when we changed our HLLV and went with the design presented in
the report for the SLS fairing.
The results of this study would be very interesting to explore as applied to the SLS launch vehicle. As
future work, the launch support structures for supporting the habitats inside the fairing will need to
be considered. Additionally, this study should be reiterated for these configurations having both end
caps as ellipsoids.

12.3.13. Stewart Wire Rope Truss Analyses
12.3.14. Habitat
Equation

Torsional

Dynamics

Derivation

using

Lagrange

A general equation of motion is derived for one side of the station system, incorporating two of the
system bodies: the habitat and the center-hub connected by wire ropes as shown in Figure 85. The
cables are modeled as general spring-damper elements having effective spring and damping
coefficients due to the geometry. By symmetry, this analysis is analogous to the other half of the
system containing the ballast; hence the dynamics for only one half of the entire system as derived in
the following section is applicable to the ballast side as well.
The dynamics for the habitat and hub interaction is derived using the Lagrange equation
(Balachandran & Magrab, 2004):
𝑑 𝜕𝑇
𝜕𝑇
𝜕𝐷
𝜕𝑉
!−!
!+!
!+
=𝑄
𝑑𝑡 𝜕𝑞𝑗
𝜕𝑞𝑗
𝜕𝑞𝑗 𝜕𝑞𝑗
Where:
T: Kinetic Energy
D: Rayleigh Dissipation Function
q: Generalized Coordinate

V: Potential Energy
Q: Force

429

The motion under consideration is the habitat’s rotation about the x-axis; namely, the rotation angle
of the habitat about the x-axis, 𝜃, will be the generalized coordinate. Due to the geometry of the
system and the nature of flexible mechanical elements, as 𝜃 becomes non-zero, the habitat will
translate in the –x-direction, migrating towards the center hub. This effect is present even while
keeping the cables in complete tension. Thus a new coordinate, 𝑥, which is dependent on the
generalized coordinate, 𝜃, must be included in the dynamical model. The x-coordinate position of the
Habitat, 𝑥, is defined to be zero at the location of the habitat when the system is in the nominal,
unperturbed configuration. That is:
𝑥 𝜃𝑜 = 𝑥 0˚ = 𝑥𝑜 = 0![𝑚]
This is the equilibrium position for the habitat in the nominal spinning operations case. Thus, the
equation describing the motion of the habitat in the x-direction about this equilibrium position with
respect to the rotation angle, 𝜃, is:
𝑥 𝜃 = ! −𝐿 + ! 𝐿! −

1 ! 1 !
∗ 𝑡 + 𝑡 cos 𝜃 − 𝑡𝑜 𝐿𝑡𝑎𝑛𝜃 + 𝑡𝑜 𝐿𝑡𝑎𝑛𝜙𝑐𝑜𝑠𝜃 = ! −𝐿 + ! 𝛼
2 𝑜 2 𝑜

𝑥 𝜃 =

1 !!!
1
𝛼 ! ! − 𝑡!𝑜 !𝑠𝑖𝑛𝜃 − 𝑡𝑜 !𝐿!𝑡𝑎𝑛𝜙!𝑠𝑖𝑛𝜃 𝜃
2
2

where:
1
1
𝛼 ≜ 𝐿! − 𝑡!𝑜 + 𝑡!𝑜 𝑐𝑜𝑠𝜃 − 𝑡𝑜 𝐿𝑡𝑎𝑛𝜃 + 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙!𝑐𝑜𝑠𝜃
2
2

Assumptions
A1: Donut plane remains parallel to hub donut, and local donut x-axis remains parallel to entire
system x-axis
A2: The wire ropes are massless
A3: We simplify the model by modeling the hub as a fixed wall
A4: By A3, we neglect the energy contributions of the rotation of the station system as a whole and
instead substitute the induced gravity, centripetal acceleration from the implied rotation of the
station, in the +x-direction

System Body Diagram
Below is a system body diagram of the model under consideration

Figure 253. System Nominal Geometry

Z

X

Figure 254. System Body Diagram for Dynamical Analysis

Symbols
𝑀 = 𝑚𝑑𝑜𝑛𝑢𝑡 + 𝑚ℎ𝑎𝑏

𝜃 = 𝑔𝑒𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑!𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒

𝐽𝑥 = !𝑀𝑜𝑚𝑒𝑛𝑡!𝑜𝑓!𝐼𝑛𝑒𝑟𝑡𝑖𝑎!𝑎𝑏𝑜𝑢𝑡!𝑥
𝑘! = !𝑆𝑝𝑟𝑖𝑛𝑔!𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠
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! = !!! + !!!

Variable Definitions
1
1
𝛼 ≜ 𝐿! − 𝑡!𝑜 + 𝑡!𝑜 𝑐𝑜𝑠𝜃 − 𝑡𝑜 𝐿𝑡𝑎𝑛𝜃 + 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙!𝑐𝑜𝑠𝜃
2
2

𝜂≜

1 !!
1
𝛼 ! − 𝑡!𝑜 𝑠𝑖𝑛𝜃 − 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙!𝑠𝑖𝑛𝜃
2
2

𝛤≜−

𝑡𝑜
2 𝛼

𝑠𝑖𝑛𝜃 ∗

!

𝑡𝑜
− 𝐿!𝑡𝑎𝑛𝜙
2

!!!
! ≜ ! − − !! !!!"#$
2

Kinetic Energy
Primary mass elements contributing to kinetic energy include the habitat and the wire-rope donut
fixture mass. Neglecting the energy of the entire station spinning as a whole,
𝑇(𝜃) =

1
1
1
1
!
!
𝑚𝑑𝑜𝑛𝑢𝑡 + 𝑚ℎ𝑎𝑏 𝑥! + 𝐽𝑥𝐷𝑜𝑛𝑢𝑡 𝜃𝐷𝑜𝑛𝑢𝑡 + 𝐽𝑥𝐻𝑎𝑏 𝜃𝐻𝑎𝑏 + 𝐽𝑦𝑡𝑜𝑡 𝜓! !
2
2
2
2

By A1:
1
1
1
!
!
𝑀𝑥! + 𝐽𝑥𝐷 𝜃𝐷𝑜𝑛𝑢𝑡 + 𝐽𝑥𝐻 𝜃𝐻𝑎𝑏
2
2
2
This is the equation for kinetic energy for the system under consideration. For use in the Lagrange
equation, we must take the time derivative of the partial with respect to 𝜃. Kinetic energy, T, can be
rearranged as:
𝑇(𝜃) =

𝑇 𝜃 =

1
1 !
!
𝑀𝜂𝜃 + 𝜃 [𝐽𝑥𝐷 + 𝐽𝑥𝐻 ]
2
2

where 𝜂 is defined above. The time derivative of the partial derivative of the kinetic energy equation
with respect to 𝜃 is needed. The partial derivative with respect to 𝜃 is
𝜕𝑇 𝜃
𝜕𝜃

=

1
!
𝑀𝜃 + 𝐽𝜃
2

so the time derivative is
𝑑 𝜕𝑇 𝜃
𝑑𝑡 𝜕𝜃

= 𝐽𝜃 + 𝑀𝜂𝜃 + 𝜃𝑀

𝑑
𝜂
𝑑𝑡

where,
𝑑
𝜕 1 !!
1
𝜂=
𝛼 ! − 𝑡!𝑜 𝑠𝑖𝑛𝜃 − 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙!𝑠𝑖𝑛𝜃
𝑑𝑡
𝜕𝑡 2
2

!

=2 −

𝑡!𝑜
4 𝛼

𝑠𝑖𝑛𝜃 −

𝑡𝑜
2 𝛼

= 2𝛤 ∗

∴

𝐿!𝑡𝑎𝑛𝜙!𝑠𝑖𝑛𝜃 ∗

𝑑 𝑠𝑖𝑛𝜃
𝑡!𝑜 𝑡𝑜
∗ − − 𝐿𝑡𝑎𝑛𝜙
𝑑𝑡
4 2
𝛼

𝑑 𝑠𝑖𝑛𝜃
𝑡!𝑜 𝑡𝑜
∗ − − 𝐿𝑡𝑎𝑛𝜙
𝑑𝑡
4 2
𝛼

!
𝑑
𝑡!𝑜
1 !
!𝜂 = −𝛤 − − 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙 ∗ (𝛼!!! 𝜃!𝑐𝑜𝑠𝜃 − 𝛼!!! !!𝛼!𝑠𝑖𝑛𝜃)
𝑑𝑡
2
2

Thus, the time derivative of the partial derivative of the kinetic energy equation with respect to 𝜃
becomes:
𝑑 𝜕𝑇
𝑡!𝑜
= 𝐽!𝜃 + 𝑀𝜂𝜃 − 𝑀𝛤 − − 𝑡𝑜 𝐿 tan 𝜙
𝑑𝑡 𝜕𝜃
2
𝛼 =!

!
1 !
𝛼!! !𝜃!𝑐𝑜𝑠𝜃 − 𝛼!! !𝛼!𝑠𝑖𝑛𝜃 𝜃
2

𝑑𝛼 𝑑 ! 1 ! 1 !
=
𝐿 − 𝑡𝑜 + 𝑡𝑜 𝑐𝑜𝑠𝜃 − 𝑡𝑜 𝐿𝑡𝑎𝑛𝜃 + 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙!𝑐𝑜𝑠𝜃
𝑑𝑡 𝑑𝑡
2
2

1
𝑡!𝑜
= − 𝑡!𝑜 !𝜃!𝑠𝑖𝑛𝜃 − ! 𝑡𝑜 !𝐿!𝑡𝑎𝑛𝜙!𝑠𝑖𝑛𝜃 = − − 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙 !𝜃!𝑠𝑖𝑛𝜃
2
2
∴ 𝛼 = 𝛥𝜃𝑠𝑖𝑛𝜃
where,
𝛥 ≜!−

𝑡!𝑜
− 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙
2

With this, the time derivative of the partial derivative of the kinetic energy equation with respect to 𝜃
is:
𝑑 𝜕𝑇
𝑡!𝑜
= 𝐽!𝜃 + 𝑀𝜂𝜃 − 𝑀𝛤 − − 𝑡𝑜 𝐿 tan 𝜙
𝑑𝑡 𝜕𝜃
2

!
1 !
𝛼!! !𝜃!𝑐𝑜𝑠𝜃 − 𝛼!! !𝛥𝜃 sin! 𝜃 𝜃
2

The partial derivative of the kinetic energy equation with respect to 𝜃 is:
𝜕𝑇 𝜃
1
! 𝑑𝜂
= 𝑀𝜃
𝜕𝜃
2
𝑑𝜃
where,
𝑑𝜂
𝑑
=
𝑑𝜃 𝑑𝜃
=2

1 !!
1
𝛼 ! ! − !𝑡!𝑜 !𝑠𝑖𝑛𝜃 − 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙!𝑠𝑖𝑛𝜃
2
2

1 !!
1
𝛼 ! ! − 𝑡!𝑜 !𝑠𝑖𝑛𝜃 − 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙!𝑠𝑖𝑛𝜃
2
2
=

!
1
− 𝑡!𝑜 !𝐿!𝑡𝑎𝑛𝜙 𝛼!! !𝑠𝑖𝑛𝜃
2

∗

!

!
𝑑 1
1
− 𝑡!𝑜 − 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙 𝑠𝑖𝑛𝜃!𝛼!!
𝑑𝜃 2
2

1
1
− 𝑡!𝑜 − 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙
4
2

∗

!
𝑑
𝑠𝑖𝑛𝜃𝛼!!
𝑑𝜃

!
! 𝑑𝛼
1
= 𝛾 𝑐𝑜𝑠𝜃!𝛼!! − 𝑠𝑖𝑛𝜃!𝛼!!
2
𝑑𝜃
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∴

!
𝜕𝑇
1 ! 𝑑𝛼
= 𝛾! 𝛼!! !𝑐𝑜𝑠𝜃 − 𝛼!! 𝑠𝑖𝑛𝜃
𝜕𝜃
2
𝑑𝜃

where,
𝑑𝛼
𝑑
1
1
=
𝐿! − 𝑡!𝑜 + 𝑡!𝑜 𝑐𝑜𝑠𝜃 − 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙 + 𝑡𝑜 !𝐿!𝑡𝑎𝑛𝜙!𝑐𝑜𝑠𝜃
𝑑𝜃 𝑑𝜃
2
2
𝜕𝛼
1
∴
= ! − 𝑡!𝑜 !𝑠𝑖𝑛𝜃 − 𝑡𝑜 !𝐿!𝑡𝑎𝑛𝜙!𝑠𝑖𝑛𝜃
𝜕𝜃
2
therefore,
!
!"
1 !
1
= !! ! !! !!"!" − ! !! − !!! !!"#$ − !! !!!!"#$!!"#$ !"#$
!"
2
2

Potential Energy
Energy storage elements include the wire rope elements and a torsional spring element that could be
incorporated into the wire rope mounting donut for a means of tailoring the dynamical torsional
response of the system. The equation for the potential energy is:
𝑉 𝜃 =

1
𝑘
!𝑥 𝜃
2 𝑐𝑎𝑏𝑙𝑒𝑠

!

1
+ 𝑘𝑑𝑜𝑛𝑢𝑡 !𝜃!
2

For the Lagrange equation, the partial of the potential energy with respect to 𝜃:
𝜕𝑉
𝜕 1
1
=
𝑘𝑐𝑎𝑏𝑙𝑒𝑠 𝑥! + 𝑘𝑑𝑜𝑛𝑢𝑡 𝜃!
𝜕𝜃 𝜕𝜃 2
2
1 𝜕
1
1
=
𝑘 ∗ 𝐿!𝑐 + 𝐿!𝑐 − 𝑡!𝑜 + !𝑡!𝑜 !𝑐𝑜𝑠𝜃 − 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙!𝑐𝑜𝑠𝜃 − 2𝐿 𝛼 + 𝑘𝐷 𝜃!
2 𝜕𝜃 𝑐
2
2
∴

! 𝜕𝛼
𝜕𝑉
1
1
= 𝑘𝑑 𝜃 + − 𝑡!𝑜 + 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙 𝑠𝑖𝑛𝜃 − 𝐿!𝛼!!! ! !!
𝜕𝜃
2
2
𝜕𝜃

Rayleigh Dissipation Function
The damping elements for the system are intrinsic to the characteristics of the wire rope system.
Here we also include the consideration of a torsional damping element integrated into the cable
mounting donut in addition to the damping effects due to the cables themselves. This is done so the
dynamical response of the system can be tailored. Damping in the cables is due to material damping
in addition to the friction between the individual wires and strands that make up the wire rope.
The dissipation function is:
𝐷=

1
1
!
!
𝐶𝑑𝑜𝑛𝑢𝑡 𝜃 + 𝐶𝑐𝑎𝑏𝑙𝑒𝑠 𝜃
2
2

The derivative of the Rayleigh dissipation function with respect to 𝜃 is then:
𝜕𝐷
𝜕𝜃

= 𝐶𝑑 𝜃 + 𝐶𝑐 𝜃

Now all the pieces of the Lagrange equation have been determined and can be substituted into the
Lagrange equation to determine the equation of motion for the system’s torsional dynamics
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Equation of Motion
The system’s equation of motion can be found after substituting the appropriate equations from
above, into Lagrange’s Equation:
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𝑄 =!

