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Abstract

As mission duration and human presence in space increases, so too will the risk of injury, and
likelihood of illness. Tensure longierm settlement of space isitu medical care will become more
essential. This report outlines three different scenarios. Scenario 1 consists of -temeaispace
station module and associated configuration to provide optimal medical sertacdee increasing
number of mission crews and space tourists transiting throughEarth Orbit in the coming decades.
Scenario 2 consists of an idealized modular ground station facility on the lunar surface was developed
with the aim of providing sustaile and autonomous medical care for future lunar settlements and
human deep space exploration. Scenario 3 consists of a concept for an artificial gravity station that
will act as a dedicated space facility in EBarth Orbit.

For all three scenarios, midl care, countermeasures, and technologies were analyzed and selected
for use in an SMC based upon their capability of providing effective care and preventative measures
in confined microgravity or reduced gravity environments. Appropriate present amndefunedical

care for space crews and tourists include primary, acute, critical, pharmaceutical, surgical, and
psychological care alongside suitable countermeasures and emergency services.

The scope of this report considers rdié¢ scenarios and currérirends in space medical practices.
This is in an effort to develop comprehensivesitu medical care in each proposed environment while
complementing current efforts in a synergistic way. The modular approach to constructing a medical
center considerscenarios pertaining to the growth of space economies feorisit missions, lunar
exploration, and space tourism.

Vi



Faculty Preface

The 20212022 MSS Program brought together graduate students from many countries with training

in different disciplines to study space. The class learned together through lectures, workshops,
assignments, individual projects and team projects. Althouglsetectivities covered a broad range

2F G2LAOAT SIFOK SYLXKFaAIT SR L{'Qa O2YYAlGYSyld G2
SRdzOF GA2y® ¢KAa e&SINDna &addzRSyida faz2z aiNBGIOKSR
teamwork, as we all facethe COVIEL9 pandemic: together, but at a distance.

During MSS21, two team projects were complet®dean Plastics and the Space Medical Center. This

report presents the findings of the Space Medical Cedt¢ra / 0 G Sl Y® ¢ KS NBLER2 NI RS
analsis of potential designs for medical centers to serve the needs of people in space, whether
professional space agency astronauts or those on holiday, and for visits that might last a few days in

LEO to those that include building settlements on a planesarface. Medical needs and capabilities

were central, but the team also considered engineering capabilities & requirements, and new funding
mechanisms that might allow the SMC to support itself, as well as cultural, ethical, and legal issues
associatedvith an international medical center.

This team included6 students from13 countries with diverse experiences and education, working
together for a fivemonth period. The team learned about medical systems used on space missions
since the first Mercunylijhts and discovered a wealth of information on medical instrumentation and
equipment. They also examined the historical and predicted needs of medical systems for space
missions and worked through potential designs for vehicle areas dedicated to méatisg needs,

all while working within the resource limitations of space vehicles and initial planetary shelters. The
breadth of their backgrounds, across engineering, life sciences, physics, and business, allowed them
to perform an interdisciplinary analigsof needs and capabilities.

The project benefited from consultation with experts in space medicine and new medical
technologies, who graciously offered their time and insights. This TP also received generous
sponsorships from NASA and CNES, whose rapegses told the team about particular agency
AYyiSNBada yR O2yOSNya (KSe gAaK G2 az2f@dSo b! {!
module that could be a medical center and also be leveraged during down time for other purposes

like biomedicatesearch. CNES challenged the students to look further into the future, to a time when

space missions would be independent of Earth support and design a medical center with sustainability

in mind. Thus, this team of students had the freedom to explorestredution of space medical centers

over time, advancing technology, and changing mission needs.

For much of the team, this project involved learning about medical care for space missions: what might
be needed, how it could be delivered, and what prepanmaichould begin soon. Additionally, the
whole team learned more about themselves as each completed their individual tasks, with continual
communication and review by other team members, moving their whole team closer toward their
common goal of a highuality design, analysis, and final report.

On behalf of the entire ISU faculty and staff, we would like to thank the team members for their
dedication and hard work, and we are pleased to share this report with you.

Virginia Wotring, PhD and Taiwo TejumolaDP
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Author Preface

The concept of a space medical center project was initially proposed by Dr. llaria Cinelli, Engineer and
President of the Aerospace Human Factors Association, and an ISU alumna. It was born from the need
to have a dedicated facility in space to facilitabee protection of the health and webeing of
astronauts, space tourists and a potential future workforce alike.

The following report has been created after an extensive literature review and multiple interviews

with experts in the field. The informatiogathered has informed a multitude of decisions made along

the way regarding both the structure and function of the medical cenfteaideoffs have been made

o &SR dzl2y G(G(KS OSyidiSNna t20FiA2yY dziAftAlgx &AT S
others. Each iteration has been reviewed anebvaluated for its feasibility and usefulness. The final

result is ultimately an amalgamation of the medical, legal, political, ethical, scientific, entrepreneurial,

and architectural factors that combine form a complete and functioning medical center.

It is also worth mentioning the environment in which this report was created, as it has been a
challenge to accomplish this task in the era of social isolation and confineWerking out problems

on a shared whiteboard or having brainstorming conversetim the same room have been replaced

by sharing ideas via online Apps and virtual meetifige chemistry of physical interaction and looking

2P0SN) 2yS y20KSNDa &aK2dzZ RSNBR F2NJ ARSIFA& yR |aais:s
via text,through social media and various productivity programs. This project was created using Miro,
SketchUp, Slack, Trello, and Zoom, and has been formed through a combination of teamwork over
adversity and cooperation over confinement. The structure and cdrdaema tribute to the students,

faculty, staff, alumni, and colleagues of the International Space University.
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1. Introduction

The near future will likely see humans spending greater lengths of time in deep space as exploration
and business opportunities are exploited. Advances in technology will aid in both the transportation
and ultimately the settlement of humans in this news@menment. However, technology alone cannot,

as of yet alter the fact that human beings are inherently vulnerable to many factors within the space
environment. They are susceptible to disease and injury, can suffer trauma and develop infections,
whilst al® being prone to mental health disorders due to isolation and confinement. Therefore, as
humanity plans an increasing number of expeditions into space not ohtyirEarth orbit (LEO) but

also with the longeterm goal of returning to the lunar surfaces@ess to medical facilities on a regular
basis will become critical to mission success.

Prevention and protection for medical conditions are valid countermeasures. However, it is
unreasonable to rely on them alone. Humans are complex biological orgaaistnare prone to
unexpected injury or dysfunction. When this occurs, diagnosis and treatment are the mitigating
factors. Therefore, the argument can be made for the provision of professional medical services to
protect the most important payload of any rsisn, the human crew. A space medical center (SMC)
would be a definitive solution for this problem.

The SMC will serve as a multifunctional unit. It will provide patient medical care including primary,
emergency, and critical care. It will also offiental services, nursing care and mental health care and
counselling, along with a comprehensive exercise countermeasures area. The center will be capable
of facilitating a variety of commercial research experiments, whilst also provimigging staff
training all in one spacelt shouldbe able to accommodate these diverse functions and convert
between them quickly, serving as a comprehensive, multipurpose spatecious facility.

This comprehensive medical center will act as the central hub for creiggiion, serving aa refuge

from radiation, hypobaric pressure, and psychological stres8. g Af t Fdzy OdA2y | &
emergency room, surgical suite, intensive care unit, recovery ward, and rehabilitation center, all in
one. From routine health care and health maintenance, to complicsiegery this facility will be the

clinic andhospitalneededto ensurehumansurvival and optimal function in deep space.

Threedesigns for an SMé&re presentedin this report with each pertaining to a different location in

space. The first design creates an SMC as an attachment to the International Space Station (ISS) in
LEO. This station would be assembled on Earth and transported to the ISS by a heavy launch vehicle.
This ¥sion is a more practical, near term solution for LEO to service astronauts and space tourists alike
and its design is based on currently available technology. The second design is for creating an SMC on
the lunar surface, which would be partially assendld@ Earthwith final assembly ossite on the lunar

surface. This SMC would be larger, enabled by its modular assembly, giving it more workspace and
room for medical, research and exercise equipment. This would be a moreemidsolution where

more expenmental and nottoo-distant future technologies could be employed. Finally, the third
envisions an SMC in as part of a large, rotating space station in LEO. The assembly would be piecemeal
in orbit and it would have a greater capacity for medical and reseaguipment than the previous
iterations. This rotating circular space station would also be capable of generating artificial gravity at
one-third of the force on Earth and much more futuristic technologies could be included within its
design. Combined,hese three scenarios represent the three stages of a potential plan for the
evolution of an SMC into an ever larger and more complex and futuristic structure over time.



The core function, however, would remain the same across all SMC designs and thdgdaribed

here will provide the full gamut of healthcare, from primary to tertiary care. Capabilities will exist for
routine care and health maintenance, along with emergency care, surgical care, and intensive care.
The personnel on board will also beaitmed in a full spectrum of services, that also include
Gynecological and dental care. Each single center will encompass all aspects of health and will be
capable of changing from one mode of care to another in the same space as the need arises.

To explamn the need for a comprehensive medical center in space, the Exploration Medical Capability
(ExMC) of the NASA Human Research Program (HRP) has identified one hundred health conditions
that are likely to affect crews on deep space missions (Watkins, Baarstman, 2011). This Space
Medicine Exploration Medical Condition List (SMEMCL) provides an evibaseée rationale to
prioritize conditions that will be addressed by the medical center. Topping the list are the most likely
and most treatable conditiosy such as nausea, headaches, back pain, and skin rashes. Other
conditions may be less likely but may have more severe consequences, such as appendicitis,
cholecystitis, pancreatitis, or an anaphylactic drug reaction. For deep space exploration, these
ailments will require mitigation when there is no reasonable expectation of an expedient return to
Earth for further care. Therefore, it would be preferable to first learn how to treat these conditions in
LEO, which will also provide an ideal location to actaaproving ground for assessing new and
upcoming medical capabilities and testing their suitability for future deep space exploration. The SMC
LEO module will act as an ideal testbed for this.

Other services will also add to the complete picture of cdter exercise countermeasures, the SMC
LEO will provide limited exercise equipment since the bulk of such equipment will already be available
aboard the ISS. The SNION on the lunar surface, however, will incorporate comprehensive exercise
countermeasurs due to a greater availability of space and the added benefit of gravity. Rehabilitation
and Nursing care will also be important, and mental health care and counselling will be essential to
treat the stress of living and working in the extreme environmaideep space.

All versions of the SMC will also serve as a basic science and clinical research laboratory for the
majority of the time when not providing direct patient care. The resources of the medical center will
be devoted to biological experimenits microgravity and reduced gravity. Physiological, cellular, and
sub-cellular investigations will be conducted, either directly by SMC staff, or with assistance from staff
on autonomous, selfontained experiments. In some cases, the same resources tiedli¢ca
diagnostic clinical work will serve both clinical and research functions. Clinical diagnoses can also
benefit from other high powered research tools, and specialty trained personnel who operate them
on board the medical center.

The research conduetl on board the SMC will be revenue generating and business partnerships will
be formed with private corporations, space agencies, government science agencies, foundations, and
universities. These customers will be able to rent research space for theiriegnts and have SMC
personnel perform the research or assist. The commercial research carried out will generate profits to
offset the cost of creation and maintenance of the medical center and will be the mainstay of income
for the SMC.



Across all disciplines, several aims and objectives have been generated to guide the focus of the SMC.
The selected aims listed here in Tablevdre chosen as a sample to demonstrate the goals to be
achieved by the design, and the objectives state the meé#hto achieve them.

Tablel: Aimsand Objectives to Determine the Direction and Design of a Space Medical Center

Aim: To develop optimal business opportunities for commercial research
Business To identify theappropriate customers for commercial research
Objectives: X ; ; : :
) To establish strong business relationships with customers and potent
customers
Aim: To provide excellent healthcare to astronauts and space tourists
Medical To provide extensiveraining for medical personnel
Objectives:
To have the most up to date and reliable imaging methods in space
Aim: To perform grounebreaking research in space
To provide customers with highly desirable research equipment and
Research resources in space
Objectives: | 14 facilitate customers with technical support, scientific consultation,
and the hardware facilities and utilities they require
To create a structurally and functionally sound medical center over th
Aim: longterm that complies with the given project constraints and exceed
its requirements
Engineering To provide radiation shielding that exceeds the protection of the curre
o ISS modules
Objectives: [ 14 create a multifunctional SMC that converts instantly fresearch to
medical care areas
Aim: To protect the intellectual property of commercial research partners

o To streamline intellectual property and export control regulations
Objective: | gocumentation

) To provide inclusive ancllturally appropriate elements and practices ¢
Alm: the SMC

Ethical

o To identify direct and indirect implications of béthical considerations
Objective: | jnyolved in the developmental phases of an SMC

To reiterate, the SMC will be a comprehensive medical center with an advanced biomedical research
facility along with an exercise and rehabilitation center, all in one. Its function will chandemand

based on need and it will also act as the centrdd Far crew protection, where it will also be a place

of refuge from radiation, hypobaric pressure, and psychological stress. From routine health care, and
health maintenance, to complicated surgical procedures, this facility will be the clinic and htrsgital
human crews will need to guarantee survival and optimal functioning in deep space.



The goal over the next few decades will be to send crewed missions to both the Moon and Mars,
therefore it will be essential to prepare for these endeavors. Testm§MC first in LEO, and then on

the lunar surface, could be a crucial first step towards guaranteeing future success on other celestial
bodies such as Mars. The designs presented in this report can hopefully function as a test for future
plans needed folonger duration missions.

The report below, gives the reader a tour through the considerations required and the designs planned
for the three iterations of the SMC.hbegins in Chapter 2 with a description of the different scenarios
for the site plannedor the SMC in LEO, on the lunar surface, and in LEO with a rotating station with
artificial gravity. This chapter also identifies the potential customer bases for the commercial ventures
of the medical center. Chapter 3 presents the design of the mederater in LEO, with detailed
descriptions of its architecture, logistics, and functions. Chapter 4 gives a similar yet abbreviated
description of the medical center on the lunar surface, with the advantages stated for the benefits of
gravity and additionalvorkspace. Chapter 5 presents design and considerations for a medical center
on a rotating station in LEO orbit, creating artificial gravity. Chapter 6 assesses the necessary risks and
technological constraints that each iteration of the SMC will encaur@hapter 7 turns the reader
towards the business aspects of these three locations, with further analysis of investments and costs,
and finally, Chapter 8 explains the legal and ethical considerati@mismust be dealt with before
embarking on a ventursuch as this. The policies, treaties, religious and ethical constraints, and
requirements to be respected are discussed. The circumferential view given by these multiple
approaches will combine to form the holistic model of an SMC given here.



2 Scenario Comparison

Scenario 1 Scenario 2 Scenario 3

STAGE | STAGE Il STAGE 1
The SMC located in LEQ as an The SMC located on the The SKIC as a gravity wheel
attachable module to the 155, Lunar surface, located in LED.

This report is outlined using a three-step approach, where each step will represent a forward journey that
will see humankind expanding beyond LED and into deep space. For each step, we will propose three
configurations far an SMC, These proposed configurations will be the initial attempts of implementing

dedicated medical and research facilities in LEQ and the Moon and will act as both support and facilitators

for hum an settlement in space.



The SMC cabe designed in different waydepending on location, intention, and purpose. The
proposed plans for developing SMC iterations are divided into three scenarios or stages. They give a
stepwise approach to thpossible forms that an SMC could assume over time. In theteear, an

SMC module in LEO, about the size of the Columbus module, that can attach to the ISS. Further into

the future, after creation of the Lunar Gateway planned by NASA, ESA, JAXA, arghdtiers, an

SMC could be placed on the lunar surface. Still further into the future, an SMC could be idealized as
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have been proposed to adapt togtadvancements in spaceflight as humans travel further away from

Earth.

2.1 Space Medical Center: Low-Earth Orbit

This first stage of the designs for an SMC will reside in LEO, hereafter referred to 4£GMC
Currently, the most likely location for a mieal center for both patient care and commercial research

is as an attachment to an existing or upcoming space station. The ISS is the most likely host and there
are plans for private and public space stations from Axiom Space and the Russian and Chinese
governments within the next decade (Axiom Space, 2021; BBC, 2021). With these in mind, the SMC
LEO was designed to be attached to the ISS, but with international docking capability that would mark
its compatibility with indevelopment stations.

LEO is th@bvious first step since it is the nearest and most accessible location, and therefore has
several benefits. An SMCEO is the easiest to reach and resupply. The ISS is already established with

an excellent performance record. The crewmembers will belegntie Van Allen radiation belts and

will experience less radiation exposure during sojourns. Evacuation, if necessary, can be accomplished
within 12 hours. The ISS has a wetictioning ECLSS system, and its large solar arrays provide ample

power. Forhese reasons,theSMCO9h | G+ OKYSy (i 02dzZ R 60SYySTAG FTNRY
power systems, while in return offering medical services and payment through funds generated by
commercial research and healthcare for space tourism.

For medical operabns, the goal is to provide a neaomplete spectrum of medical care and an
extensive capability for biomedical research. The SMO will be equipped to be a primary care clinic,
emergency room, limited operative suite, intensive care unit, exerciséealth maintenance facility,
psychological counseling office, and rehabilitation center. It will also host an extensive core laboratory
with appropriate technology for a wide variety ofsitu research applications. Additionally, rack space
will be made gailable in the walls and ceiling for customizable and custedneen research projects.

2.2 Space Medical Center: Lunar Surface

The next step for the SMC concept will be for a medical center on the lunar surface, hereafter referred

to as SMA@.UN. This ekign is in anticipation of the increase in lunar habitation that is expected to

occur over the next few decades. After the Lunar Gateway concept has finished construction by the
YSYOSNE 2F b! {1 Q& ! NISYA& LINE 3INJI ohihe MdostNSBrvieeA £ £ 6 S
the researchers, construction workers, and possibly miners that will occupy the first lunar habitats.

There, they will be isolated from the Earth by a matter of days, without the possibility of a speedy
evacuation to Earth in the ca®f a severe illness or injury.



The SME.UN will be larger than the SMEO module. Though it will be costly to deliver building
materials to the Moon, gravity will be a benefit throughout construction, arsittn materials can be

used foradditional support and for radiation shielding. Therefore, the radiation and micrometeorite
shielding can be less than that of LEO, which can save considerable weight and cost. Also; the SMC
LUN could potentially be constructed within a lunar lava tubegctvicould save considerably on the

need for radiation shielding.

The functions for treating patients and performing research offered in an-SB@Cwill be the same

in an SME&.UN, with some modest additions. With the addition of gravity, open surgicatguoes

can be performed, which could make the difference in saving lives and ensuring individcadiwell
Additionally, more space on the Moon can facilitate the use of exercise equipment and a laboratory
research space. Also, since an SIMUN is planng for approximately 10 to 30 years in the future, the
emergence of new technologies for use in both medical care and research could be of great benefit.

2.3 Space Medical Center: Gravity Wheel

155 Life Science Commercial
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hereafter referred to as SMGW. For this stage, which will occur further com
the fLJture, than the lunar surface design,vthe,SKB(AN will Eenjoy both 8 Airbus DS Space Systems ,
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similar to andyet superior to working on the lunar surface. Open surge E;‘;SEWESPECETECh'

. . . . -Dynamac
will again be possible, and emergent procedures such as cardiopulmo  gmerald city initiatives
resuscitation (CPR) will be more practical. Being located in LEO will al HNu Photonics
beneficial for simpler and more rapid resuigs for commercial J2%PSXPrsS

) ) ) ] KBRwyle
experiments, medical supplies, and pharmaceuticals. Leidos Innovations

Micro Aerospace Solutions
o ] Manoracks, LLC
2.4 Customer ldentification Paragon Space Development

. . . .. . L. . i  Sierra Nevada Corporation
Before delving into the technicalities of the individual SMC iterations, | space Tango, inc.

important to understand the kind of customers the facility will cater to. SpacePharma

principle, the SM&ZEO ould attract some of the same customers as the I I::::;:r?: Brown Engineering
The commercial partners that have been performing research with the thalesaleniaspace

may wish to expand their ispace research capabilities and welcon Thinkspace
additional facilities with a dedicated research staff. NASA&sgained by ﬁgiﬁimeermg

law from competing with the private sector in LEO, therefore if a U.S. EI zinTechnologies

is able to provide resources, such as commercial research capability, [vnon

would be able to migrate those services to a rgovernmental provider Figurel: List of
(NASA, 2019a). Meaile, for clinical activities, the SMC could provic companies and research
insurance and fedor-service care to private astronauts while possit Partners for commercial
providing medical care to governmental astronauts if certified by 1 SPace life sciences
Multilateral Medical Policy Board (MMPB) and Multilatereh&pMedicine

Board (MSMB) of the ISS (Nicogossian et al., 2016).
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2.4.1 Customer Segment: Commercial Research and Space Tourism

Spacebased research is a proven asset to develop new technologies and processes that take
advantage of the microgravity environment offered by ISS facilities. Democratization of space will give
companies more opportunities to perform innovative researshspace, thereby generating new
commercialization opportunitie€urrently, the ISS provides a testbed for new technologies, allowing
developers to characterize, optimize, and qualify hardware performance and elaborate on space
gualified equipment which aain turn enable other applications. @fmost 3,000 experiments on the

ISS, over onthird of them have been for biology and biotechnology (Witze, 2020). The main research
activities carried out in an SMC will be life science research and technology steations. The SMC

LEO could expand opportunities for companies to carry on those kinds of research, creating a
profitable niche for itself and serve as a spacious testbed for new technology.