𝑑 𝜕𝑇
𝜕𝑇
𝜕𝐷 𝜕𝑉
!–! ! + !
!+
𝑑𝑡 𝜕𝜃
𝜕𝜃
𝜕𝜃
𝜕𝜃

!
1 !
!!!!!!!!𝑄 = 𝐽! + 𝑀𝜂 𝜃 − 𝑀𝛤𝛥 𝛼!! !𝜃!𝑐𝑜𝑠𝜃 − 𝛼!! !𝛥𝜃 sin! 𝜃 𝜃
2

!
1 !
!!!!!!!!𝑄 = 𝐽! + 𝑀𝜂 𝜃 − 𝑀𝛤𝛥 𝛼!! !𝜃!𝑐𝑜𝑠𝜃 − 𝛼!! !𝛥𝜃 sin! 𝜃 𝜃
2

!

!

!

!

!−𝛾! 𝛼!! !𝑐𝑜𝑠𝜃 − 𝛼!! − 𝑡!𝑜 !𝑠𝑖𝑛𝜃 − 𝑡𝑜 !𝐿!𝑡𝑎𝑛𝜙!𝑠𝑖𝑛𝜃 𝑠𝑖𝑛𝜃 + 𝐶𝑑 𝜃 + 𝐶𝑐 𝜃!+!𝑘𝑑 𝜃 +
!

!
!

−

! !
𝑡
! 𝑜

!

!

𝜕𝛼

+ 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙 𝑠𝑖𝑛𝜃 − 𝐿!𝛼!!! !
𝜕𝜃
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1 !
= 𝐽𝐷𝐻 + 𝑀 𝛼!! 𝛥𝑠𝑖𝑛𝜃
2

−𝑀 −

−

𝑡𝑜
2 𝛼

𝑠𝑖𝑛𝜃 −

𝑡𝑜
− 𝐿!𝑡𝑎𝑛𝜙
2

−

𝑡!𝑜
− 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙
2

!

𝜃+

!
1 !
𝛼!! 𝜃𝑐𝑜𝑠𝜃 − 𝛼!! 𝛼𝑠𝑖𝑛𝜃 𝜃 +!
2

!
1 !
1
1
𝑡𝑜 − 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙 ∗ 𝛼!! 𝑠𝑖𝑛𝜃 ∗ − 𝑡!𝑜 − 𝑡𝑜 𝐿𝑡𝑎𝑛𝜙
2
4
2
!
1 !
1
∗ 𝛼!! 𝑐𝑜𝑠𝜃 − 𝛼!! − 𝑡!𝑜 𝑠𝑖𝑛𝜃 − 𝑡𝑜 𝐿𝑡𝑎𝑛𝜙!𝑠𝑖𝑛𝜃 𝑠𝑖𝑛𝜃 + 𝐶𝑑 𝜃 + 𝐶𝑐 𝜃 + 𝑘𝐷 𝜃
2
2

−

!
1 1 !
1
1
𝑡𝑜 + 𝑡𝑜 𝐿𝑡𝑎𝑛𝜙 𝑠𝑖𝑛𝜃 − 𝐿𝛼!! − 𝑡!𝑜 − 𝑡𝑜 𝐿𝑡𝑎𝑛𝜙 𝑠𝑖𝑛𝜃
2 2
2
2

= 𝑀𝑒𝑓𝑓 𝜃 +

𝑀𝑡𝑜

! !
1 !
𝛥! 𝑠𝑖𝑛𝜃(𝛼!! 𝜃 𝑐𝑜𝑠𝜃 − 𝛼!! 𝛼𝜃 sin 𝜃)!
2
2 𝛼

!
!
!
1
1 !
1
1
− 𝛥! 𝛼!! 𝑠𝑖𝑛𝜃 𝛼!! 𝑐𝑜𝑠𝜃 − 𝛼!! 𝛥 sin! 𝜃 + ! 𝐶𝑑 𝜃 + 𝐶𝑐 𝜃 + 𝐾𝐷 𝜃 + 𝛥𝑠𝑖𝑛𝜃 − 𝐿𝛼!! 𝛥𝑠𝑖𝑛𝜃!!
2
2
2
2

1
1
!
→ !𝑄 = 𝑀𝑒𝑓𝑓 𝜃 + 𝑀!𝑇𝑜 𝛥! 𝑠𝑖𝑛𝜃 𝛼!! 𝜃 𝑐𝑜𝑠𝜃 − 𝛼!! 𝛼𝜃𝑠𝑖𝑛𝜃
2
2
!
1
1
1
− 𝛥! 𝑠𝑖𝑛𝜃(𝛼!! 𝑐𝑜𝑠𝜃 − 𝛥𝛼!! sin! 𝜃) + 𝐶𝑑 𝜃 + 𝐶𝑐 𝜃 + 𝑘𝑑 𝜃 + 𝛥𝑠𝑖𝑛𝜃 − 1/2𝐿𝛼!! 𝛥𝑠𝑖𝑛𝜃!
2
2
2
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1
1
1
1
!
→ !𝑄 = ! 𝑀𝑒𝑓𝑓 𝜃 + 𝑀𝑡𝑜 𝜃 𝛥! 𝑠𝑖𝑛𝜃 𝛼!! 𝑐𝑜𝑠𝜃 − 𝛼!! sin! 𝜃 − 𝛥! !𝑠𝑖𝑛𝜃(𝛼!! 𝑐𝑜𝑠𝜃 − 𝛼!! sin! 𝜃
2
2
2
2
!
1
1
+ ! 𝐶𝑑 𝜃 + 𝐶𝑐 𝜃 + 𝑘𝑑 𝜃 + 𝛥𝑠𝑖𝑛𝜃 − 𝐿𝛼!! 𝛥𝑠𝑖𝑛𝜃
2
2

Thus, the Equation of Motion is:
1
𝑐𝑜𝑠𝜃 sin! 𝜃
𝑄 = 𝑀𝑒𝑓𝑓 𝜃 + 𝛥! 𝑠𝑖𝑛𝜃
−
2
𝛼
2𝛼!

!

𝑀𝑡𝑜 𝜃 − 1 + 𝐶𝑑 𝜃 + 𝐶𝑐 𝜃 + 𝑘𝑑 𝜃

!
1
+ 𝛥𝑠𝑖𝑛𝜃 1 − 𝐿𝛼!!
2

where,
1
𝑀𝑒𝑓𝑓 = 𝐽𝐷 + 𝐽𝐻 + 𝑚𝐷 + 𝑚𝐻 [ 𝛼!! 𝛥! sin! 𝜃]
4
𝛼 = 𝐿! 𝛥 1 − 𝑐𝑜𝑠𝜃

𝛥 =!−

𝑡!𝑜
− 𝑡𝑜 𝐿!𝑡𝑎𝑛𝜙
2

12.3.15. Equivalent Spring, Mass, Damper System Dynamics Derivations
The wire rope system can be reduced to an equivalent spring, mass, and damper representation and
the translational dynamics for the x-direction can be approximated. It is desirable to reduce the
Stewart truss wire rope system (Figure 88) to an equivalent spring, mass, damper model (Figure 256).
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Figure 255. Stewart Truss Wire Rope System

Figure 256. Desired Equivalent Spring, Mass, Damper System Model

To do this, each wire rope is modeled as individual springs with damping. A single wire rope spring
with the system’s geometry is considered for determination of an equivalent spring stiffness (Figure
257).

Figure 257. Model for Determination of the Equivalent Spring Stiffness for a Single Wire Rope Modeled as a
Spring in the System's Geometric Configuration

From geometry and balance of forces:
𝐹
𝐹
= cos 𝜙 → 𝐹𝑠 =
𝐹𝑠
cos 𝜙
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𝑑𝑥
= cos 𝜙 → 𝑑𝑥 = 𝑑𝑙!𝑐𝑜𝑠𝜙
𝑑𝑙
𝐹𝑠𝑝𝑟𝑖𝑛𝑔 = 𝑘𝑒𝑓𝑓! ∗ 𝑑𝑥 = 𝑘 ∗ 𝑑𝑙 ∗ 𝑐𝑜𝑠𝜙

𝐹𝑠 = 𝐹𝑠𝑝𝑟𝑖𝑛𝑔 →

𝐹
= 𝑘 ∗ 𝑑𝑙 ∗ 𝑐𝑜𝑠𝜙
𝑐𝑜𝑠𝜙

∴ 𝐹 = 𝑘 ∗ 𝑑𝑙 ∗ cos ! 𝜙

𝐹 = 𝑘𝑒𝑓𝑓! ∗ 𝑑𝑥 →

𝐹
= 𝑘𝑒𝑓𝑓! = 𝑘 ∗ cos ! 𝜙
𝑑𝑙

Thus, the effective spring stiffness of each wire rope having a spring stiffness, k, and oriented at the
angle, 𝜙, is
𝑘𝑒𝑓𝑓! = 𝑘 ∗ cos ! 𝜙
For each cable, the angle with respect to the force vector of the habitat’s mass being centripetally
accelerated due to the rotation of the entire system is:
𝜙 ≈ 7.12˚
which is found using vectors and system geometry (See Appendix §12.3.16). Inevitably there is
energy dissipation due to material damping and the friction between individual strands and wires in
each wire rope. Thus, there is an effective damping, c!"" !"!#$% , for the equivalent system model as
well. Thus, the spring stiffness fraction due to the system geometry is:
𝑘𝑒𝑓𝑓!
𝑘

= cos ! 𝜙 = cos ! (7.12˚) = 0.985

So the effective spring stiffness of the wire rope with spring constant, k, is approximately 98.5% of
the spring stiffness of the wire rope when loaded axially.
The Stewart wire rope truss is comprised of six wire rope pairs with this similar geometry running
between the center hub and the habitat and taking the load of the habitat during spinning operations.
Thus, we have 12 springs in parallel with this equivalent spring stiffness. An equivalent spring
stiffness for the 12 springs in parallel is:
𝑘𝑒𝑓𝑓

𝑠𝑦𝑠𝑡𝑒𝑚

= 12 ∗ 𝑘 ∗ cos ! (7.12˚)
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𝑘𝑒𝑓𝑓

𝑠𝑦𝑠𝑡𝑒𝑚

= 11.82 ∗ 𝑘!

There is energy dissipation due to material damping and the friction between individual strands and
wires in each wire rope. Thus, there is an effective damping, 𝑐𝑒𝑓𝑓
, for the equivalent system
model as well.

𝑠𝑦𝑠𝑡𝑒𝑚

12.3.16. Determination of Vectors, Forces, and Stability
Presented below is the MATLAB script code for determination of vectors, forces, and torsional
stability of the Stewart wire rope truss:

Wire Rope System Geometries Script: Cables.m
%% Wire Rope System Geometries
d_o = 2; %[m] diameter of rope holes on out-board side (i.e. hab or
ballast)
d_1 = 7; %[m] diameter of rope on Hub side
L = 50.0156226; %[m]
F = [1 0 0]; % force of habitat is only in X direction nominally. i.e.
w/ "grav"
% Coordinates of the wire rope holes relative to a frame fixed in the
center
% "hole" of the circular attachment ring that is mounted on the hub. xaxis
% is running down the "tunnel" axis from hub to hab. +Z axis is
straight up
% passing directly through one of the holes in the hub-side-ring.
h1
h2
h3
h4
h5
h6

=
=
=
=
=
=

[0
[0
[0
[L
[L
[L

0 d_1]
d_1*cosd(30) -d_1*sind(30)]
-d_1*cosd(30) -d_1*sind(30)]
0 -d_o]
-d_o*cosd(30) d_o*sind(30)]
d_o*cosd(30) d_o*sind(30)]

Holes = [h1', h2', h3', h4',h5',h6']
% Position vectors describing the path of each of the wire ropes.
Notation is
% as follows, the first number is the hole the wire rope originates
from on the
% hub circular attachment ring; with hole '1' being the hole that is
% bisected by the +z-axis. Hole two and then three is then counted in a
% CW fashion as when looking at the +x face by facing the -x direction.
% For the Hab ring, again looking at the +x face by facing in the -x
% direction, hole 4 is bisected by the -z-axis. and then
% holes 5 & 6 are counted in the CW fashion.
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r_15
r_16
r_24
r_26
r_35
r_34
%
%
%
%
%
%
%

=
=
=
=
=
=

h5
h6
h4
h6
h5
h4

-

h1
h1
h2
h2
h3
h3

%wire rope length vectors
l_15 = norm(r_15)
l_16 = norm(r_16)
l_24 = norm(r_24)
l_26 = norm(r_26)
l_35 = norm(r_35)
l_34 = norm(r_34)

R = [r_15' r_16' r_24' r_26' r_35' r_34'] ; %matrix of wire rope vector
columns
[r,c] = size(R)

for q = 1:c
% calculating the lengths for the individual wire ropes and the
angle they
% make in 3D space with the force vector F.
l(q) = norm(R(:,q))
angle(q) = acosd(dot(R(:,q),F')/dot(norm(R(:,q)),norm(F')))
end
%% Wire Rope Forces
% now that the angles and lengths are determined, we can determine the
% forces taken by each wire rope.
F_total_HabSide_Ph2 = W_HabSideTotal(1,1)
F_WireRope_HabSide_Ph2 = W_HabSideTotal(1,1)./(12*cosd(angle'))
% we need to determine the stress developed in each wire rope. Now that
we
% have the force in each wire rope, we must divide by the cross
sectional
% area for the wire rope. Estimates for the Cross sectional area are
given
% in Shigley's and in civil engineering reference manual however
neither
% are clear as to wheather these are estimates base on a natural (hemp)
% cored wire rope or a steel cored rope. We assume they are the more
% conservative case: A_m = 0.38*d_rope^2 from Shigley's. From Civil
Eng.
% Handbook:
%
6x7--> 0.38*d_r^2 (same as Shigley)
%
6x19 & 6x37 --> 0.404*d_r^2
%
8x19 --> 0.352 * d_r^2
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%% Wire Rope Diameter calculations
FS = 8;
LL = F_WireRope_HabSide_Ph2 %[N] Limit Load: Max load expected to be
seen in structure's life