Commercial space tourism, unlike research applications, lignstit infancy. This stage is commonly
NEFSNNBER G2 Fa + aoftdzS 20Styzé YSFIyAy3a |+ ySs
entrepreneurs can experiment with novel business models to create value and intercept untapped
customer needs. In the next dade, LEO will become an increasingly popular space destination. The
ISS, in particular, is attractive as a tourist destination for stays longer than a few days. AESMC
strategically integrated in a business model, can represent the enabling eldamegenerate profit

(Axiom Space et al., 2018dm both public agency and private astronauts.

While private astronauts could potentially be anyone with the means and availability to travel to
space, public agency astronauts are selected by nationabspgencies. Historically, new candidates
have ranged between the ages48and 46, with the average age beiid However, the average age

for astronauts transiting through the ISS is 43 years for females and 46 for males (NASA, 2013;
Stierwalt, 2020). Aditionally, these individuals are deemed both physically and psychologically
healthy following a rigorous selection process with excellent medical care between selection and
mission operations.

Meanwhile, space tourists may not have the same fithess $enfgpublic agency counterparts. Space
tourism is currently marketed to a small audience consisting of higlwoeth individuals. In general,

they are older. The average age for this crew is 62 years, with a range from 50 to 70, with a retired
NASA astroaut as mission commander. These types of individuals may need more medical care and
be in a position to afford high quality care at a premium. Over the next several decades, it is likely that
private astronauts will outnumber their institutional counterpsr The average age of early space
tourists was 50 years, which could potentially develop into an increasing market.

2.4.2 Future Perspectives for the Lunar Surface

Expansion beyond LEO to the Moon andlwigr space will be gradual and driven fmacticality.
Expansion in these environments will mainly have a scientific focus, with a similar purpose as scientific
facilities in Antarctica. Initially, there would likely be few economically profitable activities in an SMC
LUN. But with Artemis progna, a return to the lunar surface is expected by the mid 2020's with the
end-goal of establishing a permanent settlement: a task that will continue for well over a decade.



Concerning the number of humans working in space, the number is assumed to indueasdower

costs, easier access to space, and a growing infrastructure. It is reasonable to expect the number of
people conducting work in clanar space to approach the number of people working in Antarctica,
reaching up to a few hundred by the mid lte 21st century. Therefore, the need for an SMAIN

will continue to expand with the population.

The three iterations of the SMC will be developed to accompany human expansion further into space.
Through offering dedicated medical carefdvate astronauts, public agency astronauts and space
tourists, and through providing ample research opportunities in unique locations, the concept of an
SMC would help human wedking and scientific advancement flourish in-BHrth environments.
Therebre, a dedicated SMC will permit humans to create a sustainable presence in LEO and on the
lunar surface.

Therefore, in summary, there will be three versions of a space medical center presented in this report,
in LEO, on the lunar surface, and on a gyawiheel in LEO. Each will have core functions which are
similar, such as extensive medical care for a multitude of conditions;lénghlife sciences research
capabilities, and an interactive training center for EadiSMC and SM-Earth educationYet,

each will vary because of the absence or presence of significant gravity and the availability of extended
workspace. Each will also share similar opportunities to generate revenue through commercial
research and clinical care, yet each will have 8liglifferent customers and different capabilities to

offer them. The business model of the SMC, overall, will be discussed further in Chapter 7. Next, the
design for the SMC in LEO will be discussed, followed by chapters for the SMC on the lunar surface,
and as part of a rotating station in LEO.
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Scenario 1

- The first sceg’a’ri() is placing an SMC in LEO, the nearest and most accessible location when going into space.

- would be an attached module to the ISS, a station capable to supporadsvities. This section shall propose the fi

~ purposes of an SMCEO: a health and performance clinic, an emergency center, an exercise and rehabilit
facility, a training center, and a life sciences research facility. Furthermore, it will discussl#sign and architecture
for Scenario 1.



The first gie chosen for an SMC is near to the Earth, in LEO. Just as for the decisions that were made
for the location of the ISS during its creation, the SMC in LEO will follow the same path. This area of
space is within closest reach for launch widdsd fuel required than a medium Earth orbit or a
geosynchronous orbit. This also simplifies resupply and evacuation in case of an emergency. The
radiation levels are also lower here and communication with the ground is nearly seamless. For these
reasonsand to test the SMC concept near to Earth, the position in LEO was chosen as a first step. The
following chapter now describes all of the aspects to be considered in the SMC design, from medical
operations to research processes to engineering plans. Eatios will detail the planned activities

and capabilities of an SMC. This will be the largest and most detailed description for an SMC site since
it explains the core functions that are consistent among all SMC designs, in LEO, on the lunar surface,
and n an artificial gravity station.

LEO is a proving ground for exploration of deep space. It is where hypotheses are tested before
venturing further from Earth, with firmer conclusions to guide longer explorations. It is also a place to
test scientific theories and technologies without pertaining to exploration of the solar system. Many
discoveries have been made aboard the ISS for basic science and biomedical research, and many
technologies have been advanced in space that have developeditiah¢errestrial spiroffs. For
example, the fifth state of matter was achieved on the ISS, and a possible treatment for Duchenne
Muscular Dystrophy is in trialkased research with protein crystals on the ISS (Rainey, 2015; JPL,
2020). For this reasothe SMGLEO will be a center for healthcare and biomedical research, with the
majority of operations spent on research. It will function as a commercial laboratory and offer space
for specialized and individualized research supported by-EMT staff.

Medical care is also a core operational function of the SMO. It will serve as a hospital within a
space station treating patients with common and minor ailments as well as those with the rarer and
more serious conditions. The SNIEO will provide routin@rimary care with basic examinations,
testing, and pharmacological treatments, and it will act as a human performance center, emergency
room, critical care ward, and psychological counseling center. There will be slight differences in the
treatments giverin SMGLEO from the lunar surface and artificial gravity environments, but the basic
clinical care and research services in an $MO will establish the foundation for future-gpace
medical operations and research opportunities.

The SME.EO is requigk to provide basic care in routine situations and more advanced care for
emergent conditions. Basic routine care shall include the use of appropriate pharmaceuticals for
common ailments, diagnostic testing, and dental repairs. Emergency and criticalhedirenslude
airway management, ventilation, defibrillation, trauma care, andépth monitoring (NASA, 2006).

3.1 Low-Earth Orbit Health and Performance Clinic

3.1.1 Primary Care

Primary care is the comprehensive practice of caring for individualshwheludes addressing both
physical and mental health requirements. Routine care aboard the ISS consists of basic physiological
monitoring and treatment for minor ailments with pharmaceutical applications such as analgesics,
anxiolytics, or antidepressamiHodkinson et al., 2017). Simple diagnostic imaging will be performed
with a portable ultrasound, which is a useful, versatile, hapttl device capable of imaging many
areas of the human body. The primary care requirements for an-iISB@Care provided iRigure2.
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Requirements

The space medical center shall provide:

* Diagnostic imaging with portable ultrasound, a valuable diagnostic aid

s Point-of-care (POC) blood testing, important for rapid diagnosis on-site

* Medications to treat common ailments. Pharmaceuticals are a large part of medical treatment

» Obstetrics and gynecological (OB/GYN) care. It is imperative to provide gender-specific care
{155 MORD)

Verification 1: Identify portable ultrasound and training

1 2: |dentify POC training and equipment
erification 3- Identify the medication list aboard the space medical center

Jerification 4: Identify pressurization hatch and training for decompression

Figure2: Primary medical care requirements for a Space Medical Center.

Key parameters for monitoring crew health will include blood pressure to monitor the effects of the
microgravity environment and radiation exposure. Blood pressure has traditionally been monitored
on the ISS via a leg cuff (Wood et al.,, 2019), but with atleent of smartwatches and more
personalized bianonitoring devices, it is now possible to obtain an almost nonstop flow of biometric
data from astronautsOne such device is Astroskia wearable system incorporated into a shirt that

is able to monitonot only blood pressure and pulse rate, but oxygen saturation levels and breathing
rate - which was developed by Hexoskin and fundedh®yCanadian Space Agency (Q€ahadian
Space Agency, 2019). The use of such personalized devices will form aal iptegof the ongoing
routine care and monitoring in an SMEO. Radiation levels will also be monitored via Crew Passive
Dosimeters (CPDs), which space crews will wear throughout a given mission (Schimmerling, 2009).

Eye health will also bmonitored closely on missions due to the potential development of Spaceflight
associated Neurocular Syndrome (SANS): a condition causing vision problems characterized by the
flattening of the sclera, choroidal and retinal folds, hyperopic refractivereshifts and optic disc
edema (Afshinnekoo et al., 2020; Lee et al., 2020). To date it is still unknown as to why SANS occurs
(Lee et al., 2020) and there are no countermeasures that currently exist. Therefore, routine eye exams
will be carried out reguldy on the SMEEO using a combination of an ophthalmoscope, Optical
Coherence Technology (OCT), and orbital ultrasound. Routine blood work for basic chemistries and
hematology, as well as urinalysis, will be performed with poirtare testing devices, aeded.

Space crews will also be subject to audiological exams both before and after missions. Monitoring
hearing once on board the ISS, however, will be more difficult due to the relatively moderate to high
levels of ambient noise that are produced Ilhetlife support system. However, recent experiments
conducted aboard the ISS itself, have exploited otoacoustic emissions (OAEs), which have allowed the
monitoring of auditory changes in a quick, riowasive objective manner (Moleti et al., 2019). Such
audiological assessments will be implemented into the medical centers routine as and when they are
developed.
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Gynecological health in space crews has not been a priority field of research to date, but future
missions will see astronauts subjected terigased lengths of time in deep space where routine
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that urinary tract infections and urinary retention are common conditions that occur during
spaceflight ot can be easily treated with oral antibiotics (Drudi and Grenon, 2014). Venous
thromboembolism also has a risk of occurring during spaceflight. On Earth the risk is increased for
women who also take the combined oral contraceptive pill, but a study omlte@stronauts found

that taking oral contraceptives does not increase this risk in space (Jain et al., 2020). However, further
research is still required to fully evaluate the effects of spaceflight on female physiology and
gynecological health before Iger duration missions can take place. The SMO will therefore serve

as an ideal testbed to implement such research.

3.1.2 Pharmacological Care

Medications will be a mainstay of care aboard the SNED. For most common ailments and some
more serious enditions, pharmaceuticals will serve as a simple treatment option. The NASA Human
Research Roadmap of medical conditions in space considers medications to be the primary
countermeasure for most conditions, including infections, bone loss, sleep jsamedehavioral

issues (Blue, 2019; NASA, 2021a). Similarly, the NASA Exploration Medical Capability (ExMC) has
stated that pharmaceuticals are the single most important element of complete medical care, possibly
equaling over ondourth of all medical interentions (Blue, 2019). This means medications could
comprise more medical interventions than medical imaging, procedures, and surgical interventions,
combined (Antonsen, 2018).

The SME.EO will stock the same classes of medications currently availalhe dSS. These include
antiemetics for nausea, nesteroidal antiinflammatory drugs (NSAIDs) for minor pain, sedatives for
insomnia, oral antibiotics for minor infections, and intravenous antibiotics for more serious infections
(Taddeo, Gilmore and Artneng, 2019). Meanwhile, the shdife of a medication could be altered by
NBY2@AYy3 AlG FNRBY GKS YIydzZFI OGdzNBNRa LI O1F3IAy3IoD
is possible that not only the shdife could be reduced but the effectivenestaomedication as well
(Wotring, 2012). Removing medication from its original packaging, however, is common practice in
spaceflight to reduce size and pack efficiently (Wotring, 2011; Blue et al., 2019). In fact, this is
considered a knowledge gap in theASIA HRP Roadmap requiring further research in space (NASA,
2021b). There is a NASA Human Health Countermeasures study with planned funding to evaluate the
effectiveness of all ISS medications not covered by previous FDA or National Space Biomedical
Researh Institute after prolonged spaceflight (NASA, 20204SA, 2020b This is necessary to close

this knowledge gap to understand the medical resources available for long duration exploration.

An SME.EO pharmacy will include routine medication for pain, allergy, congestion, and sleep
disorders. However, emergency, critical, and surgical care also require specific pharmaceutical
capabilities while also dealing with long conservation constramts, anesthetics, vasomodulators,
neuromodulators. A better characterization of pharmaceutical formulation and packaging is required
to enable efficient and suitable capabilities in space and to enhance molecular stability anlifeshelf
over high g loa@dnd vibration at launch, but also microgravity (Putcha, 2011; Daniels, 2017).
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3.1.3 Psychological Care

It is imperative to consider appropriate countermeasures and treatments pertaining to the
psychological webeing of space crews and tourists. AhRA @A Rdzl t Q& LA @ OK2f 23A 0!I
their ability to withstand the rigors of space and adjust to the various factors of isolation, confinement,

and stress (NASA, 2011a). It is common for individuals to exhibit psychological symptoms including
decreased concentration, decreased motivation, somatic disturbances, and changes in mood or
behavior when placed in an isolated, confined, or stressful environment (Clement, 2011). AtEGMC

will be equipped with the proper tools and treatments to ensure voeling and psychological health.

Many psychological symptoms in space can stem from a range of stressors. External stressors can
include microgravity, crew size, equipment malfunctions and the dangerous nature of space (Kanas,
2016). Internaktressors can include isolation from family and friends, interpersonal conflicts, sleep
disturbances, and confined conditions (Manzey, Schiewe, and Fassbender, 1995). The longer an
individual spends in space, the longer they will be exposed to psychdlegissors which can result

in the development of more severe symptoms. Most commofligit symptoms tend to be mild,
including depression and anxiety. However, increased durationsgace travel and the introduction

of space tourism could lead to¢hdevelopment of more acute psychological symptoms.

Therefore, an SMCEO will need to be able to support psychological conditions, both mild and severe,
through a combination of countermeasures and treatments. All countermeasures and treatments,
however,will need to operate with the singular aim of providing space crews and tourists with the
knowledge and ability to not only stabilize any psychological symptoms, but maintéighin
performance and minimize risk to crew wbking via iAflight monitoring, inflight support, and
pharmaceuticatare(loc. Cit).

In-flight monitoring can be used to identify potential psychological symptoms or conditions early on.
Monitoring cognitive performance, workload, sleep, stress, and behavior can prevent psychological
issues from becoming serious threats (Kanas and Ma@g@&g). This can be achieved either remotely
from Earth or through o#hboard monitoring through individual seffionitoring tools. However,
remote monitoring can have a potentially negative effect on space crews if it is viewed as a crew
control tool rather han a support measurdog. Cit). Therefore, an SMCEO would be equipped with

the necessary equipment for dooard selfmonitoring.

The orbital module will be equipped with both the Windows Spaceflight Cognitive Assessment Tool
(WinScat) and the Mini@oRapid Assessment Battery. The WinScat offers five neurophysical tests to
assess various cognitive functions including memory, attention, and spatial imagery and to provide
the user with an overview of their psychological state. In contrast, the Mini@pgl RAssessment
Battery offers nine tests to assess areas of cognitive function and can be used as an early warning tool
to identify decreases in cognitive performance before symptoms arise (Kanas and Manzey, 2008). An
SMGLEO would employ both systemsrtmnitor crew psychological states and to mitigate cognitive
decrements. While this technology is already available on board the ISS, relocating it to &4ESMC
module would allow psychological evaluations to become a part -@felekly or monthly physical
medical care for a more homogenized understanding of crew-esfig.
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Inflight support countermeasures are largely used to alleviate psychological symptoms such as
depression and anxiety that commonly arise due to monotony, boredom, isolation, afidement.
Common irflight support countermeasures in LEO include psychological counselling and the use of
leisure material (Slack et al., 2016). While these have been effective in mitigating mild psychological
symptoms, their effectiveness in mitigatingvere symptoms in space have not been tested.

Private psychological conferences (PPCs) are an effectilighihsupport countermeasure. PPCs can
provide secure professional counselling between individual crew members or tourists in space and
psychologial support staff on Earth. PPCs can help maintain crew behavioral health and performance
through open and honest communication (Kanas and Manzey, 2008) and by providing coping
mechanisms for potentially negative psychological symptoms (Slack et al.,. 20i%)therefore,
necessary to equip the SMEO with the proper means to provide PPCs.

As medical care in space advances, psychological counselling could be prescribed as pagpaan in
treatment regimen. Having PPC technology available in anlS\Ccould help individuals receive
immediate or emergency psychological support. The technology could range from an integrated video
communications system within the module racks or could be accessed via designated password
encrypted laptops to ensure pdaey and information security. The option of developing a seund
proofed cabin within the orbital module for privacy was also proposed but was ultimately disregarded
due to available space. Instead, the orbit module itself would be equipped for privata-bséneen
routine care and research periods to offer scheduled and emergency PPCs.

Another necessary support countermeasure is the availability -fifght leisure material to combat
psychological symptoms stemming from boredom or monotony. To datjrieimaterial in space
including books, music, videos, and recreational softwarbave been compiled based on the
individual crew member interests and either sent ahead or following their arrival in ¢gacas and
Manzey, 2008)However, this presupses that the needs and interests of space crews are stagnant
and welldefined. Over time, it is common for individual interests to change. ThelSMCmodule
would be designed to provide -ftight leisure material to cover the needs of both space crews and
tourists.

Since space is limited within an SMEO, the module will be equipped with several tablet devices,
such as Kindles or iPads, and kigipacity, external hard drives which would contain large libraries of
available books, videos, music, and f@graphs. External hard drives are both ligitight and
portable. Similarly, tablets are lighteight and multipurpose which makes them ideal foflight use.

An onboard, digital library would not only provide an effective and countermeasure to psygibal
symptoms but would provide an immediate response to changing interests thereby mitigating
temporary or prolonged psychological conditions stemming from monotony and boredom.

Further, an SMCEO will be equipped with appropriate medicines and phaeutcal treatments for
psychological conditions. However, medicines should not be viewed as cures alone. Instead, they
should be used as part of a larger treatment program involving either psychological counselling or
rehabilitative measures (Mental HehalAmerica, 2021).
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Some medications have higher demand than others. The average usage for antidepressants and
anxiolytics in space is relatively low. In contrast, sleep medication usage is much more pervasive with
approximately 78% of surveyed crew members having taken siesgication during spaceflight
(Barger et al., 2014). Since sleep deprivation or interrupted sleep could increase the risk of human
error, the amount of available medication aboard the module should reflect the demand. The SMC
LEO will need to provide lagg quantities of sleep medication for losftigrm space crews without
sacrificing the available quantities of other medications (i.e., antidepressants, anxiolytics, etc.), which
could see a higher demand among shimms space tourists.

However psychological medicine use in space is not without risks. To date there has been inadequate
tracking of medication uses, prescriptions and side effects in space (Wotring, 2015). While medications
have proven to be successful in space, they are not guaednte be effective for every individual
therefore potentially leaving some psychological conditions untreated. Further study of the efficacy
of available medication and a detailed scope of their side effects are essential before committing
psychological mgications for general use in space crews and tourists.
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Figure3: Available colors for spacecraft interiors. Hues with increased brightness and saturation are relegated
to sparse use whereas soft colors are used in greater #aqu (NASA, 1995).
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An adjunct to psychological care is the selection of ambient color in alLEH@CThe use of color must

be selective to care for a wide range of people while minimizing negative emotional responses. Color
can have a profound influence on mood, human bebgwand decision making, and the brightness
and saturation of certain colors can lead to visual and psychological overstimulation (Sanad, 2017).

Individuals may attribute different emotional responses to the same color. Certain colors that could

benefit medical staff could have negative effects on patients, and contrariwise (National Bureau of
Standards, 1978). Muted colors are proven to increase morale, productivity, and concentration in
YSRAOIT adlFTFE GKdza €SI RAY2yBAQF$ NENILNRBSY i 25 M
satisfaction, recovery and reduce stress (Ghamari and Amor, 2016). AALBM@iill follow the
NEO2YYSYRSR 02t 2N aSt SO0 A 28 whichNicludds SHoited & belge, A y (i Sy
straw, ivory, pale yellow, pa blue, white and light grey (NASA, 1995). Using these natural and light

earth tones, an SMCEO will be able to control the psychological impact of color and lower the risk of

interior visual oversaturation.

3.1.4 Alternatives to Traditional Medical Imaging

As mentioned in Chapter 3.1.1, a portable ultrasound device will be a mainstay of diagnostic imaging.
However, due to mass constraints, it will not be possible to use nitrogen or hebofed scanning

for medical imaging in space. In theurrent states, these machines are too large, have excessive
power requirements, and require high maintenance. Therefore, alternative methods of medical
imaging are sought for negerm and longterm solutions for use in the SMEO.

A reducedgantry magnetic resonance imaging machine, a sma
version of an MRI without liquid cooling, is currently being tested. T
Space MRI Lab at the University of Saskatchewan has been devel
smaller MRIs without high power or computing requirents (Figure)
(Turek, Liszkowski, and Sarty, 2015). A conventional MRI has a ¢
with a liquid cooled superconducting electromagnet. The Space M| &
a permanent magnet, or Halbach magnet, that does not require coo
and does not cause the large greetic field that can be disruptive tc
nearby electronics. Instead of manipulating the magnetic fi¢
gradients, which consumes a great deal of power, the spatial encor

is generated from manipulation of radiofrequency transmissiol
requiring little power, and using simpler hardware

(Sarty and Obenaus, 2012; Stockmann et al., 2016). Figured: The space MRI can image a wrist o
ankle with low power needs and could fit intc

midHlocker of an express rack (University o

Additionally, stationary computed tomography (CT)gaskatchewan 2021)

devices for imspace use are under development. A

research group at the Massachusetts Institute of Technology and Haedécal School has been
constructing a CT scanner that is smaller, lighter, less expensive, and has no moving parts, specifically
for use in space and other remote environments (Cramer et al., 2018). It can genddatel@metric

images and D reconstrutions. In its current design, each module weighs one kilogram. The CT
scanner could be packaged in small containers and assembled in space and could be stored
unassembled when not in use (Cramer et al., 2018). Since there are no moving parts, thissoould al
be combined with a Halbach magnet for a combined CT/MRI in the future.
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Another  alternative, neainfrared
spectroscopy (NIRS) handheld devic
could be useful aboard the SMEO as
an dternative to CT scanning fol
Traumatic Brain Injury (TBI) with IC
(Figureb). CT scanning is effective fc
. . . Frontal Left/Right forehead, above the frontal sinus

d|agn03|ng pathOIOQy, but it CaUSE Temporal In the Left/Right temporal fossa

. L. .. . Parietal Above the Left/Right ear, midway between the ear and the midline of the skull
harmful Ionizing radiation. MeanWhIIe‘Occipital Behind the Left/Right ear, midway between the ear and the occipital protuberance
infra-red technology may be an alternative for sonr ;.
conditions. NIRS isased on the properties of the nea | 5
infra-red wavelengths of approximately 700 to 2500 n );. P
(Sakudo, 2016). -days and infraed waves can pass ) =
through tissue and can also be reflected back. A near-in ) ¢
red scanning device can pass infeal energy through
tissue and detect the intensity of the return signe
Different tissues have different absorptions of infedl  Figyres: The neasinfrared device can
wavelengths, and therefore an image can be generatedietect intracranial hemorrhage by
NIRS is particularly useful for detecting the presence ¢canning four different locations on eact

. . . side of the head (InfraScan, 2021).
hemoglobin in tissue. The greatethe quantity of
hemoglobin, the more absorption of the infrad waves and less return to the imaging device. This
property has been used to create a handheld device that can detect the presence of ICH after TBI. The
device has also been used for the kxion of ICH in pediatric patients due to its lack of ionizing
radiation (Bressan et al., 2013).

Head location of Infrascanner measurements
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Further, OCT devices can be used as a suitable alternative. OCT usehdoance light of the same

wavelength but with different phases fwenetrate tissue and then form twdimensional and three
RAYSyaAaz2ylt AYF3Sa Ay | gleé& GKIFIG KIFIa 0SSy RdzmoSR
it gives higher resolution than MRI or ultrasound, there is no need for patient preparatiaasoet
observation. There is also no ionizing radiation. OCT is useful for ophthalmologic exams (Fioravanti,
2021).It can give detailed images of the retina and show tissue layers insegisn. In particular, it

can show cell organization, integrity photoreceptors, axonal thickness, and even vascular health
(Sherman, 2009; Sherman and Epshtein, 2012; Kashani et al., 2017).

The alternative imaging devices mentioned here would have significant usefulness aboard the SMC
LEO. The smallest, most ligleight is the handheld NIRS device which is already in use by the U.S.
military and could be extended to use in space. Meanwhile, the other imaging devices mentioned
would be larger and be more difficult to justify transporting to space. The OCT providad us
information, considering the impact of SANS, but it is a large machine. With the stationary CT proposed
above, there is also a potential for the creation of a combined space CT/MRI scanner. This would be
the most ideal situation.

18



3.2 Low-Earth Orbit Emergency Medical Treatment Center

On Earth, an Emergency Department is a standard part of any hospital, andavliig community
service. As of yet, there is no equivalent in space. The purpose of this section is to delineate the
medical operations for acute, emergent care aboard the SNKD, including procedures and
equipment, based upon the following requirements for acute care in space. The emergency
requirements for this type of facility are presented in Figéire

The space medical center shall provide:

' R

« Defibrillation, a definitive treatment for cardiac arrhythmias

« Treatment for exposure to toxic substances, essential for emergent care

« Care of in-flight trauma, essential for emergent care

« The means to treat decompression sickness during extravehicular activity (ISS MORD)

Verification 1: Identify Defibrillator and training

Verification 2: Identify pharmaceuticals and training

Verification 3: Identify training for equipment for emergent care
Verification 4: Identify pressurization hatch and training for decompression

Figure6: Emergency requirements for a Lawarth Orbit Medical Center.

In the event of an emergency, a number of tasks will be undertaken simultaneously. The patient will
be transported immediately to the SMEO while the crew assesghe patency of the airway and
adequacy of breathing and circulation. An airway can be established at the scenerauteras
needed with orotracheal intubation or cricothyroidotomy. Supplemental oxygen can be supplied, and
in-line stabilization of the dpe can be maintained.

Once in the SMCEO, the patient can be affixed to an examination table and a primary survey of the
adequacy of the airway, breathing, circulation, physical stabilization, and exposure can be performed.
Cardiopulmonary resuscitatio(CPR) can be performed after adequate restraint of the patient and
crew. At the same time, vital sign monitoring devices can be attached, and venous catheters can be
placed for blood laboratory evaluation and intravenous access for medications and. fluids
Electrocardiogram monitor leads can be attached, and cardioversion or defibrillation can be
performed as necessary. Hemorrhage, if present, can be controlled and fractures and dislocations can
be reduced and stabilized in position. A portable ultragbean be used to perform a Focused
Assessment with Sonography for Trauma (FAST) exam to search for evidence of internal injuries
(Savatmongkorngul, Wongwaisayawan, and Kaewlai, 2017).
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3.2.1 Patient and Crew Restraint

Both the patient and the crew working on the patient need to be restrained in space. Due to
microgravity, a patient needs to be actively fixed in one place to prevent movement during
procedures. Therefore, the SMEO will be equipped with a botBngth pdient restraint and
examination table. It will be retractable from one wall of the center and will fix in place so that it rigidly
supports the patient while allowing either free access of the crew to work around the patient from all
sides or allows one areveral members of the crew to fix themselves in position around the table to
perform tasks that require force. It will have a head rest, head and torso restraints, and will be based
on the Crew Medical Restraint System (CMRS) of the Space Shuttle gNASSS 2021c). The table
surface will also be able to be detached in case the platform is needed to transport a patient to the
medical center for mechanical stability.

3.2.2 Critical Care

In the event that there is a major injury or sevey e space medical center shall provide:
illness, a patient may require critical care (Figu
7). This could include endotracheal intubation ar ventilation, essential for respiratory failure
ventilation, hemodynamic support with 1V fluid: | . cardiovascular and respiratory monitoring, key
and medications, conversion of arrhythmia: to patient's condition and progress (1SS MORD)
control of gastrointestinal hemorrhage, frequen | verification 1: Identify mechanical ventilator and training
monitoring possibly invasive monitoring an Verification 2: Identify cardiac and respiratory monitors
possibly placemendf invasive drains.

« The means for prolonged oxygenation and

Figure?: Critical care requirements for a Lew

For delivery of continuous IV medications, theEarth Orbit Medical Center.

SMCLEO will use syringe pumps. These are small, lightweight devices that are simple to use and the
medications to be delivered can be drawn from the same syringes used to mix the treedicavith

little waste. The Bectoiickson 134 syringe pump is a good example. It is small, lightweight, and
easily fits a 10 ml syringe, which is a common medical supply (BBat&son, 2021).

Monitoring of vital signs such as heart rate, blood gs@re, blood oxygen saturation, and
electrocardiogram are important during a critical illness. These measurements are required
frequently, at every 30 to 60 minutes. Small monitors such as the Philips Intellivue X3 provide this type
of capacity in a lighteight and compact design (Philips Healthcare, 2021). Other more invasive
monitoring adjuncts could be an arterial or central venous catheter for continuous pressure
monitoring and a urinary catheter for determining urine output. Small monitors such dstilévue

X3 also have a transducer port for continuous pressure monitoring.

3.2.3 Surgical Care

Simple procedures like abscess drainage will be performed with limited equipment and training and
without significant contamination of the surrounding cabenvironment. Larger procedures,
meanwhile, will require additional equipment specialized for microgravity. If an appendectomy or a
perforated viscus, such as a perforated gastric ulcer arise, then the procedures to manage them can
be performed laparoscapally, with little contamination of the patient or the spacecraft cabin.
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Open procedures, meanwhile, will require additional equipment since there is difficulty controlling
visualization of the operative field due to the pooling of bloodmictrogravity and the difficulty
controlling contamination of the field due to microparticles suspended when weightless. Restraint of
the patient and surgeon are important to perform tasks, and controlling surgical instruments is
imperative since they muste accessed easily without losing their position in space. Therefore, special
surgical gowns have been created for this purpose, and special enclosure devices have been created
to overcome the problems of open surgery in space. These will both be usegpdaroperative
procedures. Additionally, robotics can assist in the future with patient and instrument stabilization
and with performing some actions during procedures.

The difficulty with open surgery in microgravity, in addition to the need for redtrafree-floating

blood can obscure the operative field, and could contaminate the spacecraft cabin. Contamination is
also a problem since unsterile particles and bacteria are suspended in the air in microgravity. Normally,
operating rooms on Earth havegh air flow, and gravity causes microscopic particles with bacteria to
settle to the ground to be collected and disinfected. For these reasons, an enclosure device is needed
to maintain the integrity of the operative field. Therefore, open surgery wilplanned for the lunar
surface, but not in LEO.

3.2.4 Dental Care

Multiple dental conditions are cause fo
concern in space, therefore the SMIEO will
need to be equipped to support dental car | adequate dentistry services for minor repairs
(Figure8). Problems can arise slowly as wit| to prevent significant morbidity (155 MORD)
caries and infections, or suddenly as wi
trauma and fracture. Dental emergensie
include fractures, subluxation (loosening),Figures: Dental care requirements for a Lefarth

avulsion, pulpitis (inflammation of the inner Orbit Space Medical Center

pulp of tooth), periodontitis, and abscess. Pain, and dental barotrauma are also possible from rapid
change in air pressure, such as in launch and agGader ad Ramsey, 1983f.or treatment of these
conditions, the SMEZEO will use many of the same tools and procedures as those aboard the ISS
(Hodapp and Jeske, 2019)

The space medical center shall provide:

Verification: Identify training and equipment for dental care

Telemedicine will also play an important role in dental management. For theLE@Ca dentisat a
control center on the ground could assist in reade. From the control center, a dentist could assist
with patient assessment, give vital instructions, and even guide a crewmember through delicate
procedures.
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3.3 Low-Earth Orbit Exercise and Rehabilitation Facility

3.3.1 Exercise as a Countermeasure to Microgravity

Exercise is an important countermeasure for preventing bone and muscle loss in microgravity. Muscle
atrophy leads to the deconditioning of crewmembers with potentiabative consequences upon
return to gravity. Bone loss also leads to a higher risk of fractures and nephrolithiasis, or kidney stones.
Crewmembers will be more at risk if a trauma occurs, and nephrolithiasis is a serious condition. It also
causes severe [raand can debilitate a crewmember and have a significant negative impact on a
mission. Exercise also relieves stress. With these attributes in mind, the B®I@iill provide an area

with equipment for simple exercises. Resistance bands are an effectiamesneé providing simulated
counterweight. A number of exercises are possible in the space given, and these can be accomplished
autonomouslyWorking with resistance bands could cause minimal torque or vibration to the module

in microgravity.

3.3.2 Nursing and Rehabilitative Care

If a crewmember is recovering from a severe illness, or is injured, he or she will need assistance.
Recovery, in some cases, is a prolonged process. Therefore, in these situations, not only is medical and
pharmacological are important, but nursing care and rehabilitative care as weakospace nurses
normally work during prelaunch and pdsinding. To date, no nurses have been in space, but there is
promise for the future. Either a nurse will need to be present to car@éients, or the nursing role

will need to be assumed by crewmembers of the SNED. Currently, crew members are trained to
perform primary nursing duties or to assist tBeew Medical OfficelQMO) (Plush, 2003). The practice

is an invaluable componetd complete care.

Nursing care is a systemic approach to care, this process functions as a guide teqaattergéd care

with five main steps. 1) Assessment. This includes critical thinking and data collection. 2) Diagnosis. A
nursing diagnosis contains Maslow's Hierarahileeds to help prioritize and plan care based on the
patient-centered outcome. 3) Planning. This stage creates goals and outcomes based on evidence
basedpractice (EBP). Additionally, these goals should follow the SMART analysis. 4) Implementation.
Thisinvolves the carrying out nursing interventions. 5) Evaluation. This reassesses whether the desired
outcome has been reached (TonrButler and Thayer, 2020Nursing care aboard the SMEO for
rehabilitation will include but not be limited to vital signomitoring, wound care, personal hygiene,
toileting, medication monitoring and administration, physical rehabilitation, and humane moral
support. Whether delivered by trained nurses or educated crew medical personnel, nursing care will
be essential to theaghabilitation of ill or injured crew members that require prolonged recovery.
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3.4 Low-Earth Orbit Training Center

The SME.EO will also have an educational role. In this capacity, there will be continueasaoth

training of medical personnel, and the SMEO can be used as a forum for disseminating education

to other nonSMC crew and to learning centers on Earth tel@communications. The primary
O2yaARSNI GA2Y A& O2yiAydzsSR SRdzOFiA2y 2F (KS OSy
aAYdzZ | GARIAAYS éa didsdd A y Ay IS (St SO2yFSNByOSasz FyR 4GS

3.4.1 Crew Medical Officer Training

The training for nosphysician personnel will be similar to the CMO training for the ISS, but with some
enhancements. The ISS CMO is in charge of identifying and treating health problems which could have
a high likelihood of occurrence and could be caitiio the crew members' health and w4léing. The

most optimal method to train the CMO to recognize or address health factors is still a work in progress.

According to thelSS Medical Operations Requirements Docunifete were no gynecolagal

training requirements (NASA, 2005). This showed a gap in training that CMOs needed gynecological
routine care as well as common gynecological emergent isfisssming there will bavomen aboard,
gynecological care will be a regular element of maintaining astronaut health aboard a SMC.
Psychological care is also an important factor that must be addressed since it can affect the health of
crewmembers and have an impact on mission sasc Therefore, CMOs aboard the space medical
center will be given sufficient training in these important areas.

Non-CMOs such as researchers will also be given medical training. For example, to ensure continuous
emergency medical care capability onb@dd8S, all nephysician crew members are given training to

assist the CMO in a medical emergency. This training enables all crewmembers to manage and assist
with standard and emergent medical scenarios (NASA, 2006)-ligid Crew Medical Training and
Catification for the ISS Program includ€sew Basic Medical Trainingshich covers the following
FNBFa&Y am0 / NBg aSRAOFIfT {e@aidSvya hLISNIXidiAzya FyR
Operations and Maintenance, 3) Health Maintenance System Opagtand Maintenance, 4)
Behavioral Health and Performance training. 5) Securing medical resources prior to the evacuation of

I Y2 RdzZ S Zlot) O) STdradoreS & similar training will be given to the AGMO
crewmembers aboard the SMEO.

3.4.2 Physician Crewmember Requirements

There is no universal agreement on whether a medical doctor would be required owlloation
flights,sotheSMEC 9 h gAff ARSIFffe& 0SS &SNISH tored K QIKIKEBAEZAD A
be tasked with carrying out a vast array of roleshsag a primary care physician, dentist, psychologist,

safety officer, pharmacist, nurse, physical therapist, emergency medical technician, laboratory
technician, and medical writer (Soto, 2019). Additionally, physician crewmembers asmhda

medical doobrs would need to be properly trained in the event of a crew member death. Due to this
possibility the SMECEO would need to be equipped with areas for body storage, cadaver treatment

and body disposal.
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To combat any legal ramifications stemming from the death of a crew member on boa&Mize

LEO, crewmembensill need to sign an agreement on death risk and conditions. This document would
deal with the protocols that would be followed in case they died avould state that the individual

is aware and assumes the risk of death in the medical procedures that they will undergo. With the
existing parameters on death protocols in space, mechanisms for mourning treatment and technology
for body disposals do naturrently exist. Several protocols, however, are postulatécbm the SME

LEO, bodies could be sent back to Earth relatively easitgturn evacuation trip could be made, with

the body secured within the capsule.

3.4.3 Onboard Medical Training

Forphysicians and CMOs there will need to be regular updates. Whether the role of a physician or
CMO is allocated to a single individual or split amongst several, it will be crucial to maintain regular
refresher training on any kind of lorduration mission® keep medicaskill setssharp and avoid skill
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include the utilization of augmented reality or Virtual Reality (VR) approaches, simulation, and online
training (Nicogossian et al., 2016; Kuypers, 2013). Telecommunications are essential here. They
provide the twoway, interactive communications that are required for didactic skills learning.

With regular updates, the crew members could review the latestrmédgion on medical conditions

in space with experts on Earth and ask questions to interact intirael Crewmembers could also
practice procedures, working with experts on the ground and perform exercises with audio and visual
guidance. Further, crewmemb® could engage in just-time learning for medical conditions on
board the center and can practice specific procedures just before they are performed live.

Some medical conditions may be outside the scope of either the CMO or the physician. For these,
assistance by telemedicine will be indispensable. Physicians on the Earth can walk crewmembers
through the steps of diagnosis and treatment, with audio and alideedback on both sides
throughout the way. The physician on the ground can observe symptoms and signs, guide a directed
physical exam, assist with extended exams such as using an ultrasound device, help form differential
diagnoses, recommend adjunctitests such as blood lab work, and assign a therapeutic medical or
procedural treatment regimen. Telemedicine, in this way, adds virtual expertise to the medical center.

New procedures and techniques can be uploaded to staff on center just as with ineficanation.

The research staff can hear and see the latest developments in their fields and engage with their
broader communities.They @n also be guided through new laboratory protocols, even
maintenance, calibration, or repair of their intricatesearch equipment.

Education can also be directed from the SMED back to the ground. After a relatively short time,

the staff of the SME@EO will have become adept at performing routine care and research in close
conjunction. They will have a modeeatjuantity of expertise in functioning in this environment and

will be able to share their experiences with a broad audience. Everyone from administrators, to
medical personnel, to students of all ages could learn from their experiences. Researchers could
educate, similarhas hey could download their knowledge and experience and pass the wisdom they
have gained from working in iunusual and extreme environmebtick down to Earth.
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3.5 Low-Earth Orbit Life Sciences Research Facility

Space offers a uniguenvironment to study the effect of ionizing radiation and microgravity on life
and physical sciences. Understanding these changes can further expand our knowledge on the
biological processes of life leading to innovating technologies, improve healthrtm Bnd prepare

us for exploration missions beyond LEO. The -8HQ would serve as a laboratory to study the long
term effects of microgravity and could host visiting researchers, participants for human studies, and
test new treatments for terrestrial deases. When there is no medical emergency, the research
laboratory will have an ongoing activity. Therefore, research will be an important aspect of the
mission.

This section addresses some of the scientific breakthroughs, meeltaiologies and treatments in
microgravity that could be applicable to the SMEO in the future. ThREMGLEOresearch program

will hold studies in line with the sustainable goals identified by the UN, through 3 research programs:
1) fundamental researcl2) translational, and 3) performance in space research (The United Nations,
2015).

In an SMA_EO, iwill berequired to run studies in line with both astronauts and human health issues
from molecular to physiological conditions. For this purpdhe, SMGLEO must integrate different
capabilities to conform to standard methods and tools in molecular biology while also offering
advanced capabilities and cuttigglge technology. This implies four main capabilities either in the
orbital module and thdunar surface center: 1) a plant and microorganisms growth facility, 2) a cell
culture module, 3) a molecular biology platform, and 4) a bioengineering platform, which will integrate
previous space validated technologies (Mains, Reynolds and Baker, 2015).

These capabilities will lessen the number of required manual operations. Cell culture capabilities will
enable automated standard laboratory processes such as media feeds, waste removal, sample
collection, and protocol additions as well as culture atitin, replenishment, recovery and improved
sample collection and storage. In addition, the cell culture capabilities should include automated
experiment functions. Figure 9 shows the necessary requirements for theLEaC

The space medical center shall enable:

' N
« Different living organisms to grow to research cells and organisms in space
« Molecular biology analysis to characterize effects of the space environment
« Ethical procedures for the bioethical reasons
= Next-generation of biomolecules and function analysis to offer top-level research in space
« Bioprinting capabilities for bioengineering research, organ analysis, and diagnosis
» Different storage methods to maintain samples

« Conserve samples, disposables and chemical supplies

Verification: Review and Test (Mains 2015)
\, y,

Figure9: Research requirements for a Ldwarth Orbit Medical Center
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3.5.1 Fundamental Research, Space for Earth

Fundamental research is an experimental approach to assess the role of a condition in a system, e.g.,
living systers, and to observe the effects of its removal. Space offers the only opportunity to formally
assess the role of the space environment on living systems. Therefore, the following areas of research
would be suitable for further study in an SNMMEO environment

Studies with bacteria onboard the ISS has shown that some
bacteria grow faster and become more resistant to drugs
due to microgravity. The bacteria flown $pace contained
more resistance genes and an increased gene transfer
capacity. More research is needed to conclude whether
these adaptations cause more diseases (Tirumalai et al.,
2017; Gilbert et al., 2020; Schiwon et al., 2013). The-SMC
LEO will utiliz®&NA and microbial sequencers to isolate DNA
and sequence microbes in real time. Measuring microbial
changes in microgravity without sending samples back to
Earth is crucial to protect the health of astronauts on long
duration missions. Understanding the igne responses of
bacteria to microgravity could lead to the development of new drugs. Furthermore, thelH@C
could study higkradiation thriving fungi that convert gammradiation into chemical energy with the
use of melanin (Shunk et al., 2020). Thiscpss, called radiosynthesis, could be used as a protective
shield against radiation around the SNIEO to protect humans and other life forms living inside.