%Strength = %[ksi] for 6061-T6 aluminum
% 1[ksi]
% ratio of Effective spring constant of each rope to the spring
constant of
% the rope:
k_eff_ratio = (cosd(angle)).^2
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Cable Tensions, Stresses and Forces with Rotation Angle Graphs: Cablesstresseswithphi.m
clear all
clc
%% Wire Rope System Geometries with respect to phi
Total_mass = 90000; %kg
Total_weight = Total_mass*9.8; %N
d_o = 2; %[m] diameter of rope holes on out-board side (i.e. hab or
ballast)
d_1 = 7; %[m] diameter of rope on Hub side
L = 50.0156226; %[m]
F = [1 0 0]; % force of habitat is only in X direction nominally. i.e.
w/ "grav"
% Coordinates of the wire rope holes relative to a frame fixed in the
center
% "hole" of the circular attachment ring that is mounted on the hub. xaxis
% is running down the "tunnel" axis from hub to hab. +Z axis is
straight up
% passing directly through one of the holes in the hub-side-ring.
%Hub
h1 =
h2 =
h3 =

holes
[0 0 d_1]
[0 d_1*cosd(30) -d_1*sind(30)]
[0 -d_1*cosd(30) -d_1*sind(30)]

%Habitat Holes phi>0 clockwise from initial
% phi is the amount perterbed in the CW direction.
% initial angle is measured from y-axis in CCW direction.
for phi = -45:1:45 % this analysis assumes small angles however we push
the analysis to 45 deg

h4 = [L d_o*cosd(270-phi) d_o*sind(270-phi)]
h5 = [L d_o*cosd(150-phi) d_o*sind(150-phi)]
h6 = [L d_o*cosd(30-phi) d_o*sind(30-phi)]
Holes = [h1', h2', h3', h4', h5', h6']
% Position vectors describing the path of each of the wire ropes.
Notation is
% as follows, the first number is the hole the wire rope originates
from on the
% hub circular attachment ring; with hole '1' being the hole that
is
% bisected by the +z-axis. Hole two and then three is then counted
in a
% CW fashion as when looking at the +x face by facing the -x
direction.
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% For the Hab ring, again looking at the +x face by facing in the x
% direction, hole 4 is bisected by the -z-axis. and then
% holes 5 & 6 are counted in the CW fashion.
r_15
r_16
r_24
r_26
r_35
r_34
%
%
%
%
%
%
%

=
=
=
=
=
=

h5
h6
h4
h6
h5
h4

-

h1
h1
h2
h2
h3
h3

%wire rope length vectors
l_15 = norm(r_15)
l_16 = norm(r_16)
l_24 = norm(r_24)
l_26 = norm(r_26)
l_35 = norm(r_35)
l_34 = norm(r_34)

R = [r_15' r_16' r_24' r_26' r_35' r_34'] ; %matrix of wire rope
vector columns
[r,c] = size(R)

for q = 1:c
% calculating the lengths for the individual wire ropes and the
angle they
% make in 3D space with the force vector F.
l(q) = norm(R(:,q))
angle(q) = acosd(dot(R(:,q),F')/dot(norm(R(:,q)),norm(F')))
end

% for vector r_15 we want to know r_15 and r_16 when phi = 60
% and we want to know r_16 and r_15 when phi = 120
if phi == 60
disp([' PHI = 60 and r_1_5 = ' num2str(r_15)])
disp([' PHI = 60 and r_1_6 = ' num2str(r_16)])
SPECIALr_15_60 = r_15;
SPECIALangle_15_60 =
acosd(dot(SPECIALr_15_60,F')/dot(norm(SPECIALr_15_60),norm(F')))
SPECIALr_16_60 = r_16;
SPECIALangle_16_60 =
acosd(dot(SPECIALr_16_60,F')/dot(norm(SPECIALr_16_60),norm(F')))
elseif phi == 120
disp([' PHI = 120 and r_1_5 = ' num2str(r_15)])
disp([' PHI = 120 and r_1_6 = ' num2str(r_16)])
SPECIALr_15_120 = r_15;
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SPECIALr_16_120 = r_16;
SPECIALangle_15_120 =
acosd(dot(SPECIALr_15_120,F')/dot(norm(SPECIALr_15_120),norm(F')))
SPECIALangle_16_120 =
acosd(dot(SPECIALr_16_120,F')/dot(norm(SPECIALr_16_120),norm(F')))

end
%% Wire Rope Tension Forces
% now that the angles and lengths are determined, we can determine
the
% forces taken by each wire rope.
F_WireRope = Total_weight./(12*cosd(angle'))

figure(1)
hold on
plot(phi, F_WireRope(1), 'bo')
plot(phi, F_WireRope(2), 'go')
plot(phi, Total_weight/(12*cosd(5.7088)), 'ro')
% plot(phi, F_WireRope(3), 'ro')
% plot(phi, F_WireRope(4), 'co')
% plot(phi, F_WireRope(5), 'mo')
% plot(phi, F_WireRope(6), 'ko')
% By virtue of symmetry:
% r_15, r_24, r_35 should be the same
% r_16, r_26, r_34 should be the same
xlabel('Phi [deg]')
ylabel('Tension in Rope [N]')
title('Rope Tension Force vs. Angle of Habitat Twist, CW
Direction')
legend('r_1_5, r_2_4, r_3_5', 'r_1_6, r_2_6, r_3_4', 'MinimumAprox
= 73870[N]')%, 'r_2_4', 'r_2_6', 'r_3_5', 'r_3_4')
hold off

%% Wire Rope Torsional Restoring Forces
r_tang_4 = cross(F,h4)
r_tang_5 = cross(F,h5)
r_tang_6 = cross(F,h6)

%
%
%
%
%
%

r_15
r_16
r_24
r_26
r_35
r_34

=
=
=
=
=
=

h5
h6
h4
h6
h5
h4

-

h1
h1
h2
h2
h3
h3
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F_restore_15
F_restore_16
F_restore_24
F_restore_26
F_restore_35
F_restore_34

=
=
=
=
=
=

dot(r_tang_5,r_15/norm(r_15))*F_WireRope(1)
dot(r_tang_6,r_16/norm(r_16))*F_WireRope(2)
dot(r_tang_4,r_24/norm(r_24))*F_WireRope(3)
dot(r_tang_6,r_26/norm(r_26))*F_WireRope(4)
dot(r_tang_5,r_35/norm(r_35))*F_WireRope(5)
dot(r_tang_4,r_34/norm(r_34))*F_WireRope(6)

F_restore_net = F_restore_15 + F_restore_16 + F_restore_24 +
F_restore_26 + F_restore_35 + F_restore_34;

figure(2)
hold on

%
%
%
%

plot(phi, F_restore_15, 'bo') %starts at -2
plot(phi, F_restore_16, 'go') %starts at +0.5
plot(phi, F_restore_24, 'ro') %starts at +0.5
plot(phi, F_restore_26, 'co') %starts at -2
plot(phi, F_restore_35, 'mo') %starts at +0.5
plot(phi, F_restore_34, 'ro') % starts at -2

plot(phi, F_restore_net, 'ko') % summation of all the restoring
forces
%legend('r_1_5', 'r_3_4', 'F_N_e_t')
%torsion symmetry: (r34, r16, r26) are all the same and (r15, r35,
r24)same
%tension symmetry: legend('r_1_5, r_2_4, r_3_5', 'r_1_6, r_2_6, r_3_4',
'MinimumAprox = 73870[N]')
xlabel('Phi [deg]')
ylabel('Restoring Torque [N]')
title('Restoring Torque vs. Angle of Habitat Twist')
legend('r_1_5, r_2_4, r_3_5', 'r_1_6, r_2_6, r_3_4', 'Net
Restoring')
hold off
end

12.3.17. Determination of Wire Spool Size and Mass
WireSpool.m:
function [SpoolWeightMetric, SpoolOverallDiameter, SpoolWidth,
MinimumSpoolDiameter, NumberOfWholeWrapLayers, LengthLeft] = WireSpool(
d, L, WPF, MSD, SOW, E, S, SafetyWraps, WrapsPerWidth)
%WireSpool determines the diameter of the spool of cable and the weight
of
%the cable
%
%
INPUTS:
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%
d - [inch] diameter of wire rope
%
L - [ft] length of wire rope
%
WPF - weight per foot factor in the formula wpf*d^2 [lb_f]
%
MSD - Minimum Sheave diameter factor in the formula
MSD*d[inch]
%
SOW - size of outer wires factor (<1) in SOW*d
%
E - [Mpsi] modulus of elasticity**
%
S - [ksi] strength based on nominal area of 1" rope
%
SafetyWraps - Minimum Number of wraps that remain on spool
%
when fully reeled out
%
WrapsPerWidth - Number of wraps per width for spool
%
%
%
OUTPUT:
%
SpoolWeight [lbf] or Newtons depending on code run
%
SpoolOverallDiameter Vector
%
SpoolWidth Vector
%
MinimumSpoolDiameter [meters]
%% Weight of rope -English Units
SpoolWeightEnglish = L*(WPF*d^2) + WPF * SafetyWraps * (pi*(d/12)^2);
%[lbf]

%% SpoolSize
MinimumSpoolDiameter = MSD*d %[inch] Minimum spool diameter based on
%
the minimum sheave Diameter
for
%
the wire rope
SpoolWidth = WrapsPerWidth*d; %[inch] Calculating the width of spool in
%
inches based on prescribed Wraps
per
%
width of spool.
N = 0;

% counter for number of layers of FULL WIDTH of wraps

LengthLeft = L*(12) + SafetyWraps*pi*MinimumSpoolDiameter %[inch] plus
additional because we want to make sure there are at least 3 full wraps
left on spool when fully reeled out
while LengthLeft >= ((MinimumSpoolDiameter + N*2*d)*pi*WrapsPerWidth) %
when true, a full layer of wraps will be "made" when false, there is
not enough length left for a full width layer of wraps so next will be
calculated the number of remaining wraps
disp(['in while for the ' num2str(N) 'th time'])
WrapDiameter = MinimumSpoolDiameter + N*2*d %[inch] increments the
wrap diameter by the number of wraps* the diameter of the cable to
compensate for the fact that the wrap diameter increases by the
diameter of the cable for each wrap level
WrapLength = pi*WrapDiameter; %[inch] length of cable per single
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wrap at the current wrap diameter
LengthofFullWidthofWraps = WrapLength*WrapsPerWidth %[inch] length
of cable of all the wraps at this wrap diameter
LengthLeft = LengthLeft - LengthofFullWidthofWraps %[inch]
subtracts the amount of cable used in this level of wrapping from the
total length needed on the spool.
N = N+1; %increments the wrap number
end
disp(['exit while after running while ' num2str(N) ' times'])
NumberOfWholeWrapLayers = N % adds the zeroth wrap to give the total
number of full width wraps.
% Now we have a length of rope left that we must wrap. This wrap
% contributes to the overall spool size anyway.
NextLayerDiameter = (MinimumSpoolDiameter+NumberOfWholeWrapLayers*2*d)
NextLayerWrapLength = NextLayerDiameter*pi
RemainderWraps=LengthLeft/NextLayerWrapLength
if LengthLeft ~=0
LL = num2str(LengthLeft);
disp('Remainder rope exists which does not complete a full width
wrap!')
disp(['Remainding length of rope = ' num2str(LengthLeft) '[inch]'])
disp(['Which equals ' num2str(RemainderWraps) ' final wraps at the'
...
'full spool diameter.'])

SpoolOverallDiameter=MinimumSpoolDiameter+(NumberOfWholeWrapLayers+1)*2
*d;
disp(sprintf ( 'This remaining rope adds an additional layer to the
diameter.'))
disp(['The overall spool diameter is thus ' ...
num2str(SpoolOverallDiameter) ' [inch].'])
disp(sprintf ('\n\nSUMMARY-English'))
disp(['Full-Width Layers on spool: '
num2str(NumberOfWholeWrapLayers)])
disp(['Remaining length of rope: ' num2str(LengthLeft) ' [inch]'])
disp(['Full spool diameter: ' num2str(SpoolOverallDiameter) '
[inch]'])
disp(['Weight of Rope: ' num2str(SpoolWeightEnglish) ' [lb_f]'])
disp(sprintf('\n\nSUMMARY-Metric'))
disp(['Full-Width Layers on spool: '
num2str(NumberOfWholeWrapLayers)])
disp(['Remaining length of rope: ' num2str(LengthLeft*0.0254) '
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[m]'])
disp(['Full spool diameter: ' num2str(SpoolOverallDiameter*0.0254)
' [m]'])
disp(['Weight of Rope: ' num2str(SpoolWeightEnglish*4.44822162) '
[N]'])
else
disp(['Length Wraps perfectly into '
num2str(NumberOfWholeWrapLayers) ' wraps.'])
SpoolOverallDiameter = MinimumSpoolDiameter +
NumberOfWholeWrapLayers*2*d;
disp(['Thus, the overall spool diameter is ' ...
num2str(SpoolOverallDiameter) ' [inch].'])
disp(sprintf ('\n\nSUMMARY-English'))
disp(['Full-Width Layers on spool: '
num2str(NumberOfWholeWrapLayers)])
disp(['Remaining length of rope: ' num2str(LengthLeft) ' [inch]'])
disp(['Full spool diameter: ' num2str(SpoolOverallDiameter) '
[inch]'])
disp(['Weight of Rope: ' num2str(SpoolWeightEnglish) ' [lb_f]'])
disp(sprintf('\n\nSUMMARY-Metric'))
disp(['Full-Width Layers on spool: '
num2str(NumberOfWholeWrapLayers)])
disp(['Remaining length of rope: ' num2str(LengthLeft*0.0254) '
[m]'])
disp(['Full spool diameter: ' num2str(SpoolOverallDiameter*0.0254)
' [m]'])
disp(['Weight of Rope: ' num2str(SpoolWeightEnglish*4.44822162) '
[N]'])
end
%%%%%%%%%%%%%%%%%%%%%% Metric %%%%%%%%%%%%%%%%%%%%%%%
% %% Weight of rope conversion to Metric (1lbf = 4.44822162 Newtons)
SpoolWeightMetric = SpoolWeightEnglish*4.44822162 %[N]
SpoolMassMetric = SpoolWeightMetric/9.8 %[kg]
% 1 inch = 0.0254 [m]
% 1 foot = 0.3048 [m]
% 1 psi = 6894.7573 [pascal]
% MinimumSpoolDiameterMetric =
%[m]

MinimumSpoolDiameterEnglish * 0.0254

d = d * (0.0254)% - [meters] diameter of wire rope
L = L*(0.3048)% [meters]
L - [ft] length of wire rope
%
WPF - weight per foot factor in the formula wpf*d^2 [lb_f]
MinimumSpoolDiameter = MSD*d*(0.0254)%meters %Minimum spool diameter
based on
%
SOW - size of outer wires factor (<1) in SOW*d
E = E*(1e6)*6894.7573%[Pa] % E - modulus of elasticity**
S = S*(1e3)*6894.7573%[Pa] %
S - [ksi] strength based on
nominal area of 1" rope
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%
%
%

SafetyWraps - Minimum Number of wraps that remain on spool
when fully reeled out
WrapsPerWidth - Number of wraps per width for spool

end
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12.3.18. Inflatable Material Studies
A study on inflatable materials was performed early in the semester, before the Preliminary Design
Review (PDR), when consideration of a rigid tunnel structure was the design being pursued and
compared to inflatables. Inflatable structures have been designed and tested by companies, such as
NASA and Bigelow Aerospace. The advantages of inflatable structures include low package volume
for launch and a potentially low mass to volume ratio. However, the complexity of an analytical study
of the performance of multi-layered membranes made of different materials proved difficult.