FigurelO: Microorganisms on an agal
plate (NOAA, 2010).

3.5.2 Translational Research, Space for Humanity

The goals of th6&MGLECtranslational research progranis

are to run studies supporting the increase of the quality

life in space with the benefit of possible, terrestrial spiih

applications. Orgaon-a-chip (OOCs) (Figure 11) is a sm

device allowing thousands of livingliseto grow in a 3D

matrix while providing blood, oxygen, and nutrients \

keep the cells alive. This innovative technique provide

way to test the effect of pharmaceuticals without the neg

for animals. With OOC, scientists are able to meas;‘

changesltat normally take months or years to happen _ _

Earth. In the future, this medical device could automaticallgiu;g/ﬁ g;%zﬁ?g'a'cm? technology
) . . . g applications for

measure cytokine expression and inflammation onboardyqy of human adaptability to

the SMGLEO and study the effect of gravity and radiatiommicrogravity (Levis, 2016)

exposure on human tissue during spélight. Thus Lal®n

Chip technology and especially OrganChip are

powerful noninvasive tools for continuous astronaut

monitoring and prognosis.
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be studied aboard th SMGLEO. 3D tumors form larger structures in
microgravity and better resemble the oxygen and nutrient supplinof

vivo tissues on Earth. Therefore, tissues formed in microgravity are a

more reliable model for drug testing. Researchers, universities,
ingtitutes, and commercial companies could benefit from testing new

cancer treatments and therapeutic products within the SMED.

Figurel2: Cancer cell (Sexton, 2019).

Further, stem cell therapies in space will be conducteds
an SMGELEO, for clinical applications on Earth and
future longterm settlements on the Moon (Huang et al
2020). One of the treatments for agelated health
issues istem cell therapy. With the presence of gravit
stemcells are difficult to produce. They are grown in
H5 OStft Odz Gdz2NB G(KIGQa
within the body. Microgravity enables 3D cell growth a
cells have a higher seknewal abiity, a higher survival
rate, and are more immunosuppressive than grou
controls. Therefore, the environment within the SMC

O
(0h)

05

Figurel3: Stem cells\WestGen, 2018).

LEO is ideal to study stem cells in order to improve
current stem cell therapies.

Researchers can study the molecular structure of
proteins by a process called crystallization. This process
has proven to be successful in characterizing poénti
oy drug candidates for cancer and metabolic diseases.
1‘“ Under the influence of gravity, some medically important
= proteins crystallize without a sufficient quality for a
3.} detailed structure analysis. In space, crystals grow larger
.“¥< and have a higher order anduglity (Figure 14).
\ l- Therefore, the SMCEO will be a valuable platform
3 !k.l‘ where future drugs could be developed using protein
Flgurel4 Bovine Insulin crystals grown it crystals and could even supply drugs for a space hospital

space (left) vs. grown on Earth (right) ;, realtime (McPherson and Delucas, 2015).
(Tech Briefs, 2021).

Additionally, 3D printing is another tool for on demand biological and medical compound engineering.
Already difficult on ground, organ donation in space will not be an option in case of organ failure or
fatal injury. Organ 3D bioprinting capabilities wilierefore, account for future deep space mission
selfsufficiency and safety. Bioprinted organs could serve as personal external sentinels to assess space
effects or drug responsiveness. For research purposes, 3D bioprinting provides ethical alteofatives
animal studies and the printing methods are developed for on demand surgical capabilities, either for
medical training or intervention, thus supporting optimal logistics for surgery in space (TRISH, Medical
Technology Research 2021). Such capabiiitie$e invaluable for a future SMICEO.

WU e,
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3.5.3 Human Performance in Space Research

There is already a considerable amount of available space medicine data. However, there is a
considerable lack of cohesive overview access. Overall, the goal of humamyar€e research in

the SMGLEO will be to generate a cohesive and operational database allowing for functional analyses
and linkage related to space medicine. This effort will enable personalized healthcare for astronauts
and improve countermeasure effaicy. In addition, the human performance in space research
program will support studies investigating sustainability and-safficiency outer space settlements.

The identification of new biomarkers is a revolutionizing medical
strategy and allows for a move towards personalized medicine.
However, a specific space biomarker set spedtdi adaptive and
maladaptive physiological mechanisms in space are still lacking.
Space biomarkers are essential for astronaut monitoring and for
countermeasure effectiveness. From muithic and targeted
analyses, six biological features of spacefligivenbeen identified:

G2EARIGAQPS &aGNB&aaz 5b! RIEYFAST Y
epigenetic changes (including gene regulation), telomere length
Figurels:Understandingthe | f § SN} GA2yaT FYR YAONROAZYS &KATG

physiological responses causec o< are required to identify specific tiarkers, but research
by antigenantibody interaction,

biomarkers could be identifie conducted aboard the SMICEO will help to support effective
(Quanterix, 2021). FAAGNRY | dziQad KSIfGKOFNB Ay aLl OSo

3.5.4 SpaceMed Database

Classical and higihiroughput analyses performed in space generate a large amount of data, though

I yS¢ &Ll oS RIFIGFolaS A& yYySSRSRd 2KAfS b!{! Qa D
acquisition, it focuses primarily on omic data. A new Pubflilerisoftware, specific for all space data,

is therefore required. The Translational Research Institute for Space Health (TRISH) has already funded
an international Retired Astronauts Medical Data Repository (RADAR) project in this objective (TRISH,
2021). Tl SpaceMed platform for an SMEO should follow NASA's GenelLab principles as an
enlarged space medicine and research platform. Thus, the SpaceMed platform services would
conform to standardized methods that integrate Findability, Accessibility, Interbgiyaand
Reusability (FAIR principles, Berrios D.C., 2020). The platform would also be composed of a private
data repository web interface, a standardized deposit interface, and a workplace with nonproprietary
open and identified data storage, such a® tBigital Object Identification (DOI). This SpaceMed
software, associated with Al, will ensure private data is not publicly accessible and will provide
computerbased assistance for personalized medicine.

These types of research could each be performednnSMELEO in a fully equipped life science
laboratory. From fundamental research to the advancement of science, to translational research to
solve problems for humans now and in the near future, these examples show that a commercial
research facility iran SMG_EO is a valuable asset. As of 2020, over 30% of the experiments aboard
the ISS were for biology and biotechnology (Witze, 2020). That percentage is likely to grow. In the next
section, the systems engineering for the SMC design in LEO will beeeixplonore detail.
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3.6 System Design

A thorough design of an SMEO requires an organized, systems engineering approach. In order to
arrive at the correct scale, with appropriate external and internal dimension, and for all the
dimensions and inclusions in between, there needs to be a ttgir@nalysis of the natural constraints

of the project, the requirements of the systems that need to be put in place, and an evaluation of the
components that must interact. These are invaluable exercises, rich with detail, documenting the
reasons for theradeoffs weighed and decisions made to create the final product, this final design.

With that in mind,certainnatural constraintset the environment in which the design must adapt.

For example, LEO can be considered anywhere betwee2@00 km aboveéi KS 9 NIl KQa & dzNJF
although astronauts experience weightlessness in orbit, gravity is still approximately 80% of that on
Earth. Temperature fluctuations can be extremely dependent upon exposure to the Sun and radiation

levels are higher than on Earth

Table2: LowEarth Orbit Architecture and Systems Constraints

Constraints Justification

The SMC architecture needs to be adapted to
the gravitational environment

Temperatures range betweed50° and +100°C
The radiationmpact depends on the
destination

Solar particle events create extreme radiation
peaks and space debris limits structural desig

Microgravity in LEO, 1/6 of gravity on the Mool
Lack of atmosphere (LEO, lunar) and direct
impact by the sun

2 mSvlyear Earth 3000 mSv/year Moon

Lack of magnetosphere and atmosphere (LEC
lunar)

Constraints given by the space environment, include microgravity, temperatures betd867C in

the shadow and +100°C in the sun, high radiation levels and potentialpsoténle events as well as

the risk of space debris collision. Radiation is a risk that has not been well mediated in space. On the
surface of Earth, humans are well protected from solar radiation by the magnetosphere. The radiation
exposure astronauts retve in LEO however limits the duration of their missions and thus is a chief
concern for human health in space. However, there are currently many avenues being considered for
mitigating the effects of harmful radiation. Shielding from this hostile enwrent is essential and

any structure that is designed to function in LEO will need to adhere to specific constraints. Tables 2
and 3 detail the constraints and the requirements, respectively, for the-BEAT facility.

Table3: Envionmental Requirements for a Space Medical Center

Requirement Verification Justification/Reference

Interior pressure shall be kept at 1atm (| Barometric test for 12 | IECLSSIS Standard; Habitability
bar) with a tolerance of +5 % hours and survival

Interior temperatures shall be Thermal control test for o
controllablepbetween 17 and 2C 12 hours IECLSSIS Standard; Habitability
Special instrumentation, organs and Enabling advanced
experimental subjects shall be storable| Freezer test for 12 hours| experimentation and medical
between-17 and +8C capabilities

CO2 partial pressure shall be kept belo Measurement of CO2 | IECLSSIS Standard; Habitability
3 mmHg under normadonditions and levels for 12 hours with | and survival; reasonable work

under 2 mmHg during acute surgical cal crewed test vehicle environment
*[ECLSSIS: International Environment Control andBuifgort System Interoperability Standards
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3.6.1 Technical Requirements

The SMA@.EO shall be compliant with the Pressurized Payloads Interface Requirements Document
(PPIRD) for attachable modules on the ISS (NASA, ESA, and JAXA, 2015). A universgktmuokisg
needed as defined in the InternationBbcking System Sandard (IDSS). The interior needs to be
modularly extendable by standard payload racks. Sufficient power interfacing must be provided which
is regulated in the International Avionics Systémteroperability Standards (IASIS) (ISSAP, 2019a).
Moreover, thermal control needs to be available according to the International Thermal System
Interoperability Standards (ITSIS) (ISSAP, 2019b). Additionally, the structural dimensions of-the SMC
LEO areimited by the fairing size of the launching vehicle. Since the-BEMT will be attached to a
hosting space station, it will need to adapt to certain habitabgigmentsand will require sufficient

power sources. The technical requirements the facilitgudt fulfi are represented in Table 4.

Table4: Technical Requirements for a Space Medical Center

Requirement Verification Justification/Reference

Pressurized Payloads Interface
Requirements Document (PPIRD)
Adaptation of SMC, as part of a larger
structure

Outer structure of the orbital version
shall be compliant with thetandards of Review
attachable modules on the ISS

Components shall be organized in Review InternationalStandard Payload Racks
modularly extendable units (ISPR), Modularity, extendibility

Power supply of all units
International Avionics System
Interoperability Standards (IASIS)

Review, Interface

Access to power supply of at least 15 kV Inspection and Tes

Access to backubpatteries in case of Review, Inspection| Power operability is critical for the
power blackout and Test sustainability

Autonomous communication system
connected to the hosting habitation able
to communicate to ground directly or via
relay satellite

International Communication System
Inspection, Review| Interoperability Standards (ICSIS);
Independence of communication

Module shall be attachable to the Inspection, Review, International docking systerstandard
International Space Station (ISS) Docking Test (IDSS), integration flexibility
Must be attachable to another habitat Inspection, Review] Docking mechanism dependent on future
structure Docking Test habitation
The SMC shall provide standard Inspection. Review International Environmental Control and
interfacing capabilities to the ECLSS of P ! Life Support System Interoperability

. o ECLSS Test
hosting habitation. Standards

The SMC shall provide have access to t
active and passive thermal control
systems of the hostinabitation

Inspection, Review| International Thermal System
thermal stress test| Interoperability Standards (ITSIS)
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3.6.2 High-Level Architecture

The SMA_EO will be attachable to the ISS and therefore shall abide by the followtrga. As it will

be attachable to agency and later on to private space stations, various possible architectures were
considered including attachable modules, nodes with extra docking ports, and inflatable modules. The
main functional constraints are psented in Table 5.

Table5: Functional Constraints for Hidtevel Architecture

Constraints Justification

The structural dimensions of a SMC module a The heaviest launch vehicles fairing available
limited by the fairing size of launching Falcon Heavy, Atlas V, and soon New Glenn, .
opportunities and Starship

Oxygenfemperature, and pressurization The SMC infrastructure has to adapt to
depend on hosting habitation as well as habitability chaacteristics and needs sufficient
available power power sources

3.6.2.1 Module Selection

The SME&_EO may create a novel outer shell of a space station, but it will be influenced by dimensions
that have already been well established on ISS missionsidtéssary to choose a module dimension

in order to design the SMCEO configuration. The selection will be based on the &®sson
between system requirements and emergency center layouts as well as what is possible to deploy
today. Below (Table 6) islest of the notable ISS modules which were considered in the design
selection of the SMCEO.

Table6: ISS Module Propertse(DLR, 2020).

Dimension (m)

Module Purpose (length x diameter) Mass (kg)
Zarya Storage 12.60 x 4.10 19,323
Zvedza Service 13.10x 4.15 19,050
Destiny Laboratory 8.53 x 4.27 14,515
Harmony Utility hub 6.10 x 4.20 13,608
Tranquility ECLSS, WC, Exercise 6.71 x 4.48 15,000
Columbus Laboratory 6.9x4.5 12,775
Kibo Laboratory 11.20 x 4.40 15,900

The Zarya module is one of the oldest modules of the ISS. Originally used for power, it is now mainly
used for storage. It is large in length, but its dimensions and thin diameter are not desirable for the
spacious and symmetrical layout necessary for diged center. Harmony and Tranquility both have
desirable length and diameter, but they act as connecting modules with the different segments of the
ISS. Due to thighey each have six berthing locations which limit the space that can be used for
storage.The Zvedza service module had one of the lon&Stmodulewith a thin diameter. Its main
purpose is to provide life support to the ISS inhabitants including oxygen generation and water
recovery systems. Although it provides copious length for -E8HQ mplementation, this size is
unnecessarily large and may not be feasible due to the cost of launching such a cumbersome module.
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The Destiny module has many appealing characteristics such as its role as a research facility and its
wide diameter coupled wit its generous length. This module therefore will be considered for the
SMCLEO design and configuration. The Columbus module, which is managed by ESA and acts as a
laboratory module, is of desirable length and diameter. Its configuration would allowfSMGELEO

to be easily replicable inside of a Columityse shell. Kibo is a large laboratory module but may not

be feasible considering the larger mass and the limited availability of launch vehicle fairing sizes for
this length. Alternatively, due to thiése of commercial space station manufacturers like Axiom Space,

an SME.EO could outsource the module development to one of these players. Further study is
required to establish the feasibility of such a route.

However, after reviewing the various dim&ons and system requirements, the Columbus module
and the Destiny module were selected as a starting base for the dimensions for the BMEigure

16). The dimensional constraints were detailed as 4.5 meters in diameter, between 6.7 and 8.5 meters
in length, and between 12,775 kg and 14,515 kg in mass.

Figurel6: Columbus Module (left) and Destiny Module (right) together serve as the basis for the design of an
attachable SMC module to an orbital space stafiglansfield, 2021; Free3D, 2021).

A design option for the inflatable modules such as the concept proposed by Bigelow Aerospace. The
Bigelow Expandable Activity Module (BEAM) is one example that has already been demonstrated
successfully on the ISS. TheABESs deployed in a compressed configuration for launch and docking
and is later inflated to its full size (Seedhouse, 2015). Figure 17 shows two possible configurations for
the SMGLEOincluding inflatable modules attached to the main module. Moreover, external
pressurized oxygen tanks are included in the concept on the right side as well as additional docking
ports similar to the Harmony node.

Inflatable Docking Port
Emergency [ |

Docking

julwsu N s \ PR AT I LT

| [l oo |
\EEEEEE\ [ [ 1|

External y
Tanks 7 Y

Figurel7: Posible configurations for an SMEO. Left: an attached, inflatable, cylindrical. Right: an inflatable
module with two docking ports and two or more external oxygen tanks.
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The option of a hode with several docking ports was initially considered to enatulalar extension

of the SMELEO and the possible attachment of an inflatable emergency unit. Given the high safety
and shielding requirements for the SMEOQO, inflatables as a main treatment area are not a feasible
option. However, the idea of Inflatablas an emergency unit would still be an option. For that matter,

a docking port would need to be integrated. But at this point the SO is designed without further
extensions.

Likewise, the external oxygen tanks will not be included in the basic configuration as an airlock will not
be required and safety requirements will be fulfiled without additional life support. The
Environmental Control and Life Support System (ECLSSgmmufficient oxygen for life support
aboard the ISS. However, a medical oxygen tank will still be required for emergency purposes. For
safety reasons it would be reasonable to store pressurized tanks on the module exterior to minimize
risks stemming frm pressure releases or tank bursts.

3.6.2.2 Safety Requirements

For safety reasons the SMEO structure shall minimize radiation exposure by approximately 80
percent (with upcoming radiation shielding technologies) against Solar Particle Eventsg®PES)
Galactic Cosmic Rays (GCRs). ThelS\MOwill also have the ability to monitor and predict radiation
conditions for crew safety and is verified by testing radiation sensors according to Nasa Std.3001 Vol
1 (NASA, 2007). Moreover, the SMBO shall berotected against mamade objects (<0.02 m in

size) and natural debris (micrometeoroid velocities <18 km/s) in space as defined in NASA STD 8719
(NASA, 2011). It is verified by higipact test on structural models and in this way structural
punctures wil be avoided. Table 7 details the facility safety requirements.

Table7: Safety Requirements forlaow-Earth Orbit Medical Center

Verification Justification/Reference

Requirement

Minimize radiation exposure by
approx.80 percent against SPE an
GCRs for system and crew
protection.

Protect againstman-made objects
(<0.02 m in size) and natural debri
*velocities <18 km/s).

Simulation and test
in a high radiation
environment.

Radiation protection according to Nasa
Std.3001 Vol 1 (NASA, 2007).

Highimpact test on

NASA STD 8719 (NASA, 2011b).
structural models.

Highpressure test
on safety valves,
inspectionof
potential toxic spills.
Review of oxygen
capacities, testing of
valves andanks.

Control of toxic spills and safety of
pressurized vessels will be determined
(NASA, 2016a).

Protect against toxic spills and
pressurized vessel punctures.

Ensure an independent emergency
oxygen supply with approx. 12L/mi
at 120 psi.

The SMC must provide chemical

Backup for emergency (NASA, 2021d).

storage, separation, and isolation ¢
Acid, bases, and inflammable
chemicals. The SMC must provide

wearable chemical protections.

Leak test to storage
areas for chemicals,
Inspectionof
protective gear.

Chemical safety procedures to minimize
toxic release risk (NASA, 2016a). Protectir
gear for chemical handling and in case of
toxic release (Loc. Cit.).
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3.6.2.3 Integrated Shielding Approach for Low-Earth Orbit

An SMC should consider both a medical center in Earth orbit and another that considers the need for
a medical center that can travel with humans past earth orbit to lunar destinat®oth short and
longterm considerations for these endeavors are disedsm this section in reference to the space
radiation environment.

A recurring theme for the future of human spaceflight is ISRU. Biotechnologies and their associated
byproducts will be important to consider using to lower the need for resupply missidalanin has

a special property that allows it to absorb radiation that would otherwise damage cells (Wolbarsht et
al., 1981). Radiosynthetic Fungi are capable of producing melanin in abundance. A 1.7 mm thick lawn
of Cladosporium sphaerospermun the 5S has been shown to reduce radiation exposure by at least
1.82%, with an upper limit at 5.04% as compared to a control (Shunk et al., Z029)mplies that
radiosynthetic fungi can be used as a biotechnology in space, and also afaatbip to prodice
melanin pigments to later form a radiation shield.

For an SMEEO, there are a number of advantages and methods of implementing this biotechnology.
For one]SRU cuts down on the mass and thus cost required for most radiation shielding technologies
and is a form of biotechnology that can be reproduced many times independently of resupply
missions. This form of biotechnology as compared to better shielding materials such as lead, or other
heavy metals is also lightweight, sedfplicating, and selfegenerating. Related, this type of fungus

has been observed to be growing on the exterior of the ISS (Onofri et al., 2007). Having an active
Odzft GdzNB 2F |ye YAONR2NHIYyAAY OFry 0S RSIUNRYSy(l €
sphaerospermunaan exst as paneling on the exterior of the SNMEO, so long as it is not exposed to

the vacuum of space directly. It may be most efficient to have this type of shielding only in certain
areas of SMCEO, such as on the exterior of sleeping quarters. Furttsgrareh on maintaining a

large culture in varying layers with scaffolding for the fungus will be important.

Though using organisms to produce usable chemicals is both renewable and promising,
biotechnologies are expensive, and produce limited quantitiesde$ired products. Further,
biotechnologies such as these require maintenance and thus resource use. Resources are in short
supply in space, and on other planetary bodies, so any supplies that go towards fungi and not humans
can be problematic.

To mitigate potentially deadly radiation, an integrated radiation shielding approach is proposed for

the SMGLEO. Radiation is dominated by Galactic Cosmic Rays (GCR), Solar Particle Events (SPEs), and
the secondary radiation ejecta that is being creatgdrierference of primary radiation with the shell

of space habitat/module and the interior surroundings such as the racks, spacesuit, etc. Therefore,
understanding the radiation shielding characteristics of materials is an important step towards an
integrated radiation countermeasure approach in space, where passive shielding can play a significant
role. The SMZEO will obey the approach of ALARA Low As Reasonably Achievable. Most of the
radiation flux inside the ISS changes as a result of solar ioygbets on GCR intensity regulation,
Y2RdzA  GA2Yy 2F D/w ¢gAGK NBALISOG G2 L{{Qa LRAAGAZ
events like SPEs (Narici et al., 2017).
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An SMELEO will likely mitigate radiation in a similar way that the ISS curogly, with the following
suggested improvements. The proposed solution for additional shielding of the module will be divided
into exterior, and interior shielding

1. Exterior Shielding:

The structure of the SMCEO will act as a radiation barrier. The shell of the-8EIC module can

be protected by an extra layer of bioshield. The bioshield can be composed of fungus compost
that will act as a natural shield. The fungusghaerospermungr the melanin it producegould

be used in conjunction with protective material like Kevlar. This fungus can also be sandwiched
between the closedell composite metal foam panels. These panels can be mounted on the
exterior wall of the SMLEO module. lgre research must be done with radiosynthetic fungi to
determine the life of the panels, as the culture must be actively maintained in order to ensure a
high radiosynthetic absorption is occurring as it continues to grow. The panel replacement via
EVAs andhe operating life of the panel used highly depend on the fungus growth rate factor in
its active state. The placement of the panels will also depend on the operability inside the SMC
LEO module. This will reduce the effort that might be required fordgrapplication in its active
state. Currently, liquid water is used on the ISS in the event of an increased radiation event.
However, it was not chosen for use as a shielding material in this section because liquid water is a
valuable resource better usddr human consumption. It is also not the lightest form of shielding
currently available.

2. Interior Shielding:

The interior shielding will be provided by racks that will be manufactured from polyethylene or
Kevlar or an integrated layer of these two ma#ds together. Kevlar exhibits performance
characteristics as strong as those of Polyethylene. For shielding material that is 100 kg/m2, the
dose rate and dose equivalent rate were observed with a reduction factor greater than 30 percent
and 50 percent rgpectively, as studied byarici et al(2017).It has additional characteristics like
impact resistance and flexibility which makes it a good candidate material for the integrated
radiation shielding approach.

Another approach that would support thgoal of integrated radiation shielding would be the use

of Microencapsulated phase change materials (MEPCMs). The phase change materials (PCM) is a
concept that exploits the principle of latent heat and works on the basis of providing
heating/cooling effetby releasing/absorbing the energy. The PCM microcapsules can be used in
the spacesuits of the SMEO crew along with exterior and interior shielding approaches. This
countermeasure will not only provide shielding from primary/secondary radiation efgdtalso
provide protection from the radiation emitted by the medical equipment. The MEPCMs are
packed with the paraffin core and lead tungstate (PbWO4) shell that gives it the properties of
thermal energy storage and a good radiation shielding functicnrsg gamma radiatiofLou et

al., 2019). Further indepth studies are required to determine the efficiency of these
microcapsules by considering the space radiation quantification because as of now the MEPCMs
study is only limited to terrestrial uses.
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3.6.2.4 Module Specification

Based on the assessment of module options,; -
preliminary design choice has been made for tl

SMGLEO The SMGLEOmodule (Figure 18) is
inspired from the Columbus module and has
NASA docking system (NDS) standard doclarg |

to the ISS or other stations.

Stemming from the dimensions in Table 8, tf
module can be launched with most of the hean
launchers that are currently in the market a
Ariane 5, Falcon 9, and Atlas V. The wall thickn

needs to be sufficiently significant for mitigating rigyre18: outer configuration is inspired by the
risks related o radiation for the crew, as well as Columbus module.

providing sufficient structural strength to endure

the different launch phases of the modulehe value of wall thickness selected is 6 mm. The Columbus
module has 4 mm in total. The extra 2 mm are selected due tieehighielding requirements. The
material retained for theSMGLEQmodule is stainless steel. As a totabirbit mass 13 metric tons are

estimated
Table8: Specification of a Lowarth Orbit Medical Center Module
Parameter Specification Remarks
Diameter 4.5m Standard diameter for ISS modules
Sufficient space for all required elements including free ral
Length 6.7m lockers for experiments from private customers.

Compatibility with standard size launchers

Totaliqzr;cs)rblt 13,000 kg Estimated based on the Columbus module
Wall thickness 6mm 4mm standard wall thickness plus 2mm for extra shielding

requirements

Material Stainless steel Corrosion resistant
Shielding 1.7:mm thick coating of .09m thick layer required for sufficient shielding
sphaerospermum
Electrical 13.5 kW 120VDC Standard interface to ISS, max 6kW for an active
Power 120 V (DC) rack, while in total not exceeding 13.5 kW

3.6.3 Interfaces

3.6.3.1 Standard Docking Interface

For compatibility reasons an SMEO will be attachable to multiple potential hosting space stations,
with a nearterm target being the ISS. This requires standardized docking capabilities. The NDS has
become the standal for the American implementation of the IDE@SSAP, 2016} or the Russian
segment, the APASS docking system is used. In order to bridge these two systems, an International

Docking Adapter (IDA) may be used if the SMO is attached to alPASD5 port.
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3.6.3.2 Thermal, ECLSS & CHeCS Interfaces

The Internal Active Thermal Control System (IATCS) provides heat collection, transportation, and
rejection. The heat collection system is composed of cold plates, heat exchangers, rack flaw contr
assemblies and manual flow control valves. The thermal control subsystems in each rack are
connected to the IATCS which transfers heat from each rack and module to dedicated thermal
radiators on the truss structure of the ISS. The detailed design Vialdds thermal control standards

such as the SSP 57000 Pressurized Payloads Interface Requirements DRABSENESA and JAXA,
2015. This thermal control system would be implemented for a similar orbital medical center.

The SME_EO will be attachable the ISS ECLSS system and provide temperature control between 17
and 27 degrees, pressure control around one bar, and CO2 filtering to levels below 3mmHg and
2mmHg during acute care. Life support systems, such as carbon dioxide removal and oxygen
generatbn, are only placed in central ISS nodes and modules whereas temperature and humidity
control can be found in almost every part of the ISS. Miscellaneous equipment such as fans, valves,
filters, smoke detectors and portable fire extinguishers are includexery module and node.

As the ECLSS is the main system for environmental control and life support, abEEM&II be
equipped with appropriate interfacing to the main system. Additionally, $MCLEO could have its
own Advanced Closed Loop SystenCl(8) for redundancy purposes giving it a higher degree of
independence and safety. In the case that ACLS is unavailable, theEEM¢bulthe equipped with a
zeolite unit for filtering CO2 instead.

The Crew Health Care System (CH@&@She ISS is composed of the Health Maintenance System for
medical care, the Environmental Health System (EHS) for monitoring internal environment, and the
Countermeasures System including hardware and procedures for ex@Zéiseent, 2013 TheSMGC

LED will primarily cover the first aspect of health maintenance, but to a higher degree both physical
and mental health. Regarding exercise, the orbitaédical centerwill not provide advanced
equipment as these are already available on the ISS and caselddmua shared manner.

3.6.4 Interior Design Configurations

The interior of theSMCGLEQmodule consists of twelve ISPR standard racks (Figure 19), four on the left
side, four on the right, and four on the ceiling. The floor contains four lockers dititi@nal storage

space for water tanks, medical oxygen tanks and wasfHgere are two main areas: the medical and
research area. Five ISPR racks are allocated each to medical and research purposes including active
racks for operation and passive racks $torage (Table 9). Active ISPRs have more capabilities and
allocated power than the passive ISPRs. The Medical Care and Research area has a total volume of
12.8n? individually, each payload rack has a storage capacity of*1.6m
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Figurel9: Sketch of an ISPR with interfacing gear for power harness, cooling loops, andteldtae with the
Integrated Vibration Damping System (ARIS). The ARIS system (right) is equipped with several actuators for
electromechanical damping. Additional standard storage boxes are attached to the ISPR (NASA, 2015a).

Table9: Orbital Module Rack Allocation

Parameter ‘ Rack allocation ‘ Remarks
Number of racks (ISPR) 12 On the left side, right side, and ceiling
Storage lockers on the floor For auxiliary tanks
Medical racks (ISPR) Passivestorage ISPR and active ISPR
Research racks (ISPR) Passive storage ISPR and active ISPR
ECLSS/ ACLS rack (ISPR) 1 rack in case of the European ACLS
Additional rack (ISPR) Modularly extendable for future purpose
Water tanks In the floor
Medical oxygen tanks In the floor
Fire extinguisher In the area of the hatch
Smoke detectors In the area of the hatch and the window
Active radiation detector In the ceiling

RPINIPFININRPIRIOI|OT >

3.6.4.1 Spatial Allocation and Rack Layout

The entrance of th&MCGLEGOmodule will give access to a decompression chamber. On the opposite
side of the module, a window will be built into the wall and will permit the crew to have a recreational
area when no medical or research operation is running. The medical area of tital onbdule is
located near the entrance of the module, to provide ease of access in an emergency, and the research
area in the other section of the module near the window. Table 10 details the human performance
requirements associated with spatial alloicatt.
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Table10: Human Performance Requirements for a LBarth Orbit Medical Center

Requirement Verification Justification/Reference

Fully in line with safety regulationy Astronaut Training ano NASA Space Flight Human System

quule shall be operated by Tests, Review of Standard, NASSTE3001 Volume 1: Crew
trained astronauts undethe lead | Protocols and Health: NAS/ASTE3000 Crew Safet
of the Crew Medical Officer Standards ' y

Provide ergonomic workspace for| Simulation, Inspection
parallel activitis of research and | of work radius and
medical operations accessibility
Simulation, Review,
Inspection of
accessibility

The intensive care unit shall be | Simulation, Review,
accessible and ready for operatiol Inspection of
immediately at all times accessibility

Provide opportunities for
stabilizing the workspace and the| Test of stabilization Restraints in microgravity to stabilize

Ergonomic workspace; crew safety;
multifunctionality hosting several persons

Provide accessible movement to
minimized bottlenecks

Smooth operability, safety, ergonomic
workspace

Vital for medical caregspecially for
emergencies

astronauts operating in it for all gear, inspection astronauts during all activities
respective units
Be maintainable by astronauts Inspection and .
. . . Maintenance
without disassembly of parts Operational test
Left Floor Right Ceiling
Hatch
1 I Medical Water tanks Storage Bins Lockers for Fuse Box ACLSl
Storage Rent ECLSS I
I Maritors Defibrillator Medical Medical Medical Surgical I
2 I Folding Bed Monitor Oxygen Storage Storage Light
Leads Tanks I

Micro- Erid I
I Research Research | scope | Research e
3 Incubator Storage & Lockers
iotkars Lockers ) Lockers
Bio- Freezer
I printer
I Fan
4 Glovebox Lockers Waste Research Lockers Centrifuge I
I for Rent Storage Storage for Rent Research
Storage I
— — — — — p= — = — — —_ — -— — — -

Window

Figure20: Technical drawing of the unfolded module including all four sides: left wall, floor, right wall, and ceiling
andshowing the rack allocation, their components, equipment, and storage.

All medical and research equipment and instruments have been allocated to different racks according

to their size, functionality, operational relevance, and ergonomic aspects. The Medical care area,
(Figure 20; red) consists of payload racks L1, L2, RCIRZ?2, F1 and F2. The Research Area, (Figure

20; blue) consists of payload racks L3, L4, R3, R4, C3, C4, F3 and F4. The payload racks have
customizable configurations with different sized lockers within each payload, each labelled A to Z.
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3.6.4.2 Medical Rack Layout

The orbital module is optimized towards the medical treatment area with a collapsible patient table
at its center. The medical area is designed to be close to the hatch and the research part close to the
window to guarantee a@ss at all times. The medical area will be composed of a table of operations
disposing of three hinges, that can fold as a table, as a bed, and as a chair. The equipment of the
medical area includes a portable ultrasound machine, a defibrillator, moeitais, medical supplies,

fuse box, two centrainounted examination lights, as well as a fire extinguisher located near the
entrance. Two monitors and a laptop are fixed on each wall on retractable arms that can swivel to face
other directions. A laparoscaptower is also included in the medical area. This tower is equipped with

a monitor, light source, insufflator, camera control unit, suctioigation system, diathermy
controller, and a video recorder. Open surgery will not be included in the orbitailoredue to
microgravity constraints. Blood cannot be contained properly unless there is a mechanism to suck
0f22R FNBY |y 2LSYy g2dzyR 'yR (Nrya¥dzaS Ad ol O1
overview of the rack and equipment constraintsidaspatial allocation of the medical racks,
respectively.

Tablel1: Medical Constraints for Rack and Equipment Allocation

Constraints ‘ Justification

No equipment can be stored or deployed
over the face of the medical caracks
Telemedicine capabilities will be limited to
the communications capacity and
availability of the SMC system hardware
Medical equipment and medications need
to be stored at temperatures between 15
and 30°C

There can be no obstruction to the medice
care racks in case of emergency

The bandwidth and available signal for reé
time communication will depend on the
SMC equipment

Medical equipment and pharmaceutical
effectiveness can be affected by
temperature

Tablel2: Spatial Abcation of Medical Racks

Content

Medical Rack

I
D)

Personal protection, blood draw, diagnostic instruments, diagnostic equipr

L1 | Medical Care Racl and monitors, routine medications, dental care, airway and oxygenal
emergency/CPR medicatidits, wound care

L2 | Medical Care Ract Foldmg patlt_ant ta_ble,_monltors, surgical equipment, defibrillator, leads, IV pul
tubing, and invasive lines

T Medical Care Racl| Lockers for rent, medical storage space, fuse box

R Medical Care Rac Patient hy_gmne, suction and cleaning supplies, ultrasound, anesth

2 electrocardiograph

N ECLSS | Fuse box, ACLS/ECLSS

C . L

5 Medical Storage | Extra storage, surgical lights

F1 Storage Water tanks, storage bins

F2 Storage Medical oxygen tanks
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3.6.4.4 Research Rack Layout

The SM@_EO shall provide ergonomic workspace and needs to be accessible at all times, thus avoiding
bottlenecks, especially during medical emergencies or maintenance operations. Restraivdeded
throughout to guarantee stability during operations. The SMED shall at all times be led by a Crew
Medical Officer (CMO) according to NASA Space Flight Human System StandareST BZ0BA
Volume 1 on Crew Health and NASAB3000 on Crew Safe(fNASA, 2007).

The research area located near the window is composed of a glovebox and an incubator located on
two racks near to each other. On the other side or the research area, one rack is composed of a
microscope, bioprinter, and a flow cytometer. On the ceilinthefresearch area, three freezers and

one fridge are included to conserve the research supplies and natural and bioprinted organs.
Additionally, a centrifuge, a low noise ventilation fan, and a radiation detector are included. Table 13
provides an overviewf the spatial allocation of the research racks.

Tablel3: Spatial Allocation of Research Racks

ID Research Rack Content

L3 Incubator Incubator for cell culture, storage lockers for research equipment
L4 Glovebox Glovebox for cell culture, storage lockers for research equipment
R3 Research Rack 3D bioprinter, microscope, research lockers, storage space

R4 Research Rack Molecular biology, lockers for rent

C3 Refrigeration Three freezers, oneefrigerator, locker for research

C4| Centrifuge and Storage, Centrifuge, storage space, fan/air ventilation

F1 Storage Extra storage

F2 Storage Waste storage

3.6.4.5 Operational Requirements

For operational continuity and cleanliness reasons, waste storage capacities will be required for up to
six months in case a resupply mission and waste disposal pickup gets cancelled. Parts that can be
cleaned and recycled shall be recycled. For the saasan medical supplies shall be kept available

for at least six months. Table 14 details the main operational requirements.

Tablel4: Operational Requirements for a Leirarth Orbit Medical Center

Requirement Verification Justificdion/Reference

Provide medical supplies for continuous
service for minimum 6 months without Calculation, review
resupply

Provide recycling capabilities for
transforming waste into a source of
supplies for the mission and using
nutrients of organic material
Nonrecyclable waste products shall be
storable in a dedicated area for at least €

Selfsustainability

Inspection and Tes|
of recycling Selfsustainability
capabilities

Avoid spatial bottleneck in case

Storage review and . .
cargo delivery, waste disposal

inspection

months delayed
Emergency sequences shall be Test of emergenc
implemented in the control system as a gency Safety

FailSafe mechanism situations

Follow the standards for fault tolerances| Calculation, high Fault traceability to avoid single ot
and redundancy of the hostirfzabitation load tests multi events failures
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The different configurations and operating modesSMGLEO aralepicted in Figure 21 and 22. The
table of operations is retractable into one of the medical racks in order to offer different spatial
configurations: a medical treatment mode with a nm@tracted patienttable, a research mode with
the patient table beig collapsed into the wall, and a rehab and exercise mode.

In addition to the research and medical racks, 8 CLEOwill be equipped with fire and smoke
detectors, radiation detectors, and a waste storage section. On Earth the buoyancy effect due to
gramty leads hot gases to rise as the density of the medium decreases. Thus, smoke detectors are
typically placed on the ceiling of a room. In space there is microgravity and hence no buoyancy which
makes smo& more difficut to control. Smoke detectors, thefore, will be integrated on all sides. A
separate storage section in the floor is for waste disposal. This space is not fully occupied and can be
complemented by a recycling station in the future. BMCLEQWill also be equipped with a fuse box
where the circuits for all the racks are controllable

. o | T
/ Entrance "\\ / Entrance “\\
/ N\ / \
[ Fire \ i Fire \

Extinguisher Extinguisher
Ultrasound Ultrasound
Folding
Fuse Fuse
Table/bed Eam Box
Monitor Monitor
Laptop Laptop
hinge
i Monit
Actice i Monitor onitor
radiation .
Incubator|  detector hinge Incubator,
Glovebox Head of Glovebox
bed/table
\\ / \\ /
\\ Port Window / ‘~\ Port Window Vs
e — —— ~ ~— < -

Figure21: Top view of the module in different operating modes. Left: configuration in medical treatment mode
with a collapsible patient table. Rightonfiguration in research mode with the patient table stowed into the

wall.
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Figure22: 3D illustrations of the SMCEO. Upper left: view from the window with the entrance in the back.
Upper right: view of theesearch area from the glovebox displaying the microscope and bioprinter. Lower left:
view of the medical area with the collapsible table. Lower right: view of the ceiling centrifuge, ventilation fan,
radiation detector, freezers, and refrigeratormdgeCredit JeremyBattermann

Architectural considerations for subconscious psychologicalbvedtig are integral to the design of an

SMG[ 9h® 5Sardy StSySyida (yz2s6y lFa W SFtAy3a | NOKAI
spatial orientation, and visuals to provide continuowsyghological crew support. The aim of these

St SySyita Aa (2 SyadaNB + 3IABSYy KSF{GKOFINB aLl OS
inviting space that is conducive to patient wedling and recover{The Korte Company, 20R0rhe

use of artficial depictions of nature (i.e., photographs, paintings, videos) and the addition of a port
window would be considerable additions in offering psychological comfort f@MELEO space

crews and tourists. While #se elements are not included in the pminary stage design as depicted

in Figure 23, they will be necessary considerations before a final manufactured design is developed.
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A port window would theoretically
allow for the addition of natural light
to alleviate crew exposure t
continuous artificial light. The ever
changing view froma window can @
LINE A RS L2 & A GA 4
experiences from seeing the Eart
(NASA, 2011a) and can redudg
sensory monotony, isolation, anc
confinement (Kanas and Manzey[§ A A
2008. Positive experiences ca 20 7/7/

increase cognitive function and can Figure23: Representation of the simulated window in the SMC
decrease potentl inflight  LEO Modulelmage CreditJeremyBattermann

psychological symptoms.

However, the addition of a window could lessen the structural integrity of the -BER{C module.
Despite the benefits of including a window, the window will be replaced with an artificial viewport to
maintain thestability of the module structure. A higlesolution LEEcreen, structured to look like a
normal window on the module wall (Figure 23), would be programmable to different visuals from
space to Earth environments depending on the needs of a given indivithiaugh this would not
permit natural light into the SMCEO module, it would still provide SMEO patients with a restful
and stresgeducing experience and a unigue programmable vantage point forddule exercises.
Since stress is compounded in spaihe benefit of a port window even a virtual one to see beyond

the scope of the facility is essential.

3.7 Mission Elements

The following sections deliver the phases of the mission from launch to operations. After selection of
the proper vehicledr delivery into LEO, where the tradeoffs for each option are mentioned, the
telemetry and tracking as well as communications structures are described. Then, once these are
established, the separate elements of the operations phase are delineated.