12.3.19. Past Inflatable Projects Compared to Rigid Design
Evaluating overall effective properties of inflatable membranes posed unexpected challenges. In
order to validate the large investment of time required to understand these materials better, our
current design is being compared to other inflatable structures and experiments to provide potential
mass and volume savings if inflatable structures were to be substituted for our rigid structure design.
The two potential candidates for replacement by inflatables were the habitat structure and the rigid
50 m transfer tunnel structure from the habitat to the central hub.

TransHab Comparison
NASA’s TransHab module was compared to our rigid structure for our PDR analysis. Table 114
below lists the properties of both our Polus rigid-body habitat and TransHab inflatable habitat (Petty
J. I., International Space Station History: TransHab Concept, 2003). There were two significant
findings from our comparison. TransHab showed there were significant advantages to volume
required in the payload during launch, however, it was more massive than that of Polus.
Table 114. Polus Habitat vs. TransHab Dimensions Comparison

Property

Polus Habitat

TransHab

11,000

13,200

Diameter at Launch [m]

8

4.3

Diameter after Inflation

8

8.2

Volume After Inflation

311

339.8

35.37

38.85

Weight [kg]

[m]
[m3]
Weight to
Ratio [kg/m3]

Volume

Inflatable Tube Experiment
A study (Augello, Nebiolo, Carrera, Manfredi, Bodombo, & Gabellini, 2005) was found that analyzed
an inflatable membrane for a similar structure as that required for our transfer tunnel. The layout for
this inflatable membrane was applied to our tunnel geometry and another comparison was made. The
inflatable membrane layers are described below in the following list:
1. MLI:
• Beta Cloth: 0.5 mm thick, density of 1500 kg/m3
• Kapton: 1.5 mm thick, density of 1420 kg/m3
2. MMDO:
• Nextel: 4 layers each 1.375 mm thick, density of 2700 kg/m3
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3. Restraint:
• Kevlar: 3 mm thick, density of 1400 kg/m3
• Polyamide 6: 3 layers each 0.15 mm thick, density of 1080 kg/m3
• Nomex: 2 mm thick, density of 1450 kg/m3
The total thickness of the membrane was 12.95 mm. For an inner radius of 0.75 m, the mass per 5.5
m long tube would be 661.4 kg. The mass of our rigid tunnel system was 960 kg per 5.5 m long
section. However, this thickness was believed to be too thin for our requirements. TransHab and
Bigelow both were composed of membranes 30-48 cm thick. Also, additional mass would be
required for supports to handle torsion and bending of the tunnel. Because of this, it was believed
the rigid system would again be the lighter option.

12.3.20. Conclusion
The comparison showed that an inflatable structure would save volume in the payload fairing for
launch. However, proving the design of an inflatable membrane would meet requirements without
experimental testing could not be done with enough confidence for such important primary
structures. Also, after PDR, the 50 m rigid tunnel was replaced with a hybrid stubby tunnel-cable
system that was significantly lighter and required less volume than that of an inflatable tunnel. With
the removal of rigid tunnels, the external mounting points for attaching avionics and power systems
had to be relocated to the habitat and central hub exteriors. The rigid habitat was continued for these
reasons.

12.3.21. Modular Integrated Tunnel System (MITS)
The Modular Integrated Tunnel System (MITS) was the first design iteration for the arms connecting
the habitat and ballast to the central hub. MITS was designed while there was a requirement to have
short sleeve transfer between the habitat and central hub at all times during operations. The key
attribute to the development of MITS was a self-deployment method of smaller sections of the entire
tunnel.

12.3.22. Design Concepts
Deployment Method
MITS was divided into ten sections of 5.5 meters and each section has four hollow stringers. Wire
ropes ran through diagonal stringers for each section of MITS. The system was deployed by the wire
ropes being retracted such that the sections flipped out from their stowed configuration, aligned,
latched, and sealed. The deployment of MITS was set to occur in Phase I after the first structural
payload reached its DRO destination. After deployment of the sections, MITS was designed to latch
and seal.

Latches
The latching system was never decided upon before another system replaced MITS. However, the
leading ideas were a clamp system or a male/female pronged latching system. The point to the
latching system was that it would be automatically deployed by a small excess force once the sections
were brought together by the deployment.

Seals
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Two main components were considered for the sealing of MITS. The first component was an
inflatable bladder that would be inside one of the sections on launch and deployed after MITS was
latched. The bladder would work by creating a surface that would press against the walls of the
tunnel and allow the pressure difference between the area inside the bladder and the vacuum outside
the MITS to create a flexible, but stable seal against leaking. Major concerns that arose when the
inflatable bladder was considered included outgassing and rupture. Outgassing was avoidable by
finding proper materials that wouldn’t outgas. However, rupture was a major concern that couldn’t
be solved easily, although a protective layer inside the tunnel and procedural methods could be
implemented to avoid rupture from user interference. The second component to the sealing system
that was considered was an o-ring, which would be implemented through EVA once the first crew
arrived on station. The major concern with o-ring dependent systems was that depending on the
type of o-ring the system can get a wide range of leakages and getting a hard seal is difficult.

12.3.23. Structural Design
Overall Design of Load Bearing Structure
The design of MITS fell into three categories: the stringers, tunnel wall, and Whipple shield. The
Whipple shield was not intended to take any structural loads and was sized solely by the equations
that represented the necessary thickness to prevent rupture from a certain size of flux. The stringers
were sized to withstand the tension that occurs during spinning operations and were also checked
against Euler buckling to assure that they could withstand launch loads. The tunnel wall thickness
was sized against pressure loads and checked against the worst case torsional loads that could arise
from reaction control system thrusters firing in such a way that would produce a pure torque about
the tunnel axis. The design resulted in a cross-section, such that the inner diameter of the tunnel was
1.5 meters the thickness of the tunnel skin was one millimeter.

Shielding Considerations
Whipple shielding was necessary to ensure that the tunnel would not rupture if struck by a certain
size of flux. Flux was a concern because the habitat and MITS had to travel through LEO and GEO
which contain a large amount of debris that could potentially rupture a pressure vessel and there was
little data on what flux should be expected in DRO. Conservative design drove the Whipple shield
to be appropriate for LEO, which has some of the largest flux in near Earth orbits.

12.3.24. Preliminary Design Review Analysis
This habitat and central hub design were a preliminary design based on a rigid rotating architecture.
The design has since been changed considerably but the following is an overview of the preliminary
design.

12.3.25. Preliminary Habitat Design
The habitat is composed of three different parts, the inner pressure vessel, support structure, and
Whipple Shield. The inner pressure vessel was designed to hold the pressurization loads. The
support structure was design to hold the habitat while being launched, and the Whipple shield was
designed to stop projectiles from penetrating the habitat walls.
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Figure 258. Preliminary Habitat Design

The inner diameter of the pressure vessel is 8 m with an outer habitat diameter of 8.045 m. The
height of the entire structure is 6.37 m. The pressure vessel has two floors each of 2.13 m and
ellipsoidal end caps with a height of 1.0 m. The volume of the pressure vessel, excluding end caps, is
236 m³. The total mass of the habitat is 11,000 kg.
The interior pressure vessel was design specifically to hold the pressurization loads. The outer
support structure was designed to take the launch loads of the habitat. The pressure vessel is a
cylinder with height 4.27 m and 4.1 ellipsoidal end caps and is composed of Aluminum 6061. The
minimum required thickness in the cylindrical section can be calculated by the follow formula.
𝑝𝑟
𝜎𝑚𝑎𝑥 =
𝑡
Using that formula, and the given safety factor requirement of 7, the minimum thickness for the
cylindrical sections is 11.2 mm. The ellipsoidal end cap will experience a higher stresses level but will
be supported by the outside structure to keep it from yielding.
The axial members were design to support the whole habitat under launch loading. The method the
members would fail under is buckling from the compressive launch loads. Using the following
equations a required moment of inertia was determined:
!

𝐹𝑐𝑟 =

𝜋! 𝐸𝐼
𝑏ℎ
6𝑀 !/!
!!!!!!!!!!𝐼𝑥 =
!!!!!!!!!ℎ = (
)
!
𝐾𝐿
12
𝑏𝜎

The following conditions were applied to each of the four members:
𝐹𝑐𝑟 = 165!𝑘𝑁!!𝐿 = 2.134!𝑚!!𝐾 = 1.2!!𝑏𝑤ℎ𝑖𝑝𝑝𝑙𝑒 = .0102!𝑚
Therefore, the required h dimension of the each axial supporting member is 0.123 m. Further analysis
was going to be completed to determine the required thickness of the other support structure
members, depending on the design architecture.

12.3.26. Preliminary Central Hub Design
The central hub is composed of five different components, the inner pressure vessel, support
structure, IDSS docking port, MITS system connections, and Whipple Shield. The inner pressure
vessel was designed to hold the pressurization loads, while the support structure was design to hold
the habitat while being launched. The IDSS docking ports were designed to interface with the
DragonRider vehicle. The MITS system connection was designed to provide a pressurized access
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from central hub to habitat. The Whipple shield was designed to stop projectiles from penetrating
the habitat walls.

Figure 259. Preliminary Central Hub Design

The inner diameter of the pressure vessel is 4 m with an outer habitat diameter of 8.034 m. The
pressure vessel has one floor of 2.13 m and one ellipsoidal end cap with a height of 1.0 m. The
volume of the pressure vessel, excluding end caps, is 50 m³. The total mass of the central hub is
15,000 kg.
The interior pressure vessel for the central hub was design much the same as the habitat. The
pressure vessel is a cylinder with height 5 m and one 4.1 ellipsoidal end cap on the top and is
composed of 6061 Aluminum. The minimum required thickness in the cylindrical section can be
calculated by the follow formula:
𝑝𝑟
𝜎𝑚𝑎𝑥 =
𝑡
Using that formula, and the given safety factor requirement of 7, the minimum thickness for the
cylindrical sections is 5.6 mm. The ellipsoidal end cap will experience a higher stresses level but will
be supported by the outside structure to keep it from yielding.
The axial members were design to support the whole central hub under launch loading. The method
the members would fail under is buckling from the compressive launch loads. Using the following
equations a required moment of inertia was determined:
!

𝐹𝑐𝑟 =

𝜋! 𝐸𝐼
𝑏ℎ
6𝑀 !/!
!!!!!!!!!!𝐼𝑥 =
!!!!!!!!!ℎ = (
)
!
𝐾𝐿
12
𝑏𝜎

The following conditions were applied to each of the four members:
𝐹𝑐𝑟 = 225!𝑘𝑁!!𝐿 = 2.134!𝑚!!𝐾 = 1.2!!𝑏𝑤ℎ𝑖𝑝𝑝𝑙𝑒 = 0.0102!𝑚
Therefore, the required h dimension of the each axial supporting member is 0.137 m. In order to
determine the other dimensions of the support structure more analysis and design requirements need
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to be placed on the structure. This design changed drastically and eventually was completely
redesigned to accommodate the new system architecture.

12.3.27. Preliminary Habitat FEA
Constraints applied: Displacement constrained along the bottom surface (-y) and symmetry
constraint.
Loads applied: Force: -6g axially (y), 2g laterally (x), and 14.7 psi in the cylinder.
Deleted Features: Half of the habitat was removed to decrease computation intensity, modeled as a
symmetric system to compensate, and the ellipsoidal end caps were removed due to meshing errors.
Stress: In high stress regions the average stress was 40 MPa.
Conclusion: High stress concentrations were located in the corners of the support structure. These
high stress concentrations would most likely be lower than calculated because of the corner
discontinuities. The stress along the pressure vessel is what we would expect for an 11.2 mm thick
vessel holding 14.7 psi. The average stress on this feature is 40 MPa, feature will not yield.

Figure 260. Preliminary Habitat Finite Element Analysis Under Launch Conditions

12.3.28. Preliminary Central Hub FEA
Constraints applied: Displacement constrained along the bottom surface (-z) and symmetry
constraint.
Loads applied: Force: -6g axially (y), 2g laterally (x), and 14.7 psi in the cylinder.
Deleted Features: Half of the central hub was removed to decrease computation intensity, modeled
as a symmetric system to compensate, and the ellipsoidal end caps were removed due to meshing
errors.
Stress: In high stress regions the average stress was 110 MPa.
Conclusion: High stress concentrations were found where the MITS system attached to the wall of
the central hub. This feature had a large amount of mass and under launch loading was causing
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bending moments on the wall. The average stress in the pressurized section was 50 MPa as we
would expect with the geometry. The high stress areas have an average stress of 105 MPa, therefore
this part will not yield under these loading conditions.

Figure 261. Preliminary Central Hub Finite Element Analysis

12.3.29. MITS FEA
Constraints applied: Displacement constrained along the top surface (y) and symmetry constraint.
Loads applied: Force: 1g axially (y), 14.7 psi in the cylinder, and the weight of the habitat under 1g
axially.
Deleted Features: Half of the MITS was removed to decrease computation intensity, modeled as a
symmetric system to compensate
Stress: In high stress regions the average stress was 85 MPa.
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Figure 262. Preliminary MITS Finite Element Analysis

Conclusion: The highest stresses can be found in the pressure cylinder walls and along the
attachment corners. The wall thickness of this part is very small compared to the pressurization
stresses, which is why high concentrations exist. The stringers lining the tunnel were design to take
the axial loading, however, stress levels in them are extremely low. Overall average stresses are 85
MPa, so this part will not yield in this loading condition.

12.3.30. Preliminary FEA Margin of Safety Table
The following margin of safety table was completed for the preliminary structure. The maximum
stresses were found by taking the maximum stress concentration of the individual FEA’s. This table
only includes the maximum loading condition on the individual parts, other loading conditions were
not considered for this table.
Table 115. Preliminary Margin of Safety Table

Structure

Loading

FEA
Stress [MPa]

Yield
Strength
[MPa]

SF

MOS

Habitat

Launch
and
pressurization

73.5

276

2

1.88

Central
Hub

Launch
and
pressurization

183.4

276

1.4

0.075

MITS

Rotating
stresses and
pressurization

144.2

276

1.4

0.37

Listed here are the trade studies performed for the Polus system prior to the Preliminary Design
Report.
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12.3.31. Pressurization Load Calculations for Polus PDR Architecture
The following table contains the load calculations made for the three main structures of the
preliminary Polus design. The stress equation used for these calculations is included above the table. !
𝑃𝑟
𝜎=
𝑡
Structure
Sub-system
Habitat
Central Hub
Transfer
Tunnel

Minimum
thickness
[mm]

Radius

11.2

4

36.2

7

290

0.22

5.6

2

36.2

3

109

1.9

1

0.75

76.0

3

228

0.36

[m]

Maximum
Stress [MPa]

Ultimate
Load
[MPa]

Safety
Factor

Ultimate
Margin of
Safety

12.3.32. Rotary Positioning Table Evaluations
In the preliminary design stage, the Polus architecture required a rotation table to point the
communications array quickly and accurately as the station rotated. An examination of an industry
standard rotary position table was made to see what typical support loads and rotation speeds were
available for the communications array. The Aerotech ADRS-200 Mechanical-Bearing Direct-Drive
Rotary stage was picked for initial performance evaluation.