3.7.1 Launch Vehicle Selection to LEO

In order to construct a space medical center, launch vehicle selection must be considered. Since the
retirement of the Space Shuttle in 2011, a SpaceX Falcon 9 has deployed the BEAM. Apart from the
Russian Proton and Soyuz other vehicle has delivered modules to the ISS. Soyuz is a tried and tested
rocket for delivering astronauts to the ISS but the modules it has delivered have been relatively small
(Krebs, 2019)Therefore, the Soyuz is excluded from tingde-off.

The three main parameters that will determine vehicle suitability are the payload fairing, the payload
mass, and the cost. The payload fairing must be able to fit the module in a cylindrical dimension. The
launch vehicle, depending on its boest, should have a max payload to LEO of at least 14,515 kg
(maximum mass, defined in module selection). The cost will define the selection after the other
criteria have been met, with the cheapest option ideally being the most feasible. From theseacriteri
three potential launch vehicles have been selected for their mission suitability:
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Figure24: Suitable Launch Vehicles (The Verge, 2017).

The Ariane 5 is the flagship launch vehicle of Europe and is the global benchmark for launches to
Geostationary Transfer Orbit (GT@yianespace, 2021 With the imminent release of the Ariane 6,

the cost of Ariane 5 launches has been reduced by 40% @mproximately US$175m to US$100
105m) to compete with SpaceX in the Asian market. At this new price point, the Upper Berth of the
launcherg reserved for the larger payloagimay be priced in the US$6M®m region, with the Lower
Berth costing around US$4Bm (Serdata, 2010 placing it much closer in price to its main competitor
SpaceX. However, it is difficult to know if the SMED will share a launch with another spacecratft. If
the SMGLEO was to launch with another spacecraft Ariane 5 could prove tbebcheapest option.

But, if the SMA@.EO was to solely launch atop of an Ariane 5 it would prove to be far more expensive
GKFy G(GKS 20KSNJ 2LJiA2yad ¢KS | [! ltaftla = Ffaz
guotation system(United Launch Wance, 202}, the exact model the SMCEO needs to complete

the mission is the Atlas 531. The launch would cost $73M, proving its suitability. However, this price
would still be too high, considering the competition.

The best launch vehicle availablahe SpaceX Falcon 9 (Figure 24). This vehicle is the most popular
launch vehicle on the market and has been used to bring astronauts to the ISS as well as the BEAM
module, which it delivered to the ISS in 2016. Furthermore, due to its reusable elenfentaunhch

price is $62M and it is readily available on the commercial market. Therefore, considering the market
trends and the current availability of launch vehicles this would be the best selection for ary near
term plans to launch th&MCLEO If themodule length needed to be increased, this eliminates the
possibility of using any of the SpaceX launch vehicles due to the limited payload fairing dimensions
leaving the United Launch Alliance and Arianespace launch vehicles as the best selection.
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3.7.2 LEO Command, Control and Communications Architecture for TTC

There are different communications architecture, frequencies, and links that aAL.&E@@ould use in

an orbital module. The available systems have been developed to a conceptual Havilg
International Telecommunication Unior{ITU) restrictions, allocations, and regulations into
consideration (Shin, 2014). Ideally, the module will use the following three types of communications:

Ground link. This link will enable MissiGontrol (MC) to receive and send TTC and will serve
as the link for any audio or video communication, including possible telemedicine.

Ship to ship: This link will provide continuous TTC for the ISS and the transient links with other
ships while docking.

Internal: This link will provide a baseband for crew communication across different modules.

The parameters for the necessary communications systems for anLE@Gre laid out in Table 15
including the frequency bands, architecture, and ground and spaasEving systems.

Table15: Comparison of ISS Communications Systems for a Space Medical Center
*Data from the ISS extracted from (Dempsey, 2017; NASA, 2016b; NASA, 2017a).

» Space medica
Parameter ISS center LEO
Sbhand Sband
Frequency bands Kuband Kuband
UHF Kaband

The ISS communications system is complex and has changec

Communications the years. The normal flow of communications architecture .
See Figure 25

architecture that data travels from the ISS usidiferent frequencies to
Mission Control through ground stations and vice versa

Grou:;strsﬁ]elvmg GRGT and WSGT G\?\/%-I(-;?'nd

Spa;:;srticlflvmg Constellation of TDRSs Conﬁ_tglsggn of
The uplink and downlinkommunication between 1 Is5
the SMGLEO and the ground segment is fair SMC N
straightforward. The signal travels through th +—| Other 5/C
Tracking and Data Relay Satellites (TDSR) to
ground stations, either White Sands (WSGT) I I
Guam (GRGT). These stations send the signa
Mission Control. Mission Control (Figure 25) TDSR Satellites
simplified as one element but could represent ar F 1
Mission Control center around the globe L 1 _____ l__ I -
depending on the operation. For uplinl :
communication, the process is repeated but in tt ! GRGT WSGT

opposite direction : \ '
! E el Dpcking link

Figure 25: Communications architecture for an i Mission | Video
orbital module. Different colors for video, TTC, ! = T
and docking link are presented in different ! control | === f::;r;ﬁ1

bands.
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Each frequency will have a specific use and need aboard arl_.EM&aband will be usd for ship

to-ship communications with the ISS and other spacecraft. This band will also be used for
communications with astronauts in the case of EVAb&nd will be used to transmit any video to and
from the SMELEO. This will be especially helpful ttlemedicine purposes.-&and will be used for

all ground communication and TTC. This includes the audio from telemedicine, personal crew calls,
and medical data transfer.

Placing an SMC in LEO is the most realistic and important firsfi$tepefore, this large chapter shed

light on the multiple components of the core designs for the SO designs. Reviewed here were
the medical operations for every level of health care from routine, primary care to emergency care
and intensive care. Mentahealth services, exercise, and rehabilitation were also discussed, with
equipment and personnel for each. The extensive research capabilities that will be possible on the
SMCGLEO were explored. A researcher in a commercial partnership with the SM@weiltdinfidence

that his or her project will be managed professionally and with many of the same resources as on
Earth. As mentioned, there will be fundamental research on the most elemental forms of how our
biological systems function, which will be impamt for the greater scientific and academic
community. There will be translational research, examining the forms of research that are directly
applicable to humans on earth, working with drug protein crystals, stem cells, eogectsips, and
others. Additonally, there will be research on human performance in space, with work on biomarkers,
studying genomics and other insights to crew health and protection. For engineering principles, the
technical and safety requirements dictated the overall size andgtra of the SMC physical plant as
well as the shielding and pressurization solutions. The construction of the standard medical and
research equipment racks and view their contents and location were identified, with each important
component having a spefl position in the layout, based on function and proximity to like
components. Lastly, a proper shdigt of launch vehicles was selected, and the communications
structure to manage telemetry, tracking, and voice and data relays was diagrammed inrihe pla
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.4_1

"THE SPACE MEDICAL
~ .CENTER .ON THE -
.~ LUNAR SURFACE , .

After detailing the specifications for an SMC center in LEO, scenario 2 shall lay out the different elements that
be consideredwhen placing an SMC on the lunar surface (SMAN). It will be a large center, built to accommodate
greater numbers of paents in need of care in a future lunar settlement. Furthermore, it will serve a greater numi
of researchers who will be using the facilities. This section will discuss the functions of the-[SIMC a health and
performance clinic, an emergency center, arercise and rehabilitation facility, a training center, and a life scienc
research facility. Furthermore, it will discuss the design and architecture of the secondagice
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The next stage of the SMC will take place on the lunar surface. It will be a much larger center, built to
accommodate the larger numbers of patients to be cared for at a future lunar community, and to
serve the greater amber of researchers who will be using the facilities. The functions of this SMC
LUN will be the same as for the SMEO. This center will act as a primary care health and performance
clinic, a psychological care office, an emergency treatment centerxarcise and rehabilitation
center, and a life sciences research laboratory.

The lunar environment presents many challenges (Table 16) from partial gravity to a thin atmosphere
and extreme temperature gradients. For this reason, the study of the lengironment and its
adaptability for human habitation is essential. This chapter aims to study the potential locations,
architectures, design, and configuration of a medical center on the lunar surface. In addition, the
research practices, medical operat® and sustainability actions have been addressed in order to
provide a wide framework of the lunar medical center operation

Tablel6: Key Parameters in LunBnvironmentsankins and Mankins, 2020).

Key parameter Description

Partial gravity | G9 F NI KQ& 3IANI gAGes OKFy3aSa GKS | LI AO
Vacuum Lack of atmosphere results in exposure to vacuum

Temperature Gradient between150°C and +100°C between night and d@g0°C inpermanently
gradient shaded areas

Day and night | 14 days daylight, 14 days night; the cycle poses a challenge to power genel

cycle thermal control, and psychological wéléing
Granular sharply edged regolith is a potential hazard, but algera useful resource

Lunar dust for habitation shielding

hyS 2F GKS YI22NJ OKIfftSyasSa 2y (KS az22y Aa LI NIA
This implies that structures only have to carry one sixth of loads for the same mass as on Earth. This

also has implications for th&E MGCLUN itself, sufr as on treatment or exercise. Open surgery is
theoretically plausible since it is unlikely that blood will float and obstruct visualization of the surgical

field like it would in microgravity-dowever, the fluid mechanics are significantly different wotily a
FNIOGAZ2Y 2F 9 NIKQa INIGAGed [A1S6A4aSs SESNDA&AY
without adjustments to the lunar environmenbDue to the lack of atmosphere the habitat on the

Moon will require internal air pressurizatiomhis means that all interfaces between humans and the

hostile lunar environment need pressurization and each habitation module needs an airlock.

Lunar dust poses another challenge to sustainable operations on the Moon. The dust is composed of
extremely small and granular regolith with most particles measuring just under a millimeter. Regolith
is extremely sharqedgedas erosion due to weather, wateclimatic and tidal events do not occur on

the Moon apart from solar radiation, solar particle events and galactic cosmic rays. Thus, regolith is a
potentially dangerous hazar@&lyuta, 2014)Conversely, regolith can also be used as a construction
material once insitu resource utilization (ISRU) becomes feasible. Loose regolith can be compacted or
sintered to additively manufactured habitat structur@€alapodis, Kampas, and Ktenidou, 2020).
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Scenario 2 assumes that humans will have begun to settl@ lunar surface by 2040. This primary
settlement will be small in size and consist of approximately 40 individuals. The success of maintaining
such a settlement will depend upon its capability to be-saBtaining and largely independent from
Earth with regards to resupply requirements. Therefore, local production of energy, building
materials, food, oxygen, and water will be essential if the settlement is to be trulggéifient.

4.1 Lunar Health and Performance Clinic

Medical care on the lummesurface will be similar in many ways to the care given in LEO, but with some
notable exceptions. The addition of gravity provides certain benefits, such as stability when working
with patients, ease of mixing drugs and drawing up medications, and thity abiperform procedures
without the difficulty of microgravity. It will also restore certain problems, such as falls and crush
injuries. The following sections detail the differences in care that are specific to the lunar surface.

With the addition ofpartial gravity, falls will be possible, and traumas will be more common. Objects
that were in microgravity can now fall and cause injuries. The incidence of major illnesses such as
appendicitis will be similar, but their treatment can differ. If an asénainor spaceflight participant
suffers from a perforated abdominal viscus or appendicitis, laparoscopic or even open surgery would
be more feasible on the lunar surface than in LEO. Blood would not pool as it would in microgravity or
contaminate a cabin erdronment. Surgical instruments would also be more stable with gravity and
the surgeon and crew would not require special restraints in order to apply force to the patient.
Evacuation from the lunar surface will also be more difficult. A return trip tahEarll take
approximately five days. There will be strong gravitational forces upamtg to the Earth, so a
patient would need to be stable enough for a mudy journey and significant physical forces.
Therefore, more treatments for more severe cdtiwhs such as mulirauma, sepsis, pancreatitis, and
cholecystitis would need to be provided at a medical center on the lunar surface.

4.1.1 Primary and Pharmacological Care

Routine care on the lunar surface and in the gravity wheel medical centers will consist of the same
standardized elements as it does on the ISS module from Scenario 1, and on Earth. Primary care
encompasses disease prevention advice, strategies, diagaosisfeatment, and is a broad ranging

field of health. It is likely that the technology used in the diagnosis and treatment of patients may
advance and change in the future, but the fundamental aspects of the care are predicted to stay the
same. Longer dation space missions will inevitably lead to new challenges and requirements for
primary care countermeasures.

Since the options for resupply will be more limited on the lunar surface, the medications of the SMC
may encounter issues with shorter lifpan or decreased effectiveness. Repackaging to conserve
space and weight, combined with exposure to light, heat, humidity, radiation, and oxygen, could cause
premature degradation, as mentioned previously. Therefore, the SMC on the lunar surface wikprovid
temperaturecontrolled storage containers with additional shielding to protect this precious cargo.
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4.1.2 Psychological Care

Knowledge about psychological wb#ing in a lunar environment is largely unknown. To date, no
humancrewed mission haseemained on the lunar surface for an extended duration and no human
has remained in a spaceflight environment for longer than fourteen consecutive months (Kanas,
2015). Therefore, the efficacy of some support measures cannot be relied upon in a8\ @tile

some countermeasures are capable of being used both in LEO and on the Moon, it will be essential for
an SMELUN to provide autonomous care for countermeasures and treatments to suit the lunar
environment.

PPCs could be negatively impacted on a lguface environment. Depending on the location of a
medical center on the lunar surface, PPCs could be used to some regular effect. If a medical center
were located on the near side of the Moon with direct Hoksight to the Earth, then PPCs could
remainan effective countermeasure accounting for a fsacond delay in communication. However,

if a medical center were located on the far side of the Moon with no directdirsght to the Earth,

then the delays in communication would render PPCs less bffe(@lack et al., 2016).

A potential substitute for PPCs in this instance would be the addition of a human psychiatrist or
psychologist to the lunar settlement crew. Such a person could serve as-lamaoth consultant to
conduct inperson conferences similar to a PPC. Unlike a RB\ever, a designated psychologist
would remain a part of the crew and would therefore be unable to remain completely objective as
they would be exposed to the same psychological stressors, issues, and influences as the rest of the
crew (Kanas and Manze2008). Further study on the efficacy of psychological counselling would be
necessary before developing a space medical center on the lunar surface.

Additionally, the loss of visual connection to the Earth can result in a psychological loss of connectio
to both home and safety and could cause specific psychological symptoms in deep space crews
including homesickness, depression, and other unpredictable conditions (Clément, 2011). To
counteract these symptoms, the SMON could be equipped with VR equigmh to provide
individually tailored and interactive Earth environments for eliciting positive psychological responses.
This can be either through individual VR headsets or, as lunar settlements grow in the future, large
scale VR chambers. Current LED ¥Rdtechnology could easily be integrated into an $M® to
virtually interact with Earth environments thereby mitigating potentially negative reactions stemming
from increased isolation or confinement in a lunar surface environment.

In terms of psycholgical pharmaceutical care, there is very little information on the use and efficacy
of medicine in prolonged deep space environments, and the studies undertaken on medicine in Earth
orbit have been minimal. While there are no figures to back up the usgedications in deep space,

the same medications approved for usd.ilBO (Chapter 3.1.8puld be used in a lunar medical center,
provided they are able to care for psychological symptoms that may become more potent with greater
distances and durations fromarth.
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4.2 Lunar Emergency Medical Treatment Center
4.2.1 Emergency and Critical Care

With the advantage of gravity, emergent care will be simpler and more effective in many ways.
Restraining patients and staff to work on an injured patient will not be as critical, since the patient will
not move when minor force is applied. This will makevay management more effective, with the
ability to better control the patient and manipulate the head and body with the additional force of
gravity acting as a counterforce. Cardiopulmonary resuscitation, in particular, will also be more
practical. Moe force can be applied, more easily, and crewmembers can change roles performing
compressions more quickly. There will also likely be more space to work in th& SNI®/1eanwhile,
transporting a patient may be more difficult, due to gravity, and lunar dasting contamination of
clean or sterile fields could also be a problem, even indoors, on the Moon in an emergency.

Intensive care on the lunar surface will have some advantages with gravity and some disadvantages.
Preparing and delivering intravenousedications will be simpler. It is difficult to separate liquid
medication from air when drawn in a syringe or delivered into intravenous tubing. Gravity also assists
with drainage from invasive tubes and drains. Meanwhile, patients would have more pradsars

on the lunar surface than in microgravity due to more forceful contact on the skin at pressure points
in a medical bed. Also, blood pressure will also vary depending on position in lunar gravity, whether
laying or standing, and respiratory mecli@nwill be less favorable in gravity where the weight of the
chest wall will impede mechanical ventilation.

4.2.2 Blood Transfusion

The SME.UN will have a refrigeration unit with a dedicated section for storage of blood products. The
purpose will be tamaintain a supply for research and medical purposes. Along with equipment for
separation of blood components and the ability to test blood, this capability will be known as the
Blood Bank. It will consist of a refrigeration unit &C4 a freezer at25°C, and a blood warmer.
Furthermore, it will take advantage of the SNION centrifuge and microscope.

Hematological research can be performed aboard the $MRN to study the effects déinar gravity

and radiation on the bloodTherefore the blood bankwill serve as the center for transfusion
medicine. There is no medication at this time that can replace blood product transfusion for certain.
The gold standard for treatment is replacement of blood products to control bleeding and restore
oxygen carryingapacity. If a need arises, a transfusion will be performed aboard theLSMIC

The blood bank would serve the same purpose on the lunar surface but would benefit from having
gravity and more working space. With gravity, frozen plasma could be rewarnied wmater baths,

which warms more evenly and prevents the formation of cryoprecipitate. Gravity would also facilitate
working with centrifuges, making blood component separation easier. Having extra space, the size of
the refrigerator and freezer units o@d be expanded. This would allow the retention of all units of
donated plasma which could further the hematological research capability and would extend the size
of the pooled collections of plasma available to each crewmember in case of emergency, Wittall
additional space and equipment on the lunar surface, croagching for norautologous transfusion.
Finally, having additional space could mean having additional equipment such as microscopes
available for blood processing and even crossmatchiagcifewmember happens to be a universal
donor. The other functions of the BB would remain similar ®SMGLEO.
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4.2.3 Surgical Care

Closed head injuries with intracranial hemorrhage, blunt or penetrating trauma, gastrointestinal
hemorrhage, cholecysis, or appendicitis could arise at any time during a mission. A patient in SMC
LEO could be stabilized and evacuated to Earth in the event of gross injury or urgent surgical disease.
If a patient in SMEZUN however, it will be important to have the alyilto perform surgery when
medical management alone would not be sufficient.

In an SM@.UN, there could also be theThe space medical center shall provide:
possibility for robotic telesurgery, since thi
technology in this field may have advance
considerably by the time a lunar station i
created. Laparoscopy as a closed surge
technique follows the principle of Minimil
Invasive Surgery (MIS), with minimal opening o
the skin and working within the body using
cameras for visualization. The field of MIS, especially laparoscopy, has seen major advancements in
recent years including the integration of cuttiegige technabgies, such as 3D visualization and AR
FaaAradlyOS F2N adzZNHS2yad hyS &adzOK aeaidsSvy-aAa GKS
FaaAad0SR LI NRAO2LIAO dzf iewsh & 2ldry ROFA Johnd Hopkingl & ¢ LIN.
University, called th DaVinci Canvas. It consists of a stereo endoscope for 3D visualization within the

closed surgical domain and a robotically assisted intraoperative ultrasound probe that can be directly
placed on the surface of tissues such as the liver and has the tgpabautonomously conducting

repetitive movements. This may be useful for surgery in the future for the-SMC

A suitable operative table with patient and surgeon
restraints need for fixation in low gravity (1SS MORD)

Verification: Identify key table and crew member restraints

igure26: Surgical care requirements for an
MGLUN.

4.2.4 Remote Surgery i Telesurgery

Remote surgery, also known as telesurgery, may be possible in some forms of assistance in an SMC
LEO. However, it may also be possible in extended forms for a.8NCThe technology is still at an

early stage, but it has promise for significant advancemim the future. Telesurgery is the
LISNF2NXYIFyOS 2F adzNEHSNER 2y + LI GASYyd GKIFEG Aa yz2i
(Haidegger, Sandor and Benyd, 20W¥ith this surgery over a distance, it can connect any two points

that are in communication, such as the Earth and the Moon.

Telesurgery can take three forms, depending on the strength of the communications connection
between the surgeon and the operatigéie. The type of telesurgery depends on the strength of the
communication link. To elaborate, telemedicine and telesurgery can occur itimeabr offline, and

it can be divided into these categorid?dsser, Young and Klonsky, 2007):

Storeand-forward teleassistanceoccurs when twewvay communication is limited to only
one-way transmission at a time. Information is received, then evaluated offline, and feedback
is then sent to the original location afterward.

Remote monitoringoccurs in reatime with oneway transmission that enables medical
officials to collect data about patients from a distance, with different sensors irtireal
Interactive telepresenceccurs when realime, two-way communication provides instatua-
instant interactions. Thisommunication link then supports several forms of interactions.
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The current technology for fully remote telesurgery with the sole surgeon at a distant site, is too large
with too much mass to be practical in space. The most effective surgical systatett dntuitive's

Da Vinci Surgical System which allows surgeons to perform minimedlgive surgery with precision

and accuracy. The Da Vinci robotic arm can perform a wide range of different medical operations,
including cardiac, gynecology, and gealesurgicalCarfagno, 2019However, there would need to

be a considerable reduction in size of the Patient Cart rolastsembly to be practical on the Moon.

On the lunar surface there will be several advantages due to the presence of gravityth&iestyill

be less need for restraints for the patient and the medical crew. The patient will be more fixed to the
examination or operating table and the staff will not need the same attachment to the table or the
floor in order to apply force to the pant. Second, open surgery will be possible on the lunar surface
because there will be less contamination of the operative field and cabin environment by blood since
there will be gravity to cause the blood to run toward the Moon. There will not be the fiered
containment devices to protect the patient and to maintain a clear surgical view. The cabin
environment will also not be contaminated by blood which is a biohazard that is difficult to disinfect,
and which could interfere with electrical equipmentiricrogravity. Third, surgical instruments would

not need a special management device to prevent loss or contamination of instruments. The
instruments could be placed on sterile operative trays near the operative field just as on Earth.
Through each of thesadvantages, medical care on the lunar surface could be remotely reinforced
especially during initial lunar operations when other infrastructure could be lacking.

4.3 Lunar Exercise and Rehabilitation Facility
4.3.1 Exercise

The 17% Eartlgravity on the Moon will be insufficient to maintain adequate bone density and to
prevent muscle atrophy. In a NASA review of the potential effects of lunar gravity on bone
demineralization, there is expected to be a 21% bone loss per year without edfectimtermeasures
(Keller and Stnass, 1993)Therefore, an exercise regimen needs to be implemented on the lunar
AdzZNF I OS GKIFd FRRNBR&aasSa GUKAa AaadsSo {AyOS |ye
weight on the Moon, the cost would be ginibitive to send free weights to the Moon for use with
exercise. Therefore, one solution could be to exercise without free weights. The crew members at a
lunar outpost could rely on exercise machines based on resistance, instead of gravity. Thisiveéll re

the same type of resistive exercise equipment currently used on the ISS.

The Advanced Resistive Exercise Device (ARED) is a multipurpose exercise device. It uses vacuum

chambers for constant resistance and flywheels for variable resistance (NAQ&).20 was created

with an action and feel that mimics the forces experienced when lifting weights on Earth. It is also
compatible to facilitate transfer to space and it has space heritage, with routine use on the ISS for 13
years. Another solution couldse insitu resources, such as lunar regolith for exercise weights. For
free weights, pulverized regolith could be added to specialized containers for exercise. This would be
similar to special container bags that hold beach sand for use as weightss@viy@020).

An exercise machine that usessitu resources could also be considered for use on in aniSMC
although this machine would be takégp a considerable amount of roonusing local resources,
containers of pulverized regolith could be attached to a machine that moves weights by lever and
pulley mechanismssimilar to exercise machines on Earth that move weight plates by cable systems.

54



Cardiovascular training will also be imfpaot. This type of conditioning is an essential part of a health
maintenance regimen. Bicycle ergometers are one solution that are small, lightweight, simple to use

and maintain, and can give feedback on performance. The settings and output can be teauked,
LISNRE2Y Qa LISNF2NXIyOS Oly 06S S@lFftdZd 6§SR 23SNJ (A Y
bicycles, the Cycle Ergometer with Vibration Isolation and Stabilization (CEVIS) in the U.S. segment and

the Veloergometer in the Russian segment (Norcressl., 2007). These types of ergometers,

equipped with seats and body harnesses, could be used on the lunar surface with similar effectiveness.

The vibration isolation and stabilization systems for these ergometers, however, would not be as
necessary iran SMGLUN, unless there was a need to protect sensitive equipment or experiments

from excessive vibration.

Some athletes prefer a treadmill, however. This type of device may also promote greater bone density,
with greater axial forces applied to the lomgpnes of the legs during exercise due to the upright
position. There are also two treadmills aboard the ISS which could be useful on the lunar surface, the
Russian treadmill, and the Combined Operational EBedring External Resistance Treadmill
(COLBER (NASA, 20Z). Since there is insufficient gravity on the Moon to use a normal treadmill
without harnesses effectively, a treadmill on the lunar surface will require body harnesses with
resistance bands, akin to treadmills on the ISS. This additiored #ill allow effective use of the
treadmill and will better simulate the force of gravity on Earth.

4.3.2 Nursing and Rehabilitative Care

Nursing care will likely play a larger role on the lunar surface than in LEO due to fact the serderal
will be serving a small to m&ized settlement, similar to an Antarctic station or larger. For this reason,
there will likely be a greater need for thorough, welunded, holistic care. For rehabilitation, this
kind of care is not replaceable byedlication or procedures. It is essential to proper recovery and will
be provided to suit the needs of this SMC location.

4.4 Lunar Training Center

Crew training in the SMOUN, similar in preparation of medical and poedical staff as th&MGC

LEO, will be essential for exploration of the lunar surface. There will still need to be extensive training
in routine and emergency medical care, and these procedures will need to be practiced in simulation
before embarking on the missions. Gynecatagjiand psychological care will also need to be
reinforced since these have been traditionally undepresented areas of training for medical
personnel, historically, as mentioned previously. For training by telecommunications, the response
times may be Igghtly delayed. Therefore, telesurgery could encounter difficulties, but-way
telemedicine is possible and will likely be a staple of the medical toolkit. Teleconferencing from the
Moon would also be an engaging avenue for education on Earth. Classarmhrconferences would

be enthusiastic about the opportunity to converse with crewmembers on the Moon.
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4.5 Lunar Life Sciences Research Facility

The SME@.UN is designed to function autonomously including both the life support system and
medical caabilities. It is expected that current technologies, and research and development will reach
their top readiness level for space use in the nef05years. As such, current emerging technologies
are already envisioned for the final delivered SMED esthated around 2025, and for SM@N in

the near future. The SMCUN will implement all these emerging technologies as a testbed for
technology capabilities in partial gravity for future deep space missions. These technologies are
developed to support sebufficiency and sustainability of the whole mission. Thus, envisioned
technologies are those relevant either for life support systems or medical/research development.
Medical and research technologies can be classified in 4 categories: individual empotwemifiial
intelligence (Al) assistance, personalized medicine, andeomand care. These categories and the
associated technologies under development are presented below.

4.5.1 Individual Empowerment

Increasing the patient empowerment amdmpliance is now recognized as an essential determinant

of healthcare quality and prognostic. Digital health, VR, video games, and wearable mood editors are
G§SOKy2t23AS5Sa ARSYOGAFASR (2 &adzLJL)2 NDigithl hedltiNplaéd dzi Qa S
the patient as an active aspect of their own healthcare. Technologies that give a quick and interactive
access to their health status will be implemented in 8/ CLUNsystem. In particular, thEMCGLUN

will implement the Emerald sensor that will pide essential information about astronaut sleep,
vitals, and behavior by wirelessly analyzing radio signals specific to movement, breathing, sleep, and
other behavior(TRISH innovation 20RITattoclike wearable sensors, and biofuel biosensors will be
anessential part of this digital health plan and will be implemented in the required Personal Protective
Equipment (PPE) kit of each astronaut. Recorded information will be directly accessible on personal
mobile devices while emergency vital signs will b@jpan access to a common point of care analysis
device.

+w RSOAOSa YR @ARS2 3l YSa aAavdzZ | GAz2y oMixed LI I @&
Reality (MR) CarBelivery Guidance System to Support Medical Event Management on Long Duration

9 ELJ 2 NI ( A 2syin davkl@pseéntfof @ §ear study. The Mixed Reality (MR) GBedivery

Guidance System is a software that will provide medical training scenarios for probable medical events

in deep space and long duration missions, with SMARTkéikt guidelines. Other virtual programs

and video games are currently being developed by the Level Ex company to specificaltg train
practice surgeries and medical procedurespace TRISH, 2031

TRISH is currently funding the development @flavice that utilizes ultrasound techniques to alter

the excitability of specific brain tisséiéo improvemood (TRISH, A Wearable to Focus the Astronaut

Mind). This technology already exists with wedkablshed efficiencyn the ground but is not suitable

for space. The mind editor designed for space will be wearable and will also include a cobgagdr

algorithm providing prognostics and estimation of the astronaut mood and even functional recovery

after 1 AGNR{1S® ¢KS 6SINIoOofS Y22R SRAG2MWdingandf (KSy
healthcare performance. This wearable mood editor could be required as a mandatory PPE.
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4.5.2 Artificial Intelligence Assistance

Artificial Intelligence (Al) is achieving diagnosis performance in various medical fields, e.g., radiology,
histopathology, cardiology, dermatology, gastroenterology, and ophthalmof@gpol 2019. The

ideal SMGLUNmust implement and rely heavily on Al assistance for diagnosis and decisking.

Ideally the medical center will contain an interface integrating personalized health history, physical
examination, laboratory assessment information andbmard availald treatments to output the

best treatment recommendations. Al must be trained to integrate information and discriminate from
adaptive mechanisms specific to space and those that are maladaptive. With these remaining
challenges, fully capable Al assistateehnologies will likely be available iAlB years and are thus
included in theSMCGLUNtechnologies capabilities.

4 5.3 Personalized Medicine

Molecular biology has now reached the adventofthésb f t SR SNJ 2 ¥ -thraughpuda ¢ | y R
molecubr analysis.Precision medicine technologies, allowing molecular level diagnosis, and
personalized medicine technologies, allowing molecular phenotype characterization and healthcare
adaptation, are improving the medical success rate. A similar strategydshe applied to astronauts

to ensure the efficiency of countermeasures in space. Different technologies shall be implemented in
theSMd ! b G2 SylFroftS o0A2YFIN]J SN RSGSOlGA2Yy IyR Fylfeé
personalized medicine.

4.5.4 On Demand Care - Bioengineered Pharmaceuticals

One major issue for long duration and deep space missions is the storage and conservation of
pharmaceuticals. Over time the degradation of reactants and enzymatic reactions occur, which
impairs the stabilityand efficiency of pharmaceutics. An ideal strategy would be to produce needed
pharmaceutical on site when they are needed. Bacteria can be modified to produce proteins,
modulate the immune system, and remotexins(TRISH, 2021Bacteria cameproduce quickly and
easily, forming millions of settlements. Most importantly, bacteria can be easily stored for a long
period. A lot of studies are funded by TRISH to develop methods based on microbial pharmaceutics
production in space. These studies dnvestigating the developemt of a personalized prebiotic
GKSNI LR adeadGdSY RSNAGSR FTNRBY |[a0GNRY!Il deindi@sit@l & d NB A
delivery of therapeutic microbes by gastrointestinal devices, and a probiotic method to combttimen
health risk in space (TRISH, Medical Technology Research 2021). Simd#tymedication plant

based production methods are also under development while dry-fiesdl systems are also
investigated for biomolecules storag€8RISH, Medical TechngloResearch 2021Yheadvent of
bioengineered pharmaceuticals will mark a turning point for deep space and long duration missions
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4.6 Design Process

Similar to Chapter 3 on the design for an SMED, the operations for medical care and commercial
research for an SMCUN have been discussed including the nature of the tasks to be performed and
any differences that will be expected in partial gravity on the Moon. Next, the plans for the structural
design will be addressed offering possible sitesldoation and avenues for shielding to match. A
discussion of the layout of an SMION and its possible interior design, based on medical and research
activities and equipment needs will follow. Since the Moon is an isolated community, the basic
biologicalrequirements of a small habitation are strict, and the ideas presented on methods of
improving ecological sustainability within the habitat will be addressed including the designs for a
larger, multiunit SMC.

4.6.1 Potential Architectures

In recent years, several studies on lunar architectures have been conducted. These include inflatable
surface architectures and lunar lava tube habitats, both of which could be feasible solutions for an
SMCLUN. Inflatables have several advantages, thetmbgious being the efficient packing and thus
resourcesaving transportation. Further, they are very ligintight and durable. Deployment and
assembly are relatively easy, and redeployment to a different place is also possible. Overall, the
development ad manufacturing are more cost effective. However, inflatables also come along with
a number of problems. One is the limited habitability due to the shape of the final inflated
configuration and empty spaces that cannot be used. Even more concerningjrstéd stability as

there are fewer supporting structures for higher stiffness. Another problem arises when reentering
the lunar habitat after an EVA. The inflatable has limited capabilities to reliably prevent lunar dust
from getting from the airlock it the habitability zone.

Another potential architecture is the cave structumaind in lunar lava tubes. These are large pits in
the lunar surface thawvereformed naturally by basaltic lava eruptions. In some cases, these lava tubes
extend into subsurface tunnel systems providing an interesting location option for a lunar habitat. The
main advantage of a habitat within a lunar lava tube is its natural ptioiecagainst potentially
frequent meteorite impact. The diameter of such lava tubes can vary strongly. Potential candidates
that have been identified range from 10 meters and 150 meters in dianfef@muyama et al., 2013).

One site with potential candides for a hosting lava tube is the Philolaus crater near the lunar North
pole on the EartHacing side of the Moon. The temperatures during a lunar day in this region can rise
up to 100°C whereas during the lunar night temperatures drod5®°C or lowe(Spudis, 20180ver

200 pits can be found in this area, which are permanently blocked from surligletand McDonald,
2018) Figure Z depicts a conglomerate of three lava tubes ranging from 8 to 13 meters in diameter.

The criteria for selection of a potential site for tS®MCGLUNincludes protection against radiation and
meteorites, SMC accessibility, construction complexity, and modular extendibility. In terms of
protection against radiation and meteorite impact, thaéar lava tube is the better option, as it offers

a natural subsurface shelter to any structure in it. Whereas the meteorite impact in lava tubes can be
reduced much better than in a surface habitat, protection against radiation on the surface can also be
achieved to nearly the same extent as in the lava tubes by advanced shielding technology.
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The downside of lava tubes is itenited
accessibility and increased construction
complexity compared to osurface solutions
as it requires advanced logistical infrastructure
to transport and build structures in such an
environment. Modular extension of structures
in the lava tubes will & more or less feasible
depending on the local geological topography.
In any case it will be easier to extend an-on
surface  habitat than a suburface
configuration. Given the immense complexity
of developing a lava tube architecture, the-on
surface habittis considered the more realistic
option for the foreseeable future. In the long
term, a lunar lava tube could also become
feasible Kimenes, Elliott and Bannova, 2012

Figure27: Impression of a simple lunar lava tube
architecture(Ximenes, Elliott, and Bannova, 2012)

4.6.2 Lunar Medical Center Design

The first design is located in the ne2®40. In this time frame, one major module is considered the
most feasible solution on the assumption that 20 to 30 specially trained astronauts will live and work
on the lunar surface. These astronauts can be either institutional or private with a foc@entists,
medical specialists, engineers, maintenance, and construction workers, and potentially a select few
wealthy tourists. This assumption is estimated according to current plans by NASA and ESA to send
astronauts to the Moon again in the mgD20s.

4.6.2.1 Integrated Shielding Considerations for the Lunar Surface

A possible scenario is wndruct the SMGLUN by 2042060. For radiation protection, the lunar
regolith and watetbased radiation shielding approaches are highly suitable. Lunar regolith itself has
some radiation shielding properties but it can be combined with radiosyntffigigi, or rmelanin for

an integrated radiation shielding approadBy 206Q possible active shielding approachesuld be
usedas well.

Passive shielding against GCR is still limited by mass, regardless of how powerful a radiation attenuator
can be. Reducing the estated dose equivalent of the amount of Lunar radiation energy to the
average Earth dose (230 mSv/a to 6.2 mSv/a) a 0.21m thick layersghaerospermunvould be
needed. Therefore, the material should be dense enough to have a hlgtear attenuation
coefficient. Lunar regolith combined with fungi or melanin would require approx. 0.09m thick layer of
the mixture as mentioned earliéShunk et al., 2020)
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The SME&@.UN habitat can also use water effectively within the next 20 years. The outerg@ped
structure of the SMA@.UN can be utilized for water shielding. @weth gravity will be challenging for

using water as a radiation shield. Nevertheless, it is also possible to use water in capsulated form as a
phase change material. It will save thesources and time for making the water circulate.
Encapsulated water is easy to change and discard. A note to mention here, wastewater can be used
for encapsulation and used around the SIMAN for shielding. In order to effectively shield gamma
rays and keping in mind the mass attenuation coefficient, the water layer in circulation or
encapsulated form needs to be calculated according to the half value shielding principle.

Performing EVAs exposes astronauts to 2.6 times more radiation than the astrexpaisence on

the IS5 (Zhang et al., 2020)his poses a threat to crew health in an SMAIN, especially if the mission

on the Moon is for a longer duration of time. The integrated approach of shielding for the crew may
require dietary countermeasures duas using plum, blueberry, or strawberry powder and spacesuits
with thick layers of effective shielding materig&hukittHale et al., 2007).

In sum, the future implementation of radiation shielding must look at an integrated approach and take
into consideration the engineering and medical countermeasures. Itis inadvisable to only look at some
specific materials or elements that provide radiation shielding. The-SMCshall consider all of the
abovementioned solutions for its redlme applicationin the future.

4.6.2.2 Design Configurations and Systems Design

Various design configurations have been compared and evaluated based on their utility and
compliance with the functionality of an SM@N. The criteria for the tradeoff wemramediate access

to the emergency area, sterility within the medical and research area, connectivity, and easy access
to all parts of medical and research facilities. Moreover, it was required to have advanced imaging
diagnostic capabilities, a distinct eaxise area, dental care, routine care, emergency care and a
rehabilitation zone including recreation.

The first two configurations (Figur&phave only one floor for both medical and research areas. These
differ by the placement of its emergency unit. the first configuration, the emergency unit is in a
corner near the docking hatch and in the center, there is a central pillar with storing capacity. A central
pillar has the advantage of giving additional stability to the dome structure. In the setioad,
emergency unit is placed in the center of the dome for better accessibility.
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Figure 28: Two initial designs with similar configurations with both medical and research on one floor.

Configurationl (left): the center isccupied by a central pillar. Configuration 2 (right): the emergency unit is
placed in the center.

Ultimately it was decided to have two floors, the first one for medical and the second for research.
The final configuration is depicted in Figut@ with floor breakdowns in Figure03&nd 3L for the
medical and research areas respectively. The research area was considered to have a hallway on the

second floor, but due to increased complexity of the connecting hallway and airlock this idea was
abandored.
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Figure29: The lunar module is divided into two floors. The airlock module is followed by a hallway connecting
to the main dome. The first floor is dedicated to medical purposes; the second floor to research. The arehitectur
includes a docking port to a space ambulance.

The hallway and the airlock are based on the American Destiny module with a diameter of 4.5 meters
and a length of 8.5 meters. For the SMQN this length could be shorter as the hallway is mainly used
for storage. The airlock in Figur@ Gonsists of an additional decontamination zone to ensure that no
lunar dust is carried into the SMAJN. The standard configuration for this consists of externally
attached EVA suits that can be accessed from the insml@etr, it also has the capability of opening

the airlock hatch for entering with the entire suit.
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Figure30: Configuration 3 (ground floor) depicting the medical area and the entrance modules composed of
an airlockdecontamination zone, and hallway with storage capacity.
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Figure31: Configuration 3 (second floor) depicting the research area for protein crystallization and stem cell
research among others under partial grawtynditions. In the center, a plant garden is included for research on
selfsustaining agriculture with local resources.

4.6.2.3 Diagnostics and Imaging

Specific MRI and-bay chambers are added to the ground floor design. MRI provides a variety of
appliations for diagnostic imaging. However, the considerable size and mass of the instruments make
their application in space limited. Additionally, the massive magnetic field poses the risk of
electromagnetic interference with the electronic equipment. ThivBRIls need to be confined in
separate rooms without metal components in it to prevent undesired interferences.

A functioning MRI system adapted to the constraints of space has not been designed yet. However,
design proposals for crucial parts, such as tved¢ost homogeneous portable permanent magnets

are currently in development (Chapter 3.1.4) (Hugon et al., 2010). These magnets, which are relatively
lightweight, can propose a system for a small MRI with a weight of about one tenth of the weight of
terredrial MRIs (Hills, Wright and Gillies, 2005 jo et al., 2009; Sarty et al., 2012). Such a concept

is considered feasible and applicable for an SNIGI.

4.6.2.4 Emergency Unit

The emergency care secti@Rigure 32jhas been placed in the center itfe SMGLUN on the ground

floor. The main reason for this is access from all sides at all times which will accelerate operations and
facilitate the job of the surgeorthere were two considerations: locating the emergency section next

to the ambulance dodkg port or in the center of the room. Ultimately, the emergency section was
placed in the center of the facility for functionality and ease of access, despite the benefits a central
pillar would offer for stability.
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Figure32: Left: emergency area with instruments and a laparosctipier Right: a patientecoverybed.

4.6.2.5 Rehabilitation Operations

The main challenge of exercising on the surface of the Moon is the partial gravity. This leads to a very
different style of movement, akin to hopping than walking. For a treadifflgure 33}his means

there would have to be additional restraints and extra resistance load. Heavy weightlifting is
unfeasible. For more information on exercise materials inf@-EUN, see Chapter 4.3.

Figure33: Left: lunar exercise equipment including a specially adapted cardio treadmill. Right: CMO office.

4.6.2.6 Research Area

The research area consists of a fridge, freezer, centrit@aputer desk, 3D organ printer, glovebox,
incubator, DNA sequencer, and has space for future additions. RBdwteows the research area and

its components. The dimensions are not correct in relation to the space within the dome. For
information on whatresearch activities will be carried out in an SMAN, see Chapter 4.5.