From the specifications on the Aerotech website (Aerotech, 1994-2004), the tabletop diameter of 19
mm was found to be sufficient, and the calibrated accuracy of 29.1 µrad was highly desirable.
Furthermore, both the maximum load of 40 kg and the maximum speed of 400 rpm were favorable
for use with the Polus communication array operations. However, the bus voltage of 320V was far
outside the operating range of the Polus power specifications. There would also need to be another
rotating mount to affect xz/yz plane rotation, as well as an electrical slip ring to prevent cable
entanglement. For these reasons, the ADRS-200 was found to not be suitable for use with the Polus
system.

12.3.33. Whipple Shielding MATLAB Code
S = 10;%10;%distance between rear wall and bumper plate cm
phi = 0;%impact angle degrees
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sigma = 40;%44.96;%yield strength of rear wall ksi
t_rw = 0.6;%0.32;%thickness of rear wall cm
t_b = 0.3;%0.3%bumper plate thickness cm <-- first wall hit
rho_rw = 2.7;%density of rear wall g/cm3 al
rho_b = 2.7;%density of bumper plate g/cm3
rho_p = 0.5;%2.7;%density of projectile g/cm3 <-----assuming aluminum
v_max = 25;%km/s
v_hi = 7;%km/s
v_lo = 3;%km/s
x_lo = -3/2;
x_hi = -1;
K_l = 1.8;
K_h = 1.35;
if (t_b/(t_rw^(2/3)*S^(1/3)))<0.126
disp 'different K_h'
K_h = 7.451*(t_b/(t_rw^(2/3)*S^(1/3)))+0.411;
end
C_l = 0.37;%cm3/g
v1 = linspace(0.3,v_lo*cosd(phi)^x_lo,100);
d1 = K_l*(t_rw*(sigma/40)^0.5 + C_l*t_b*rho_b)*...
cosd(phi)^(-11/6)*rho_p^-0.5*v1.^(-2/3);
v2 = linspace(v_lo*cosd(phi)^x_lo,v_hi*cosd(phi)^x_hi,100);
d2 = (K_h*v_hi^(-2/3)*rho_p^(-1/3)*rho_b^(-1/9)*...
S^0.5*(t_rw*rho_rw)^(2/3)*(sigma/70)^(1/3))*...
((v2-v_lo*cosd(phi)^x_lo)/...
(v_hi*cos(phi)^x_hi - v_lo*cosd(phi)^x_lo)) + ...
(K_l*v_lo^(-2/3)*(t_rw*(sigma/40)^0.5+C_l*t_b*rho_b)*...
rho_p^-0.5*cosd(phi)^(-11/6-2/3*x_lo))*...
((v_hi*cosd(phi)^x_hi-v2)/...
(v_hi*cos(phi)^x_hi - v_lo*cosd(phi)^x_lo));
v3 = linspace(v_hi*cosd(phi)^x_hi,v_max,100);
d3 = K_h*rho_p^(-1/3)*rho_b^(-1/9)*(v3*cosd(phi)).^(-2/3)*S^0.5*...
(t_rw*rho_rw)^(2/3)*(sigma/70)^(1/3);
v = [v1,v2,v3];
d = [d1,d2,d3];
plot(v,d);hold on;
xlabel('Velocity (km/s)');
ylabel('Projectile Critical Diameter (cm)');
title('Balistic Limit Equations for Whipple Shield Initial Design');
hold off;

v_hi = 6.5;%km/s
v_lo = 2.7;%km/s
c_h = 3.642;
c_l = 2.063;
c_hi = c_h*v_hi^(-1/3);
c_li = c_l*v_lo^(-2/3);
delta = (v_hi/(cosd(phi)^(1/3)))-(v_lo/(cosd(phi^(1/3))));
v1
d1
v2
d2

=
=
=
=

linspace(0.3,v_lo/cosd(phi)^(1/3),100);
c_l*cosd(phi)^(-5/3)*rho_p^(-1/2)*v1.^(-2/3);
linspace(v_lo/cosd(phi)^(1/3),v_hi/cosd(phi)^(1/3),100);
c_li*rho_p^-0.5*cosd(phi)^(-4/3)*...
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(((v_hi/cosd(phi)^(1/3))-v2)/delta)+...
c_hi*rho_p^(-1/3)*cosd(phi)^(-7/18)*...
((v2-(v_lo/cosd(phi)^(1/2)))/delta);
v3 = linspace(v_hi/cosd(phi)^(1/3),v_max,100);
d3 = c_h*cosd(phi)^(-1/2)*rho_p^(-1/3)*v3.^(-1/3);
v = [v1,v2,v3];
d = [d1,d2,d3];
hold on;
plot(v,d,'--g');
% legend('Normal Whipple Shield','Stuffed Whipple Shield')
hold off;
daimeter = [0.04,0.7,1.2,2];%cm
flux = [10^-5,10^-6,2*10^-7,10^-8];%#/m^2/yr
impactveloc = 19;%km/s
missiondur = 3;%yr
A = pi*8*6.5 + pi*8*6.5 + pi*1.7*2*2;%m^2
prob = flux*missiondur*A*100
prob = floor(prob*1000)/1000;
hold on;
plot(impactveloc,daimeter(1),'ob');
plot(impactveloc,daimeter(2),'.g');
plot(impactveloc,daimeter(3),'pk');
plot(impactveloc,daimeter(4),'*r');
legend('Normal Whipple Shield','Stuffed Whipple Shield',...
[num2str(prob(1)),'% Probability'],[num2str(prob(2)),'%
Probability']...
,[num2str(prob(3)),'% Probability'],[num2str(prob(4)),'%
Probability'])
hold off;

12.3.34. Floor Calculation MATLAB Code
%% roarks_floors
%% upper floor
clear all
a = 4;
ro_up = 3;
ri_up = 1;
EI = 7550;
v = .0;
SF = 1.4
D = EI/(1-v^2);
t_up = .015;
massup_out = 1500+313;
massup_in = 313.3;
qup_out = SF*massup_out*9.8*6/(pi*(a^2-ro_up^2));
qup_in = SF*massup_in*9.8*6/(pi*(ri_up^2));
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L11=1/64*(1+4*(ro_up/a)^2-5*(ro_up/a)^4…4*(ro_up/a)^2*(2+(ro_up/a)^2)*log(a/ro_up));
L14 = 1/16*(1-(ro_up/a)^4-4*(ro_up/a)^2*log(a/ro_up));
yc_out = -qup_out*a^4/(2*D)*(L14-2*L11)
% yc_in = -qup_in*a^2/(16*pi*D)
yc = yc_out
% +yc_in
Mc_up = qup_out*a^2*(1+v)*L14;
Mra_up = -qup_out*(a^2-ro_up^2)^2/(8*a^2);
% Mri_up = qup_in/(4*pi);
% Mci_up = Mri_up;
M_up = Mc_up+Mra_up;
% +Mri_up+Mci_up;
t_requp = sqrt(6*3*abs(M_up)/(220*10^6))
stress = 6*M_up/t_up^2
kn = 10.2;
fn_up = kn/(2*pi)*sqrt(D*9.8/(qup_out/6*(ri_up)^2*a^2))
%% Lower floor
mass = 6000; % kg
ro = 2;
b = .55;
t_low = .046;
q = SF*mass/(pi*(a^2-ro^2))*9.8*6;
L11_low=1/64*(1+4*(ro/a)^2-5*(ro/a)^4…4*(ro/a)^2*(2+(ro/a)^2)*log(ro/b));
L14_low = 1/16*(1-(ro/a)^4-4*(ro/a)^2*log(ro/b));
L17_low = .25*(1-(1-v)/4*(1-(ro/a)^4)-(ro/a)^2*(1+(1+v)*log(a/ro)));
C2 = .25*(1-(b/a)^2*(1+2*log(a/b)));
C3 = b/(4*a)*(((b/a)^2+1)*log(a/b)+(b/a)^2-1);
C5 = .5*(1-(b/a)^2);
C6 = b/(4*a)*((b/a)^2-1+2*log(a/b));
C8 = 1/2*(1+v+(1-v)*(b/a)^2);
C9 = (b/a)*((1+v)/2*log(a/b)+(1-v)/4*(1-(b/a)^2));
Qb = q*a*(C3*L14_low-C6*L11_low)/(C2*C6-C3*C5)
Mrb = -q*a^2*(C3*L14_low-C6*L11_low)/(C2*C6-C3*C5);
Mra = Mrb*C8+Qb*a*C9-q*a^2*L17_low;
Qa = Qb*b/a-q/(2*a)*(a^2-ro^2)
M_low = Mrb+Mra;
t_lowreq = sqrt(6*abs(M_low)/(220*10^6))
stress_low = 6*M_low/t_low^2

12.3.35. Load Tables
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12.3.36. Launch
Table 116. Expected Launch Loads

Load Type

Maximum Load Magnitude

Axial Accelerations

6g

Lateral Accelerations

2g

12.3.37. Docking/Berthing
Table 117. Expected Docking Loads (International Space Station membership, 2013)

Load Type
Docking Dragon

Maximum Load Magnitude

Tension

3900 N

Compression (static)

3500 N

Compression (dynamic, up to 0.1 sec)

6500 N

Shear

3200 N

Bending

2800 N-m

Torsion

1500 N-m

12.3.38. Spinning
Table 118. Expected 1g Spinning Loads

Load Type

Maximum Load Magnitude

1g
Simulation

Artificial Gravity
Inertial Tension

1g

Phase II

351 kN

Phase III

685 kN

12.3.39. Other Loads
Table 119. Table of Other Loads

Load Type
Pressurization

Habitat, Mars SIM, airlocks,
and transfer tunnel

Maximum Load Magnitude
10.4 psi

12.3.40. Margin of Safety Tables
12.3.41. Primary Structure
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Table 120. Primary Structure Margin of Safety Table

Section

Member

Central
Hub

Habitat

Load Type

SF

MoS

Octagonal
Ring

Cyclic Axial Loading from
Spinning

2

0.119

Octagonal
Ring Support

Cyclic Axial Loading from
Spinning

2

0.055

Vertical Beams

Compressive Force on Launch

2

0.028

Structure

Compressive Force on Launch

2

1.040

Pressure
Vessel

Pressurization Loads

2

4.405

Cable
Attachment
Points

Bending Load while Spinning
2

0.778

2

0.199

1.5

0.310

2

1.040

2

4.405

Stewart
Wire Rope
System

Wire Rope

Tension

Ballast

Upper Stage

Bending while Spinning

Structure

Compressive Force on Launch

Pressure
Vessel

Pressurization

Axial Member

Axial Tension while Spinning

2

0.725

Horizontal
Member

Bending Loading from Mars
SIM latching

2

0.015

Cross Member

Compressive Force on Launch

2

1.080

SF

MoS

Mars SIM

Connecting
Truss
Matrix

12.3.42. Secondary Structure
Table 121. Secondary Structure Margin of Safety Table

Section
Airlock

Member

Load Type

Pressure Vessel

Pressurization

2

21.64

Stringers

Axial Loading on Launch

2

409.2

2

0.272

2

91.00

Stability
Arm

Stability Arm

Central
Hub

Communications
Boom

Axial Loading on Launch

Floor Supports

Bending Load during Launch

2

0.787

Top Floor

Bending Load during Launch

1.4

2.51

Bottom Floor

Bending Load during Launch

1.4

0.033

Habitat

Compressive Force on Launch
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Mars
SIM

Floor Supports

Bending Load during Launch

2

0.787

12.4. Power, Propulsion, and Thermal
12.4.1. Propellant Matlab Script and Figures
%Brooks Muller
%ENAE484
%26 February 2014
%Spin Up and Spin Down Calculations
%Plot Formatting
set(0, 'DefaultFigureColor', 'White', ...
'DefaultFigurePaperType', 'a4letter', ...
'DefaultAxesColor', 'white', ...
'DefaultAxesDrawmode', 'fast', ...
'DefaultAxesFontUnits', 'points', ...
'DefaultAxesFontSize', 20, ...
'DefaultAxesFontName', 'Lucia Grande', ...
'DefaultAxesGridLineStyle', ':', ...
'DefaultAxesLayer', 'Bottom', ...
'DefaultAxesXcolor', [0, 0, 0], ...
'DefaultAxesYcolor', [0, 0, 0], ...
'DefaultAxesZcolor', [0, 0, 0], ...
'DefaultAxesVisible', 'on', ...
'DefaultLineColor', 'Red', ...
'DefaultLineLineStyle', '-', ...
'DefaultLineLineWidth', 2, ...
'DefaultLineMarker', 'none', ...
'DefaultLineMarkerSize', 8, ...
'DefaultTextColor', [0, 0, 0], ...
'DefaultTextFontUnits', 'Points', ...
'DefaultTextFontSize', 14, ...
'DefaultTextFontName', 'Helvetica', ...
'DefaultTextVerticalAlignment', 'middle', ...
'DefaultTextHorizontalAlignment', 'left');
%% Calculations of Arm Length Based on Rotation Rate
clear all
clc
%Earth Gravity Calculations
a=9.8; %earth gravity
for i=1:1:420 %was 4.2 max
w1(i)=i/100;
w(i)=(i/100)*2*pi()/60; %rad/s
r(i)=a/w(i).^2;
end
ArmLengths=r;
figure(1)
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plot(w1,r)
grid on
title('Angular Velocity vs Distance to Floor for Earth Gravity')
xlabel('Angular Velocity (RPM)')
ylabel('Distance to Habitat Floor (m)')
legend
axis([0 4.2 0 600]);
%% Calculations for Earth, Mars, and Moon Thrust vs. Spin up Time
% for w=4, Earth Gravity
r=55; %m was 56.99
w=4*(2*pi())/60; %rad/s
%Itot=7.353e7;
% Ix = 1.5951e+06;
% Iy = 1.5458e+08;
Iz = 1.5459e+08;
Itot=Iz;
n=4; %#thrusters used for spin up/down
figure(2)
%The following for loop calculates the time required to spin up/down
for k=1:1:400000
T(k)=k/1000; %Thrust in Newtons per thruster
t_sec(k)=(w*Itot)/(T(k)*r*n); %time in seconds to spin up/down from
min/max
end
T_total=T*n;
t_hours=t_sec/3600;
plot(T_total,t_hours,'b')
grid on
hold on
ylabel('Time(Hours)')
xlabel('Thrust(N)')
title('Total Thrust vs Spin up Time from full stop')
axis([0 1500 0 5])
% !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
% Mars Gravity Calculations
%!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
a=3.7; %mars gravity
w=sqrt(a/r);
for k=1:1:400000
T(k)=k/1000; %Thrust in Newtons per thruster
t_sec(k)=(w*Itot)/(T(k)*r*n); %time in seconds to spin up/down from
min/max
end
t_hours=t_sec/3600;
T_total=T*n;
plot(t_hours,T_total,'r')
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hold on
%!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
%Moon Gravity Calculations
%!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
a=1.6; %moon gravity
w=sqrt(a/r);
for k=1:1:400000
T(k)=k/1000; %Thrust in Newtons per thruster
t_sec(k)=(w*Itot)/(T(k)*r*n); %time in seconds to spin up/down from
min/max
end
t_hours=t_sec/3600;
T_total=T*n;
plot(t_hours,T_total,'g')
legend('Earth','Mars','Moon')
%% Propellant for spin up/down
% go=9.8; %constant for all cases, used for calculating propellant
usage
% Isp=315.5; %s, estimate based off of existing technology (new 490 N
thruster)
% t1=18000; %s
% t2=3600; %s
% n=4; % # thrusters
% w=4;
% r=55; %m
% Itot=1.5459e+08;
%
% %Input new thrust values based on desired spin up time and associated
thrust from plot
%
% %Earth
% T=65.41; %N
% m_prop_earth=T*t1/(Isp*go)
% %Mars
% T=40.5; %N
% m_prop_mars=T*t1/(Isp*go)
% %Moon
% T=26.63; %N
% m_prop_moon=T*t1/(Isp*go)
% %Contingency
% T=327; %N
% m_prop_contingency=T*t2/(Isp*go)
%% New Method
d_hab=55; %m distance between hab and hub
a_earth=9.8;
a_mars=3.7;
a_moon=1.6;
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w_earth_RPM=sqrt(a_earth/d_hab)*60/(2*pi())
w_mars_RPM=sqrt(a_mars/d_hab)*60/(2*pi())
w_moon_RPM=sqrt(a_moon/d_hab)*60/(2*pi())
%Constants
mdot=.158; %kg/s
Izz=1.5459e+08;
F_max=490; %N

m_hab=20000; %kg
m_ballast=5000; %kg
d_ballast=d_hab*m_hab/m_ballast;
t_spin=3600; %s
%Calculating Propellant Mass
for w=1:1:4000
w_RPM(w)=w/1000;
w_rad(w)=w_RPM(w)*(2*pi())/60; %rad/s
alpha(w)=w_rad(w)/t_spin; %angular acceleration
Torque(w)=Izz*alpha(w);
theta=30*pi()/180; %rad
F_hab_needed(w)=Torque(w)/(4*d_hab*cos(theta));
F_ballast_needed(w)=Torque(w)/(4*d_ballast*cos(theta));
sum_t_on_hab(w)=t_spin*F_hab_needed(w)/F_max;
sum_t_on_ballast(w)=t_spin*F_ballast_needed(w)/F_max;
mp_hab(w)=sum_t_on_hab(w)*mdot*2;
mp_ballast(w)=sum_t_on_ballast(w)*mdot*2;
mp_total(w)=mp_hab(w)+mp_ballast(w);
%delta_m_hab(w)=(Izz*w_rad*mdot)/(2*d_hab*cos(theta)*F_max);
%delta_m_ballast(w)=((Izz*w_rad*mdot)/(2*d_hab*cos(theta)*F_max))*(m_ha
b/m_ballast);
end
figure(3)
plot(w_RPM,mp_total,'b')
hold on
plot(w_RPM,mp_hab,'r')
hold on
plot(w_RPM,mp_ballast,'g')
%hold on
%plot(w_RPM,delta_m_hab,'k')
%hold on
%plot(w_RPM,delta_ballast,'k')
xlabel('Rotation Rate (RPM)')
ylabel('Propellant Mass(kg)')
title('Propellant Mass per Spin')
legend('Total','Habitat','Ballast',2)
figure(4)
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plot(w_RPM,F_hab_needed,'r')
hold on
plot(w_RPM,F_ballast_needed,'g')
xlabel('Rotation Rate (RPM)')
ylabel('Required Force (N)')
title('Required Thrust per Spin')
legend('Habitat','Ballast',2)
figure(5)
plot(w_RPM,sum_t_on_hab,'r')
hold on
plot(w_RPM,sum_t_on_ballast,'g')
xlabel('Rotation Rate (RPM)')
ylabel('Thrusting Time (s)')
title('Total Active Thrusting Time per Spin')
legend('Habitat','Ballast',2)
mp_earth=2*274; %kg
mp_mars=2*169.9; %kg
mp_moon=2*111.6; %kg
mp_contingency=mp_earth;
mp_total=mp_earth+2*mp_mars+mp_moon+mp_contingency;
% about 2000kg total, 600kg tank on hab, 200 kg tank on ballast
mp_earth_hab=219.2; %kg
%mp_mars_hab=135.9; %kg
%mp_moon_hab=89.32; %kg
mp_earth_ballast=54.8; %kg
%mp_mars_ballast=33.97; %kg
%mp_moon_ballast=22.33; %kg
mp_phase_1=1600; %kg, for phase 1 transfer
rho_N2O4=1450; %kg/m^3, nitrogen tetroxide
rho_MMH=880; %kg/m^3, hydrazine
mm_N2O4= .092011; %kg/mol
mm_MMH=.04607; %kg/mol
MR=2.12; %Mixture ratio of oxidizer to fuel
%Phase 1
m_MMH_phase_1=(mp_phase_1/mm_N2O4)/(MR/mm_MMH+1/mm_N2O4)
V_MMH_phase_1=m_MMH_phase_1/rho_MMH
m_N2O4_phase_1=mp_phase_1-m_MMH_phase_1
V_N2O4_phase_1=m_N2O4_phase_1/rho_N2O4
m_MMH_Max_Hab=m_MMH_phase_1;
m_N2O4_Max_Hab=m_N2O4_phase_1;
V_MMH_Max_Hab=m_MMH_Max_Hab/rho_MMH;
V_N2O4_Max_Hab=m_N2O4_Max_Hab/rho_N2O4
%Earth
m_MMH_hab=(mp_earth_hab/mm_N2O4)/(MR/mm_MMH+1/mm_N2O4);
m_MMH_ballast=(mp_earth_ballast/mm_N2O4)/(MR/mm_MMH+1/mm_N2O4);
V_MMH_ballast=m_MMH_ballast/rho_MMH;
m_N2O4_hab=mp_earth_hab-m_MMH_hab;
m_N2O4_ballast=mp_earth_ballast-m_MMH_ballast;
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V_N2O4_ballast=m_N2O4_ballast/rho_N2O4;
%m_MMH_Max_ballast=
%m_N2O4_Max_ballast=
%Mars
m_MMH_hab=(mp_mars_hab/mm_N2O4)/(MR/mm_MMH+1/mm_N2O4);
m_MMH_ballast=(mp_earth_ballast/mm_N2O4)/(MR/mm_MMH+1/mm_N2O4);
m_N2O4_hab=mp_earth_hab-m_MMH_hab;
m_N2O4_ballast=mp_earth_ballast-m_MMH_ballast;
%Moon
Tank_mass_MMH_hab=(2.36e-7)*V_MMH_hab^3-(2.32e4)*V_MMH_hab^2+1.31*V_MMH_hab+.264; %kg, for tank w/diaphragm
Tank_mass_MMH_ballast=(2.36e-7)*V_MMH_ballast^3-(2.32e4)*V_MMH_ballast^2+1.31*V_MMH_ballast+.264;
Tank_mass_N2O4_hab=(2.36e-7)*V_N2O4_hab^3-(2.32e4)*V_N2O4_hab^2+1.31*V_N2O4_hab+.264;
Tank_mass_N2O4_ballast=(2.36e-7)*V_N2O4_ballast^3-(2.32e4)*V_N2O4_ballast^2+1.31*V_N2O4_ballast+.264;
%% Outdated Propellant Mass calculations
% go=9.8; %constant for all cases, used for calculating propellant
usage
% Isp=315.5; %s, estimate based off of existing technology (new 490 N
thruster)
% t1=18000; %s
% t2=3600; %s
% n=4; % # thrusters
% w=4;
% r=55; %m
% Itot=1.5459e+08;
% for k=1:1:200000
%
T(k)=k/1000; %Thrust in Newtons per thruster
%
t_sec(k)=(w*Itot)/(T(k)*r*n); %time in seconds to spin up/down
from min/max
%
t_hours(k)=t_sec(k)/3600; %time in hours
%
t_days(k)=t_hours(k)/24; %time in days
%
m_prop(k)=n*T(k)*t_sec(k)/(Isp*go);
% end
% T_total=T*n;
%
% figure(4)
% plot(t_hours,m_prop)
% legend('Earth');
%
% p1=0; %phase 1 cycles
% p2e=1; %phase 2 cycles for earth
% p2ma=1; %phase 2 cycles for mars
% p2mo=1; %phase 2 cycles for moon
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% p3e=0; %phase 3 cycles for earth
% p3ma=1; %phase 3 cycles for mars
% p3mo=0; %phase 3 cycles for moon
% m_prop_earth_contingency=0; %THIS WILL BE EDITED
% multiply by 2 in each case to account for up and down
%
mPropSPIN=2*(p2e+p3e)*m_prop_earth+2*(p2ma+p3ma)*m_prop_mars+2*(p2mo+p3
mo)*m_prop_moon+m_prop_earth_contingency;
% mPropSK=.2*mPropSPIN; %rough estimate for stationkeeping
%
% mPropTOTAL=mPropSPIN+mPropSK
%% Transfer to DRO for Phase 1
%This maneuver will occur during phase 1, only the mass of the hab need
be
%considered
%CHANGE ISP BASED ON FUEL
% delV=75.439; %m/s
% g=9.8; %m/s^2
% Isp=329; %s, for N2O4/MMH
% T=900; %N, Assuming use of IHI 450N thruster
% mHab=19730; %kg
%
% m_DRO_fuel=mHab*((exp(delV/(Isp*g))-1))
% t_burn=Isp*m_DRO_fuel*g/T
%UPPER STAGE TAKES CARE OF THIS NOW
%%

%%
% %% Spin Up -- Spin Down
%
% % Variable Declariations
%
% % The Station spin rate at earth gravity
%
% Rotation_Rate_RPM_Earth
= 4;
% RPM
% Rotation_Rate_RadSec_Earth = (Rotation_Rate_RPM_Earth/60)*(2*pi);
%
% % The Estimated Mass Values for the station
%
% Habitat_Total_Mass
= 20000; % kg
% Hub_Total_Mass
= 10000; % kg
% CPMB_Total_Mass
= 5000; % kg
%
% Habitat_Self_Radius
= 8; % m
% CPMB_Self_Radius
= 5; % m
% Hub_Self_Radius
= 5; % m
%
% Earth_Grav
= 9.81; % m/s
%
% Habitat_Radius
= Earth_Grav/(Rotation_Rate_RadSec_Earth^2);
% CPMB_Radius
=
Habitat_Radius*(Habitat_Total_Mass/CPMB_Total_Mass);
%
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% % Moment of inertia calcs
%
% Hab_MOI_z
=
(2*Habitat_Total_Mass*(Habitat_Self_Radius^2)/5) +
Habitat_Total_Mass*(Habitat_Radius^2);
% CPMB_MOI_z
=
(2*Habitat_Total_Mass*(Habitat_Self_Radius^2)/5) +
Habitat_Total_Mass*(Habitat_Radius^2);
% Hub_MOI_z
= (2*Hub_Total_Mass*(Hub_Self_Radius^2)/5);
%
% Total_MOI_z = Hab_MOI_z + CPMB_MOI_z + Hub_MOI_z;
%
% Thruster_Quads
= 8;
% Spin_Up_Thrusters
= 3; % Per side; Can use 1-3
%
% % Choose this!
%
% Spin_Up_Time
= 3600;
% s
%
% Req_Ang_Acceleration_Earth =
Rotation_Rate_RadSec_Earth/Spin_Up_Time;
% Req_Torque_Total
= Req_Ang_Acceleration_Earth*Total_MOI_z;
% Req_Torque_Per_Side
= Req_Torque_Total/2;
% Req_Force_Per_Thruster_CPMB = Req_Torque_Per_Side/(3*CPMB_Radius);
% Req_Force_Per_Thruster_Hab = Req_Torque_Per_Side/(3*Habitat_Radius);
%
% Force_Per_Thruster
= 450;
% N
%
% Thruster_Modulation_CPMB = 1;
% Unitless, 0-1, Scaling Factor
% Spin up calculations based on thruster output are impractical because
% they assume consistent or multiples of the rated thrust, and do not
allow
% for uneven spacing between Hab and CPMB.
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

% Moment of Inertia Calcs
% Modeling as Boxes
M_b = CPMB_Total_Mass;
M_hu = Hub_Total_Mass;
M_ha = Habitat_Total_Mass;
L_b
H_b
W_b

= 7; % Y
= 7; % X
= 3; % Z

L_hu = 7;
H_hu = 4;
W_hu = 3;
L_ha = 8;
H_ha = 10;
W_ha = 8;
M_stab = 500;
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% D_stab = 10;
%
% D_ha = Habitat_Radius;
% D_b = CPMB_Radius;
%
% M_dr = 5000;
% D_dr = 3;
% R_dr = 1.85;
% H_dr = 6.1;
%
% Izz = ((1/12)*M_b*(L_b^2 + H_b^2) + M_b*(D_b^2)) +
(2*M_stab*(D_stab^2)) + ...
%
((1/12)*M_ha*(L_ha^2 + H_ha^2) + M_ha*(D_ha^2)) +
((1/12)*M_hu*(L_hu^2 + H_hu^2)) + ((M_dr*R_dr^2)/2);
%
% Ixx = ((1/12)*M_b*(L_b^2 + W_b^2)) + ((1/12)*M_hu*(L_hu^2 + W_hu^2))
+ ...
%
((1/12)*M_ha*(L_ha^2 + W_ha^2)) +(2*M_stab*(D_stab^2)) +
((1/12)*M_dr*(3*(R_dr^2) + H_dr^2));
%
% Iyy = ((1/12)*M_b*(H_b^2 + W_b^2) + M_b*(D_b^2)) +
((1/12)*M_hu*(H_hu^2 + W_hu^2)) + ...
%
((1/12)*M_ha*(H_ha^2 + W_ha^2) + M_ha*D_ha^2) +
((1/12)*M_dr*(3*(R_dr^2) + H_dr^2));
%
% Izz_no_stab = Izz - (2*M_stab*(D_stab^2));
%
% MOI_diff = Izz_no_stab - Iyy;
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Figure 263. Propellant Mass per Spin
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Figure 264. Required Thrust per Spin
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Figure 265. Total Active Thrusting Time per Spin

12.4.2. Propellant Spreadsheet
Hab$Mass$Insertion$(kg)$
Hab$Propellant$Insertion$(kg)$

5.23E+04$
1695$

Habitat$Mass$(kg)$
$ Ballast$Mass$(kg)$
$

$

Gallons/m3$

$
Fuel$is$MONOMETHYLHYDRAZINE$
Oxidizer$is$NITROGEN$TETROXIDE$

MMH$
NTO$

$
$
$/m^3$

MMH$density$$
$/gal$
(kg/m³)$
NTO$density$$
445.3$ 117636$ (kg/m³)$
133.35$ 35227.3$ Mixture$Ratio$

50000$
20000$
264.17205$

880$
1442$
1.65$
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Phase&1&
Orbital$

(kg)$

Insertion$

&
1695$

RCS$10%$(kg)$

$

169.5$

$
Total&Phase&1&Propellant&(Hab)&(kg)&

1695$

No&Ballast&
& &
Total&Phase&1&Propellant&(kg)

0$

$

1864.5$

$
$

Oxidizer$

1055.377$

Oxidizer$Volume$(m^3)$

0.7318
84$

Fuel$

464.3836$

Fuel$Volume$

0.5277
09$

2$

Radius$of$each$tank:$

0.4437
19$

2$

Radius$of$each$tank:$

0.3978
86$

#$Oxidizer$Tanks$

$

#Fuel$Tanks$
Cost$Oxidizer$$$

$

25782.34$

Cost$Fuel$$$

62077.43$

$

Total$$$

87859.77$

$
$

a$earth$
a$mars$
a$moon$
Phase&2.1&Lunar&
Habitat$MOI$
Habitat$Rot.$Rate$(RPM/Rad/s)$
Habitat$Radius$(m)$
Habitat$Mass$(kg)$
Ballast$Mass$(kg)$
Thruster$Angle$(deg/rad)$
Max$Thrust$(N)$
Mass$Flow$Rate$(kg/s)$

9.8$ 0.420589$
3.7$ 0.258432$
1.6$ 0.169944$

$
$
$

&
3.43E+08$
1.6228429$ 0.169944$$
55.4$
$
50000$
$
36700$
30$ 0.523599$$
490$
$
0.158$
$

$

$
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Hab$Propellant$per$spin$cycle$(kg)$
CPMB$Propellant$per$spin$cycle$(kg)$
Total$
Phase&2.2&Mars&
Habitat$MOI$
Habitat$Rot.$Rate$(RPM/Rad/s)$
Habitat$Radius$(m)$
Habitat$Mass$(kg)$
Ballast$Mass$(kg)$
Thruster$Angle$(deg/rad)$
Max$Thrust$Per$Thruster$(N)$
Mass$Flow$Rate$(kg/s)$
Hab$Propellant$per$spin$cycle$(kg)$
CPMB$Propellant$per$spin$cycle$(kg)$
Contingency$Propellant$(Hab)$
Contingency$Propellant$(CPMB)$
Phase&2.3&Earth&
Habitat$MOI$
Habitat$Rot.$Rate$(RPM/Rad/s)$
Habitat$Radius$(m)$
Habitat$Mass$(kg)$
Ballast$Mass$(kg)$
Thruster$Angle$(deg/rad)$
Max$Thrust$Per$Thruster$(N)$
Mass$Flow$Rate$(kg/s)$
Hab$Propellant$per$spin$cycle$(kg)$
CPMB$Propellant$per$spin$cycle$(kg)$
Phase&2&Insertion&

391.85115$
287.61874$
679.46989$

$
$
$

&
3.43E+08$
2.4678421$ 0.258432$$
55.4$
$
50000$
$
36700$
30$ 0.523599$$
490$
$
0.158$
$
595.88437$
$
437.37913$
$

$

$

$
$
&
3.43E+08$
4.0163314$ 0.420589$$
$
55.4$
$
50000$
$
36700$
30$ 0.523599$$
$
490$
$
0.158$
$
969.78211$
$
711.82007$
$ MASS$(kg)$
1695$ $
&

$
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Total&Phase&2&RCS&Propllant&(Hab)&
Total&Phase&2&RCS&Propellant&(Ballast)& &
Total&Phase&2&Propllant&(Hab)&
Total&Phase&2&Propellant&(Ballast)&

&

&
&

Phase&2&Contingency&Propllant&(Hab)&
Phase&2&Contingency&Propllant&(Ballast)&

&
&

$Total&Phase&2&Propellant&

508.5$ triple$phase$1$
508.5$
$
1957.518$ only$$for$spin$
1436.818$
$
484.8911$ 1g$spin$up$prop$
355.91$ 1g$spin$up$prop$
6947.137$

&
Max&Hab&Propellant&Per&Spin&
Max&Ballast&Propellant&Per&Spin&
Total$Phase$2$Habitat$Propellant$
Total$Phase$2$Ballast$Propellant$

&
&

1624.173&
1237.23&

&
&

2950.909$
2301.228$

$
$
Earth$Phase$2$Habitat$Propellant$
1139.282$ includes$RCS$
$
Earth$Phase$2$Ballast$Propellant$
881.3201$
$
$
Mars$Phase$2$Habitat$Propellant$
765.3844$
$
$
Mars$Phase$2$Ballast$Propellant$
606.8791$
$
$
Moon$Phase$2$Habitat$Propellant$
561.3511$
$
$
Moon$Phase$2$Ballast$Propellant$
457.1187$
$
$
These$numbers$are$for$full$spin$up/down$cycles,$accounting$for$RCS$
$
Contingency$is$considered$
elsewhere$
$
Max$tank$sizes$based$on$delta$V$requirements$
$
The$remainder$of$propellant$is$stored$in$a$central$repository$
$
All$tanks$assumed$spherical$
$
REFUELING$IS$REQUIRED$AFTER$PHASE$2$
$
DRO$Insertion$
Oxidizer$mass$
1055.377$
Fuel$mass$

Volume$
0.7318844$
Volume$

$
$

$

$
Cost$
Tank$Radius$
25782.09$
0.62035$
Cost$
Tank$Radius$

$
$
$
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639.6226$

0.7268439$ 85503.01$

0.62035$

Mass$
$
$
$
$
$
$
Spin$Up/Down$

Earth$Habitat$
Earth$Ballast$

$
Mars$Habitat$
Mars$Ballast$

$
Moon$Habitat$
Moon$Ballast$

$

Contingency$
Habitat$ Oxidizer:$ 301.9133$
Contingency$
Ballast$ Oxidizer:$ 221.6044$

$
Volume$
0.209371$

7375.5199$ 0.408754$

0.153678$

5413.6316$ 0.368718$
Tank$
Cost$
Radius$
24459.967$ 0.408754$
17953.616$ 0.367869$
2$
$
2$
$
Tank$
Cost$$$
Radius$
0.5434059$
$
0.4988368$
$
Tank$Radius$
0.5434059$
$
0.4976889$
$
Tank$Radius$
0.4759271$
$
0.4405021$
$
Tank$Radius$
0.4759271$
$
0.4394885$
$
Tank$Radius$
0.4291991$
$
0.4007962$
$
Tank$Radius$
0.4291991$
$
0.399874$
$

Mass$
Volume$
Fuel:$ 182.9778$
0.207929$
Fuel:$ 134.3057$
0.15262$
Number$of$Oxidizer$Tanks$
Number$of$Fuel$Tanks$
$
Oxidizer:$ 709.3643$
Oxidizer:$ 548.7465$
Mass$
Fuel:$ 429.9178$
Fuel:$ 332.5736$
Mass$
Oxidizer:$ 476.5601$
Oxidizer:$ 377.8681$
Mass$
Fuel:$ 288.8243$
Fuel:$ 229.011$
Mass$
Oxidizer:$ 349.5205$
Oxidizer:$ 284.6211$
Mass$
Fuel:$ 211.8306$
Fuel:$ 172.4976$

Mass$
0.491931$
0.380545$
Volume$
0.488543$
0.377925$
Volume$
0.330485$
0.262044$
Volume$
0.328209$
0.26024$
Volume$
0.242386$
0.197379$
Volume$
0.240717$
0.19602$

Tank$
Radius$

Cost$$$

Volume$
17329.25$
13405.47$
Cost$
57470.24$
44457.53$
Cost$$$
11642.01$
9231.041$
Cost$
38609.24$
30613.56$
Cost$$$
8538.529$
6953.084$
Cost$
28316.94$
23059.01$

TOTAL$
PHASE$2$
PROPELLANT$
COST$ 105670.6$
Habitat$
Oxidizer$ 0.731884$

$
$
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Max$Tank$
Size$(m^3)$
Habitat$Fuel$
Max$Tank$
Size$(m^3)$ 0.726844$
Hub$Reserve$
Oxidizer$
Tank$Size$
(m^3)$ 2.267821$
Hub$Reserve$
Fuel$Tank$
Size$(m^3)$ 2.252203$
Total$
Phase$2$
Oxidizer$
Mass$
(kg)$
Total$
Phase$2$
Fuel$
Mass$
(kg)$
Phase&3.1&Mars&Sim&
Habitat$MOI$
Habitat$Rot.$Rate$(RPM/Rad/s)$
Habitat$Radius$(m)$
Habitat$Mass$(kg)$
Ballast$Mass$(kg)$
Thruster$Angle$(deg/rad)$
Max$Thrust$Per$Thruster$(N)$
Mass$Flow$Rate$(kg/s)$
Hab$Propellant$per$spin$cycle$(kg)$
CPMB$Propellant$per$spin$cycle$(kg)$
Phase&3.2&Lunar&Sim&
Habitat$MOI$

&
4.56E+08$
2.467844$ 0.258432$$
55.4$
$
70000$
$
55050$
30$ 0.523599$$
490$
$
0.158$
$
792.1857$
$
622.9974$
$
&
4.56E+08$

$

$
$

4325.5756$

$

2621.561$

$

$

$

$
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Habitat$Rot.$Rate$(RPM/Rad/s)$
Habitat$Radius$(m)$
Habitat$Mass$(kg)$
Ballast$Mass$(kg)$
Thruster$Angle$(deg/rad)$
Max$Thrust$(N)$
Mass$Flow$Rate$(kg/s)$
Hab$Propellant$per$spin$cycle$(kg)$
CPMB$Propellant$per$spin$cycle$(kg)$

1.622843$ 0.169944$
55.4$
$
70000$
$
55050$
30$ 0.523599$$
490$
$
0.158$
$
520.9377$
$
409.6803$
$

Phase&3&Insertion&

$

$

1695$
&

Total&Phase&3&RCS&Propllant&(Hab)&
Total&Phase&3&RCS&Propellant&(Ballast& &
&
Total&Phase&3A&Propllant&(Hab)&
&
Total&Phase&3A&Propellant&(Ballast&
&
Phase&3&Contingency&Propllant&(Hab)&
Phase&3&Contingency&Propllant&(Ballast)&&
Total&Phase&3&Propellant&
Max&Hab&Propellant&Per&Spin&
Max&Ballast&Propellant&Per&Spin&
Mars&Phase&3&Habitat&Prop&
Mars&Phase&3&Ballast&Prop&
Moon&Phase&3B&Habitat&Prop&
Moon&Phase&3B&Ballast&Prop&

&
&
&
&
&
&
&

$
941.6667$
941.6667$

$
$

792.1857$
622.9974$

&

$
$

396.0928$
311.4987$

$
$

5701.108$

$

1659.112&
1405.329&

&
&

2129.945$
1876.163$

$
$

$$
1858.697$
1662.846$

$
$

Phase&3&A&is&just&a&Mars&Cycle&
&
Phase&3&B&is&a&Mars&Spin&Cycle&and&2&Moon&Cycles&
&
For&Phase&3&B&it&is&assumed&that&we&spin&up&and&down&for&each&cycle&
&
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Insertion$

Spin$

$Oxidizer$
1055.377$
Fuel$
639.6226$

Volume$
0.731884$
Volume$
0.726844$

Cost$
25782.09$
Cost$
85503.01$

Tank$Radius$
0.443719$
Tank$Radius$
0.442698$

$
$
$
$

$

$
$
$
$
$
$
$
$

Tank$
Radius$

Mass$
Volume$ Cost$$$
Mars$
Habitat$ Oxidizer:$ 586.3208$ 0.406602$ 14323.39$ 0.364768$
Mars$
Ballast$ Oxidizer:$ 586.3208$ 0.406602$ 14323.39$ 0.364768$
Tank$
Mass$
Volume$ Cost$
Radius$
Fuel:$ 355.3459$ 0.403802$ 47501.67$ 0.363929$
Fuel:$ 355.3459$ 0.403802$ 47501.67$ 0.363929$
Number$of$Oxidizer$Tanks$
2$
Number$of$Fuel$Tanks$
2$

Mass$
$
$
$
$
$
$
$
$

Volume$

Mars$
Habitat$ Oxidizer:$ 1326.192$ 0.919689$
Mars$
Ballast$ Oxidizer:$ 1168.177$ 0.810109$
Mass$

Volume$

Cost$$$

Tank$
Radius$

32397.9$ 0.478822$
28537.7$ 0.458995$
Tank$
Cost$$$
Radius$

Moon$
Habitat$ Oxidizer:$ 1157.302$ 0.802567$ 28272.04$ 0.457567$
Moon$
Ballast$ Oxidizer:$ 1035.357$ 0.718001$
25293$ 0.440895$
Tank$
Mass$
Volume$ Cost$
Radius$
Fuel:$ 803.7529$ 0.913356$ 107443.5$ 0.47772$
Fuel:$ 707.986$
0.80453$ 94641.63$ 0.457939$
Tank$
Mass$
Volume$ Cost$
Radius$

$
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Fuel:$ 701.3952$ 0.79704$ 93760.59$ 0.456514$
Fuel:$ 627.4889$ 0.713056$ 83881.01$ 0.439881$

$
$
Phase$
3A$

$

$
$

Phase$
3B$

$
$

$

Habitat$Oxidizer$Max$Tank$
Size$(m^3)$
Habitat$Fuel$Max$Tank$Size$
(m^3)$
Hub$Reserve$Oxidizer$Tank$
Size$(m^3)$
Hub$Reserve$Fuel$Tank$Size$
(m^3)$
Total$Propellant$Cost$

Oxidizer$Mass$
0.731884$ (kg)$

3549.746$

0.726844$ Fuel$Mass$(kg)$

2151.361$

Habitat$Oxidizer$Max$Tank$
Size$(m^3)$
Habitat$Fuel$Max$Tank$Size$
(m^3)$
Hub$Reserve$Oxidizer$Tank$
Size$(m^3)$
Hub$Reserve$Fuel$Tank$Size$
(m^3)$
Total$Propellant$Cost$

Oxidizer$Mass$
0.731884$ (kg)$

7466.007$

0.726844$ Fuel$Mass$(kg)$

4755.828$

3.250366$
3.227981$
60935.6$

4.770934$

$
$
$

$

4.738076$
168065.7$

$
$
This$assumes$that$3B$is$
Total$Phase$3$cost$ 229001.3$ pursued$

FINAL$VALUES,$based$on$comparison$of$constraints$in$phases$
1,$2,$and$3$
$
(m3)$
(L)$
HAB$OXIDIZER$TANK$SIZE$(m^3)$
0.731884$ 731.8844$
HAB$FUEL$TANK$SIZE$(m^3)$
0.527709$ 527.7086$
BALLAST$OXIDIZER$TANK$SIZE$(m^3)$
0.731884$ 731.8844$
BALLAST$FUEL$TANK$SIZE$(m^3)$
0.726844$ 726.8439$
HUB$RESERVE$OXIDIZER$TANK$(m^3)$
3.250365$ 3250.365$
HUB$RESERVE$FUEL$TANK$(m^3)$
3.22798$ 3227.98$

Tank$
Mass$
(kg)$
927.2815$
661.637$
927.2815$
920.4858$
9911.361$
9749.389$
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12.4.3. Feed System Design
Propulsion for the rotation of the Polus habitat is to be done using liquid bipropellant thrusters. The
feed system for this propulsion system must be able to safely pump monomethylhydrazine (MMH)
and nitrogen tetroxide (NTO) to the main thrusters to spin up and spin down as well as the thrusters
for backup attitude control.

12.4.4. Determining the type of system
The two options for feed systems are a pressurized gas feed system and a turbopump feed system.
The decision for this is based on the system requirement that the maximum amount of propellant
that the system would be need to pump at a given time is 1854 kg of propellant, which is what is
need to insert the habitat into DRO. Smaller amounts of propellant are needed to spin the habitat up
and down. Operating under the assumption that helium tanks can be refueled or replaced, for this
small amount of propellant a pressurized gas feed system would be more suitable than a turbopump
system which is typically used for systems requiring high amounts of thrust and large amounts of
propellant. Turbopump systems are much more complex, allowing more ways for failure and
requiring more upkeep over a long mission timeline. The analysis below is thus for a pressurized gas
feed system where it is assumed that the pressurant tanks, in addition to the fuel and oxidizer, can be
refueled or replaced.

12.4.5. Determining a Pressurized Gas
The determination of a pressurized gas was done based on the mass and volume required to expel
1854 kg of propellant to the spacecraft. Helium is the most widely used gas due to its low molecular
weight, but it was compared against nitrogen. As expected, the amount of helium required is much
less than nitrogen, and optimum using a tank pressure of 3000 psi and temperature of 323 K. This
yields a mass of 67.3 kg, and a maximum volume of the gas of 2.38 m3. The mass and volume were
determined using the following equations, evaluated at known densities for helium at high pressures
(J.R. Wertz, 2011):

!!"# =

!

!!,!"#$ ∗ !!"#!$%%&'(
!!,!"#$
(!!"# ∗ ! − !
)
!"#
Temperature [K]

!!"#$$%"&'(!!"#$ = ! ! !"# (1.2)
!"#

293

303

313

323

20.7

30.94

30.02

29.15

28.33

27.6

40.06

38.9

37.81

36.78

48.68

47.31

46.02

44.79

Pressure [MPa]

34.4
Table 122. Density of Helium [

!"
!!

] for varying temperature and pressure.

The gas constant for helium was taken as 2077 [

!
!"#

], and the final pressure was assumed as 698

kPa (J.R. Wertz, 2011). Below is a table of the amount of pressurant required for all maneuvers in
each phase of the mission. The table also accounts for RCS propellant and contingency in each case.
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Maneuver

Habitat
Propellant
Required [m3]
$
2.10$
$
0.00$
1.23$
0.80$
0.62$
$

Habitat
Pressurant
Mass [kg]
$
67.29$
$
0.00$
39.46$
25.55$
19.93$
$

Habitat
Pressurant
Volume [m3]
$
2.85$
$
0.00$
1.67$
1.08$
0.84$
$

Phase I
Insertion Burn
Phase II
Insertion Burn
Earth Gravity
Mars Gravity
Moon Gravity
Phase III
Insertion Burn
2.10$
67.29$
2.85$
(MARS SIM)
1.71$
54.88$
2.32$
Mars Gravity
Table 123. Total Mission Pressurant Required by Phase

Ballast
Propellant
Required [m3]
$
0.00$
$
2.10$
0.95$
0.62$
0.53$
$

Ballast
Pressurant
Mass [kg]
$
0.00$
$
67.29$
30.33$
20.00$
17.06$
$

Ballast
Pressurant
Volume [m3]
$
0.00$
$
2.85$
1.28$
0.85$
0.72$
$

0.00$

0.00$

0.00$

1.45$

46.49$

1.97$

12.4.6. Feed System Components
The feed system for the propulsion system requires fill and drain valves for the helium and propellant
tanks to start and stop the flow. A regulator is needed to control the pressure entering the propellant
tanks as the tank pressures change over the course of the mission. A number of safety provisions will
be included in the feed system to help prevent failure and mitigate risk should any failure occur.
Check valves will be used to make sure the flow is always moving in the correct direction, preventing
backflow and any inadvertent mixing of propellants inside flow passages. Filters will prevent and
catch any debris flowing through the system. Pressure relief valves will be used to relieve pressure in
the system in case of an emergency where there is too much pressure buildup during a transfer of
propellant. Isolation valves will isolate portions of the feed system in the case that something is
damaged and that portion of the system needs to be removed. Sniff devices will be used to detect
leaks possible leaks, and vibration monitors will be used in case of combustion instability. Pressure
and temperature transducers will monitor the pressure and temperature levels in different parts of the
system. Computers or a remote operated system will be needed to monitor all sensors and valves.
The fuel lines will be made of stainless steel, and oxidizer lines made of titanium to assure less
corrosion from the oxidizer flow. Below is an overall mass estimate for the feed system, and a figure
of a simplified design for the feed system.
Table 124. Feed System Mass Estimate (Moog Inc.), (OMEGA Engineering Inc.).

Item$(#$of$items)$

Mass$per$Unit$(kg)$

Total$

Helium$

455.56$

455.56$

Pressure$Regulator$(4)$

5$

20$

Fill/Drain$Valves$(12)$

0.3$

3.6$

Check$Valves$(16)$

0.3$

4.8$

Filters$(16)$

0.3$

4.8$

Pressure$Relief$Valves$(12)$

0.3$

3.6$

Isolation$Valves$(93)$

0.3$

27.9$

Pressure$Transducers$(55)$

0.3$

16.5$

Temperature$Transducers$(55)$

0.3$

16.5$
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Total$

$

553.26$

Figure 266. Simplified Feed System Schematic
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12.4.7. Propellant and Pressurant Tank Sizing
Fuel, oxidizer and pressurant need to be safely stored in order to be used for the propulsion system.
This required determining a material, mass and volume of the tank structure. For volume, all tanks
were assumed spherical for simplicity. There will be 12 tanks for propulsion. There will be a
pressurant, fuel, and oxidizer tank on the habitat, ballast, Mars SIM, and central hub. The tanks on
the central hub will be a central repository containing the amount of propellant needed for the next
stage of the mission. The tanks on the habitat, ballast, and Mars SIM will all be the same size, as their
biggest requirement is the insertion burn into SDRO that each has to perform. For Phase I, all
propellant will be brought up in the propellant tanks on the habitat. For Phase II, the propellant and
pressurant needed for the habitat during Phase II will be brought up in the central hub propellant
and pressurant tanks. The propellant and pressurant needed for the ballast in Phase II will be
brought up in both the ballast and central hub propellant tanks. Propellant for both the habitat and
the ballast will be brought up in the crew launch for Phase III and stored in the central hub. It will
then be used to refuel the habitat and ballast tanks as needed.

12.4.8. Propellant Tanks
The propellant tanks are designed to contain the maximum amount of propellant needed to perform
an orbital maneuver with 20% extra room for ullage for thermal expansion and contraction of the
propellant, the pressurizing gas, and propellant residue in the tank. For the propellant tanks a
pressure of 280 psi was assumed, based on usage of this tank pressure for the Space Shuttle Orbital
Maneuvering System (Sutton & Biblarz, Rocket Propulsion Elements|Eighth Edition, 2010).

12.4.9. Tank Material, Masses and Volumes
The size and mass of the propellant tanks are subject to the type of material that is used for it. A
trade study was done between Al 2219, Al 6061-T6, Al 7075T73, Steel 17-4PH, HR Alloy A286, HR
Alloy Inocnel 718, Magnesium AZ31B H24, Titanium 6AI-4V, and Beryllium AMS 790. The
densities and yield strength of each material are denoted in the table below. For all tanks it was found
that Titanium 6AI-4V had the smallest mass and HR Alloy Inocnel 718 tanks had the smallest
volume requirement. Since the mass requirement of HR Alloy Inocnel 718 tanks is about twice as
much as the Titanium 6AI-4V tanks, Titanium 6AI-4V was the material chosen for all tanks. Below is
a table of tank densities and yield strengths.
Table 125. Density and Yield Strength of Tank Materials (Larson & Wertz, 1999)

!"

Material

Density [

Al 2219

2850

320

Al 6061-T6

2710

240

Al 7075T73

2800

380

Steel 17-4PH

7860

620

HR Alloy A286

7940

660

HR Alloy Inocnel 718

8220

1080

Magnesium AZ31B H24

1770

165

Titanium 6AI-4V

4430

855

!!

]

Yield Strength [Mpa]
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Beryllium AMS 7906

1850

320

Propellant Tank Masses and Volumes
Using the required propellant masses, the propellant volume was then found. The radius of the tank
was then found from this volume. Using the inner radius, pressure of the tank, and the safety factor
of the tank material, the thickness of the tank was found. Using this thickness, the surface area of the
tank, and the density of the tank, the tank mass can be found. Below are the equations used.

Below is a table of the propellant tank masses and volumes.
Table 126. Propellant Tank Masses and volumes

Habitat/Ballast
/Mars SIM MMH

Habitat/Ballast
/Mars SIM NTO

Central Hub
MMH

Central Hub
NTO

0.8722

0.8783

3.310

3.333

Mass [kg]

13.08

13.17

49.65

49.99

Volume [m3]

2.95E-03

2.97E-03

1.12E-02

1.13E-02

Tank
Required Propellant
Volume [m3]

12.4.10. Propellant Management Device
In the propellant tanks there needs to be a propellant management device to ensure that the
propellant and pressurized helium do not mix and that the pressurized helium does not enter the
discharge pipe. For spherical tanks an elastomeric bladder is the best way to prevent this. Unlike
metal diaphragms, elastomeric bladders are reusable and have tested well in longevity of service life,
the best option for a spherical design.

12.4.11. Pressurant Tanks
The pressurant tanks for the system are designed to contain the maximum amount of pressurized gas
needed to expel the maximum amount of propellant needed to expel for a given maneuver. The
pressurant tanks are pressurized to 3000 psi at 393 K. Below is a table of the pressurization tank
masses and volumes.
Table 127. Pressurant Tank Masses and Volumes

Tank
Required Propellant
Volume [m3]
Mass [kg]

Habitat/Ballast/Mars SIM
Pressurant

Central Hub
Pressurant

2.85

6.45

458.5$

1038$
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Volume [m3]

0.1035$

0.2342$

12.5. Avionics and Software
12.5.1. Hardware Testing
12.5.2. Graphical User Interface and Mockup Habitat
A graphical user interface (GUI) was developed for test subjects to interact with in the physical
mockup habitat. Specifically, subjects would be instructed to complete a set of tasks within a certain
layout set up in the habitat. The tasks would include some form of interaction with the GUI. Then,
using a Cooper-Harper scale, and quantitative survey, the various nuances of the layout of the habitat
could be evaluated. As of now, this test has not been completed. However, the crew systems and
avionics teams are still working jointly to complete this test.
An additional component of the test would be to test different error messages from the GUI.
Onboard Polus, it is vital that any potential errors recognized by the flight computers result in some
error screen that is visible on the HD monitor and attention grabbing for the crew. While test
subjects complete various tasks, they would be tested on their response time to any error screens for
different models.

Figure 267. One potential error screen for the MATLAB GUI

12.5.3. Configuration
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Figure 268 shows the lengths of cables necessary for a given angle and ballast mass. As specified in 0,
the angle theta is defined as the angle from the x-axis to the ballast configuration. As theta increases,
the length of the ballast cable also increases to offset the opposing habitat mass. In the two-arm vs.
three-arm trade study detailed section 0 the line associated with two ballast masses of 20000 is used
for analysis; however, further analysis can be performed with different ballast masses.
A short study was performed with two ballast masses of 16000 kg to supplement the two-arm vs
three-arm trade study. The resulting data is summarized in Table . The first column is a summary of
the two-arm configuration analyzed previously for comparison. As noted in Table , the two-arm
design offers a much smaller additional mass and moment of inertia about the z-axis as compared to
the three-arm designs with an individual ballast mass of 16000 kg (32000 kg total).

Theta Curves for Constant Ballast Mass
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Figure 268: Ballast Lengths and Respective Angles Associated with Variations in Ballast Mass
Table 15. Two 16000 kg Ballast Mass Summary Table

Mass Arms
(kg)
Length Arms
(m)
Theta (deg)
Stability Ratio
Cable Length
Additional
Mass (kg)
Iz P2 (kgm2)

Two Arm

Three Arm

Three Arm

Three Arm

3400

-

-

-

15
-0.32
53

6
-0.36
70

15
-0.85
73

30
-0.96
80

10725
2.46E+08

15500
2.84E+08

15650
2.94E+08

16000
3.35E+08
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Harmonic Oscillations
Harmonic oscillations of human movement are also analyzed to determine whether the frequency of
human motion may cause the system to become unstable in addition to structural modal analysis.
Harmonic oscillations of humans are disturbances. Assuming that
! ! = !! sin !" !
!! = !"#$%
the solution to this problem follows Mathieu’s equations.
!!!
+ ! + 16!"#$ 2! !
!! !
! = 1−

!!
2!!!
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!!
!

∗
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where q and a are ratios used for simplifications purposes. For Earth gravity, a ranges from 0.00022
to 0.106. The q values vary depending on the magnitude of the disturbance. As long as q avoids the
regions of instability, harmonic oscillations of the crew will not cause instability. Most values of q are
large
enough
to
be
outside
of
the
stability
region.!
The solutions of Mathieu’s equations follow the graph in Figure 269. The red shaded regions
indicate instability.

Figure 269. Stability Diagram for Crew Motion under Harmonic Oscillations
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