Figure34: Left: the research area and components. Right: a plant area for research and recreational purposes.
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4.6.2.7 Healing Architecture
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space. Plants and living vegetation will be implemented to reinforce psychologicdieirsdl by way

of a living vegetation pond on the second floor. Addingd¢jwegetation not only allows for humans

to maintain a connection with nature, but plants are a constantly changing, interactive material which
can help to combat the otherwise rigid structure of a medical center.

However, the SMCUN will be unable to iplement windows. While two cupola windows are slated
into the top floor design to permit some natural light, windows in patient care areas are not included.
Without windows, patients and medical staff could develop depression, homesickness, or other
unpleasant psychological symptoms stemming from increased isolation and confinefidanss,
2015. To combat these symptoms, it will be necessary to simulate the effects of windows in patient
care and recovery areas, similar to the SMED window application (@pter 3.6.4.4). This can be
achieved through the application of highsolution LED screens mounted onto the walls of the
medical center that are framed to look like normal windows. With this technology, individuals can
OKIy3aS (KS W@A S gofn aakBa¥e ofl HigBuality inAdes of differdidt landscapes
and locations depending on their given preference.

4.6.3 Biological Sustainability

Some basic requirements for a biologically sustainable human population have been calculated in
Table 17 Mankins and Mankins, 2020To achieve a se$ustaining status, the settlement will need

to implement the use of an artificial closed loop ecosystem. Mimicking what naturally occurs in Earth's
biosphere, it is possible to create a contained system throudizing processes such as the nitrogen,
oxygen, and water cycles. This can be done alongside the use of various microorganisms, humans, and
higher plants for a biologically sustainable human population on a lunar settlement.

Tablel7: Basic Requirements for Biologically Sustainable Lunar Popu(demkins and Mankins, 2020

Requirement Quantity

Number of settlers 40

Crop Land Area (@1,500 &iperson) 60,000 n?
Food Eaten Per Day 70 kg /day
Water Required for Farming(30-day Recycling) 3,410 MT
Water for Personal Use (36day Recycling) 131 MT
Required Mass of Air (5 m ceiling) 750 MT
Soil (Shallow, Moist) 50,000 MT
Living 'Mass' (Human/Other) 2,400 k?(élzo’ooo
Light Required/Waste Heat 64 MW
Farml_ng Thermal Mgt. Power (if Active .00 MW electric
Required)

Average Power for 'Personal Use' 1MW
Total Bio-Driven Mass Required 5,000 MT

MW = Megawatts, MT = Megaton
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The ISS currently uses a closedp system in ECLSS, whereby clean airveaigr are produced
onboard, thus minimizing the need for frequent resupply missions. There are also several closed loop
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and the MicreEcological Life SuppgdBystem Alternative (MELISSA) (Ciurans et al., 2021) (FBure 3
Scenario 2 assumes such a closed loop system has been developed and functions efficiently with either
zero or minimum waste or loss. The success of the settlement with regards to isaféieiency and
independence from Earth will be largely dependent upon the effective functioning of such a system.
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Figure35: The MELiSSé&cological system interacts with different ecological compartments to produce food,
oxygen, and water while recycling waste, pexible foods, andhitrates (Ciurans et al., 2021)

Further, the cost of delivery for expendable items will be pteamium. Therefore, it will be imperative

to reuse, recycle, or repurpose items of importance. Sustainable energy from natural sources and ISRU
will also be essential to maintaining a sustained human presence on the Moon. Among the actions
that can be takn, the SMC will harness solar power, repurpose solid organic waste from food and
excrement, and obtain water igitu from water ice in lunar craters.

Solar power will be an important part of the electrical supply to the space medical center on the Moon.
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energy needs. With natural sources of energy, the SMC will have greater sustainability in the long
term. Solar energy will have gaps in productiom avill rely on battery storage for periods without
sunlight. However, it will be a reliable and sustainable energy source over théelong
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Solid organic waste will also be repurposed to achieve better sustainability. Solid biological waste from
inedible food, waste food, and excrement can be collected for use in multiple ways. The organic matter
can be used to promote the growth of biomassigihcould be used as a fuel alternative, and for the
direct thermal energy that a contained biomass provides. Second, this organic material could be
combined with pulverized regolith to create a fertile soil for growing food crops, plants for
pharmaceutials, or other useful plants. Fruits and vegetables could be grown in thisaie&everal

types of fungi could be produced for food, structural purposes, insulation, or medications, and hemp
and other fibrous plants could be grown for their structurabperties and usefulness.

Water is an essential aspect of life. The cost of transporting water can be prohibitive to a lunar
settlement, however. Therefore, environmental control systems will recycle as much water as
possible, and other local sourcesIwieed to be incorporated into the loAgrm plan. These ksitu
resources will be deposits of watare on the lunar surface, often located in craters. The distance from
the medical center to the water source will depend on the mining and transportagistems available

at the lunar settlement.

Plants will serve a variety of functions in the SM@N. They will form part of the vital ecosystem
described above as part of the life support system itself through the production of oxygen and the
removal of cabon dioxide. They are also a key element in the food chain and will provide a source of
YAdZiNAGA2Y FYR @AGFEYAyad ¢KSe OFy |faz2 0SS dziafAlS
IAINBSYyK2dzaSaQ gAftf 0SS Ay O2 NdéasNk dgBeRiturdl gyst@ms GakKBe a4 S 0
employed on a large enough scale to produce an adequate supply of fresh food and oxygen for the
settlement. Plants could also be genetically engineered to become resistant to radiation exposure,

along with being utilied in the sustainable production of pharmaceutical drugs. This will be extremely

useful in the SMCUN where medical supplies will be both limited and in demand and will further
contribute to the lunar settlements capacity for selistainability and redwe resupply mass and

missions required from Earth. Invertebrate life forms will also be introduced in the form of insects,

which will not only assist in the pollination of the crops but can themselves also be farmed as a source

of protein.

Increased sustaability of the SME@.UN is not only about cycling all available nutrients as part of
SaasSyaAalrt FdzSf 2F GKS IINIAFAOALIE SO2aeadSYd hT
of energy is passed from one trophic level to the next. One styabegthe lunar settlement would be

to find a way to increase this ratio of 10% or alternatively increase the energy extracted from this 10%
contained in biomolecules. Managing energy flow through the ecosystem will require a more
complete understanding dhe thermodynamic law in living systems. Further, this ecosystem must be
considered as a strictly closed one, so losing human biomass after dying would imbalance the
ecosystem and impair sustainability. Solar illumination has been shown to correlate infittass

productivity Raven, 2011 Solar illumination can provide the primary energy input of the system.

Thus, a sustainable artificial ecosystem would be one that reproduces and follows biological

thermodynamics flow.
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4.6.4 Advanced Modular Lunar Medical Center

An advanced SMCUN should be able to service upwards of 500 permanent settlers on the Moon by
2060. The basic configuration is modularly extended and integrated into a larger structure with a
central node connecting all SMC modules and @gue. Table 18 and Figur® Bresent the key
requirements and concept of an advanced modular SNJG!I.

Tablel18: Key Requirements for 500+ LurRopulation(Mankins and Mankins, 2020

Requirement ‘ Quantity ‘
Number of settlers 500
Crop Land Area (@1,500 &iperson) 750,000 m2
Food Eaten Per Day 875 kg /day
Water Required for Farming (3Gday Recycling) 42625 MT
Water for Personal Use (36day Recycling) 1310 MT
Required Mass of Air (5 m ceiling) 9375 MT
Soil (Shallow, Moist) 625000 MT
Living 'Mass' (Human/Other) 30000 kgk/g1500000
Light Required/Waste Heat 800 KW
Farm!ng Thermal Mgt. Power (if Active 1250 MW electric
Required)
I OAOACA 01 xAO A1 O O0AC 12.5 MW
Total Bio-Driven MassRequired 62500 MT
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Figure36: The advanced concept in 2060 is the modular extension based on theéereabasic configuration.
Several smaller SMC modules are attached together to form a larger structure with a ctaticai.
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In the future where a settlement on the Moon could exist, an SNUBI would require a morgue that

can store the corpses of dead people until autopsies or sustainable body disposal that has been
mentioned in Chapter 8.3 can be performed. The mergwuld be attached to the SMGJN as one

of its facilities and therefore, it would be under the same oxygen levels and conditions. Bodies would
be stored using refrigerators to decrease decomposition. However, the temperature on the Moon
changes drasticl depending on its exposure to sunlight and due to its thin atmosphere. These
natural low temperatures could also be used to refrigerate the bodies and decrease decomposition. If
the SMCGLUN is located in an area with low temperatures, such as insideex @vhere sunlight does

not reach, the morgue could take advantage of these temperatures and would not require a
refrigerator for the conservation of the body.

The ecologic method that recycles corpses into useful soil can be seen as a new begiwadnty It

help human society to cope with death and strengthen the human relationship with nature inhabiting
inside the modules. However, the moral implications of having a morgue should also be considered.
Only the authorized personnel of the SNION could amess the bodies in the morgue, and they would
only be visible to other habitants when SNION personnel consider they are ready for its ecologic
disposal treatment.

4.6.4 Lunar Emergency Rescue Vehicle

When a medical emergency occurs on Earth, an ambal&ansports the patient to a nearby hospital.
Though no major emergency has yet occurred in space, the increasing number of people living on the
lunar surface in the future increases the probability of potentially severe emergencies. Some of the
many medcal emergencies that could be fatal if not treated quickly include dust inhalation, radiation
sickness, heat/cold exposure, cardiac arrest, and head injuries. Many accidents could happen away
from an SM@.UN, for example, a dangerous fall while on an &VéAreduction in temperature in a
spacesduit due to a malfunctioning temperature regulator. If a fatal medical emergency happens far
from an SME.UN, an emergency space vehicle is required to address emergencies. Therefore, a space
ambulance will beequired as part of an SMIGJN. The space ambulance (Figufgvgould be able to

dock directly with a lunar habitat to transport patients from a pressurized cabin to a pressurized
habitat, without the need for a protective extravehicular outer suit. Thauld require a runway
attached to the airlock.

Flgure37 A groundbased space ambulance for Iunar emergencies.
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The space ambulance would need to accommodate one driver, a CMO, and a patient. As seen in the
Figure 38, thariver and the CMO are able to exit the vehicle through a suit port attached to the
outside of the spacecraft. To exit the space ambulance, an astronaut enters the suit from inside the
vehicle to separate the suit from the ambulance. Additionally, the spambulance would be
equipped with a stretcher, emergency airway equipment, an oxygen tank, basic and advanced life
support medications, cardiac monitors, a defibrillator, and other emergency supplies.

It is important to note is that any vibrations duritrgnsportation of a patient on the lunar surface will
likely be detrimental to patient health. Therefore, a requirement of a space ambulance will be soft
transportation of the vehicle. A partial solution could be the adjustment of the patient table on a
gimbal with strong hydraulic damping capabilities. Another solution is to have a space ambulance with
high precision control and shock absorbdpsvate citizens that may be less trained than traditional
astronauts will likely inhabit this lunar habitamjuries are more likely to happen, and thus it is worthy

to consider the vehicles that will potentially save lives on the Moon by transporting them to the SMC
LUN.

4.7 Mission Architecture

4.7.1 Lunar Launch Alternatives, Logistics and Technology Selection

For the lunar based missions, a different class of launch vehicles must be consgitteredper heawy

lift launch vehicle. A super healift launch vehicle is a launch vehicle capatfiéfting more than 50
tons of payload to LEO. It is difficult to figure out how exactly an-BMOwill be launched to the
Moon in the next 240 years. Figure8shows the vehicles that have been used for lunar missions in
the past, the current fleet, and the future vehicles that might be used.

The Falcon Heavy as well as the U o
Heavy mentioned previously are some « " satumy  Careo \
the current launch vehicles capable ¢ -~ : :
bringng a reasonably sized payload t B f‘!
the Moon currently. The SLS launc vorkei I
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promising vehicle of the pictured Figure38: SuperHeavy Launch Vehicles (EDI, 2017).
launchers is he upcoming SpaceX

Starship (formerly BFR), planning to visit the Moon as early as 2023.
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4.7.2 Lunar Command, Control and Communications Architecture for TTC

It is difficult to design a lunar communication system in detail since current technologies are
continuing to evolve. However, the installation of an SMUN is conditional on the previous existence

of a habitation on the Moon. Therefore, one thing is eémt communication between the Moon and
Earth will need a reliable infrastructure. Assuming that the current infrastructure between Earth and
orbit will still be operational, a communications architecture for the SNUBI (Figure39) was
conceptually desiged for the lunar surface.

The communication between the SM@N and mission control on Earth could rely on the Deep Space
Network infrastructure. The downlink communication would be sent from the lunar surface to Earth
and be received by one of the DegpaBe Communication Complex (in position when the signal gets
to Earth). This could be either the Canberra station (CDSCC), Goldstone (GDSCC), or Madrid (MDSCC).
The signal then would be transmitted to mission control. For the uplink communication, the sam
process would be repeated in the opposite direction.

For this stage to work according to the
diagram and ITU regulations, the TTC link
SMC would bestwork in Xband. This frequency
has been selectedto provide ground
coherent threeway. The uplink frequency

-
______ / o r_____‘_\______ has to be between 7190 to 7235 GHz and the

downlink frequency between 8450 and 8500

i GDSCC MDSCC CDSCC | GHz, since it would be located under 2M km
! t from Earth (Shin, 2014).

. U "N . P
\ I / In contrast to the SMC in LEO, this SMC wiill

L. be larger and with less shielding. It will still

Mission need to withstand pressurization but can be
<> TTC

control - Deep Space covered inregolith or positioned in a lava

Network (DNS)  tube for added shielding. It will be

Figure39: Communications interface. Only TTC was  constructed on the lunar surface from

considered considering the distance between the Mot modular parts delivered there since the

and the Earth. ability to rely on imsitu materials such as

sintered regolith is still untested technology, and it is stienable if that construction can withstand
internal pressure loading and remain-éight. The daily functions of this SMC will remain largely the
same as the SMC in LEO, but with a larger facility and with the addition of gravity, there will be some
changes. Simple procedures that require force to maintain the patient in position without moving
away from a caregiver will be easier, including emergency procedures such as cardiopulmonary
resuscitation, and having greater space will allow more room for aiserequipment and
psychological counseling offices. More research equipment and personnel can be housed in this larger
SMC, and the type of research there will likely be more advanced. The methods that were described
here represent techniques that coulcelpossible in the netoo-distant future, and other futuristic
methods may also be included in that category for use in this center a few decades from now. The
launch providers chosen, and communications system described were based on current technology,
but though the technology may change, the principles that guided these decisions for the systems
chosen will likely remain the same or similar.
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Scenario 3

After detailing the specifications for an SMC center in LEO attached to the ISS and an SMClonathsurface,
Scenario 3 shall lay out the different elements that must be considered when having an SMC in a gravity whee
LEO. Medical procedures within the SM&N that are not possible in microgravity will become a reality. This

section will discus the functions of an SMGW: a health and performance clinic, an emergency center, an exerc
and rehabilitation facility, a training center, and a life sciences research facility. Furthermore, it will discuss the
design and costs of the third scenario.



Prolonged exposure to the microgravity environment results in a variety of physiological changes in
and on the human body. This includes muscle atrophy, bone loss and cardiovascular deconditioning.
It is important to note that these changes areapdiations to microgravity, and thus are not inherently
negative. However, the longer a body spends in microgravity, the greater the discomfort, and the
rehabilitation period upon return to Earth. The ability to simulate gravity on board a space station
provides a number of benefits for a wide range of individuals.

The proposed gravity wheel will exist in LEO. A diverse modular approach will allow for different types

of operations to be conducted. Medical procedures within the SME that are not possible in
microgravity will become a reality, such as surgery, intiolbaand CPR. The SNBW will also provide

an interesting median data point for research purposes that can exist between the previous research

done in microgravity and 1g. Further, the projected gravity onthe ®MC A a ~ 3 (2 & A Y d
gravitation on Mrs, further attracting researchers and providing a place for astronauts to train.
However, the exact gravity conditions at which human performance is maximized is not known, so
further research within this station will seek to answer that question.

Exiging in LEO also allows for accessibility to commercial companies to buy modules as a tourist resort.
Although space tourism is not yet possible, it is a burgeoning industry in which th&8fM@ay be

able to play a key role in supporting and benefittingnfi. For context, the SMGW is subject to the

same conditions as the SMEO, and will utilize the same technologies for construction, radiation
shielding, and interior design. The estimated timeframe for completing the-SWMGraries, but can

be estimatedfor completion between 2022050. Scenario 3 investigates the aforementioned

G NAFotSa Ay ANBFGSNI RSGFAE (2 LINRPGARS I aidSL) T2

5.1 Gravity Wheels: Concepts Over Time

The concept of a rotating wheel for the purpose of creating artificial gravity was first proposed by
Y2yaillylilAy c¢arazft|{20al1e Ay myyo FyR glka fFGSNI GI
Bukley and Paloski, 2007). Von Braun dismissed anynagital consequences of existing in
YAONRINI @AY AyAlGAlLffte FaaSNIAy3d GOGKSNB | NB a2z
permanent weightlessnessnot because of any known danger, but because of the unknown
possibilities. Most experts discouttK S&S y I YSt Sda FSIFENBE 6. N dzy>X mopp
benefits that could be afforded by producing an artificial gravity environment in space, as he then
Syl 2y (G2 LINRPLRAS 6KIG 0SOIFYS (1y2s6y a GKS wg2y

The idea has since beexpored by various individuals and groups and variations on the original
RSaA3dy KI FS SYSNBESR® ¢KS&aS AyOf dzRSNeifl, kT4, NASB,SA T &/
1977). More recently, NASA has revisited the idea of employing a rotating whestlse in the form

of a multipurpose mission space exploration vehicle (MMSEV) entitled the Nait{lHenderson and

Holderman, 2011) (Figuréd¥ This proposal was ultimately abandoned due to problems arising from
stability, and overall stress on th&gcture, and cost.
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Figured0:b ! { ! Qa -¥ ik azidukifuimise platform that can accommodate a wide variety of missions. It
integrates various propulsion platforms and life support systems along with guidance, navigation, and control
systems (Henderson and Holderman, 2011).

The neessity for this kind of research is high, as the adjustment to earth gravity from space produces

short term pain, swelling, and unknown loteym effects. The following are excerpts from the

' YSNRAOIY FaGNRByldzi {O020G YS{YtRLROPSEKAR pRFPOIAISR
after he spent 360 consecutive days in space:

GOPGSNE LI NI 2F Y& 02Reé KdNIao !'ff Y& 22Ayda | yR
of gravity...They [his legs] are swollen and alien stumps, not legjs.alormally if | woke up feeling

like this, | would go to the emergency room. But no one at the hospital will have seen symptoms of
KFEdAy3a 0SSy Ay &Ll OS F2NJ I &SkNX®hdz2NJ aLJ OS | ISy
a destination like Mrs, until we can learn more about how to strengthen the weakest links in the
OKIAYy GKIFG YF{1S aLIOS FtAIKG LRaarotSY GKS Kdzvly

The average Mars mission will take at least two years, if not more. Yet it is apparent thait thalf

GAYS gl a Y2NB GKIy Sy2dAK (2 aAAIYAFTAOIydGte OKIYy
Kelly has recovered from many of these skherm symptoms but experiencing them nonetheless is

a barrier for those willing to venture into spacendérstanding how to mitigate and ultimately negate

the effects of microgravity is not only an important consideration for human exploration of space, but

also seemingly necessary. Regardless of the challenges still to be addressed, the conceptual idea of
creating an artificial gravity environment on board a space station remains a possibility within the next

20-40 years and can further be justified by the high cost of maintaining microgravity structures such

as the ISS.
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5.2 Cost Justification

¢tK2dz3K GKS L{{ Aa Iy AYyONBRAOGES | OKAS@GSYSyix Al
completed construction in 1998, making 2021 the 23rd year it has been functioning. This equates to
~8395 days that it has been in service. Assuming thatrtagimum crew (6) has always been inside

the ISS since its inception, this results in 50,370 pelsmnms of human time spent in the ISS, or
1,208,880 hours. 1/12 of each day in the ISS for each person is spent exercising, or two hours per day.
Multiplyingthe total person hours by the amount of time spent exercising each day by each astronaut
results in 100,739.95 total hours that have been dedicated to exercise in the ISS since 1998. It can be
estimated that each hour one astronaut spends on the ISS ial ¢g$10,000, so $20,000 per day is
spent on exercise time. Over 23 years, this amounts to approximately $1 billion, or a yearly rate of
$43.8 million. Assumptions were made on a constapefson crew at the ISS, and the rough estimate

for the hourly rage of astronaut time.

This $1 billion figure relative to the estimated total cost of the ISS ($150 billion) is small. However,

based on its dimensions, the gravity wheel will be able to host up to 400 people. Applying the
calculations above to 400 peoptbanges the figure dramatically, and a benefit of a gravity producing

station can be seen. If 400 people had to spend 2 hours a day exercising, this equates to $2.9 billion a
year, roughly the cost of the yearly maintenance of the ISS itself. Besidesaldegigtical problem of

organizing a space large enough with sufficient equipment to allow 400 people to use machines daily,
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although the price of maintainingnaastronaut will likely decrease in the futurbyilding more

structures akin to the ISS that must function in microgravity would not follow the vein of increasing
sustainability. With a rough cost justification, a design can be implemented.

5.3 Gravity Wheel Health and Performance Clinic

The medical risks on a station with artificial partial gravity are similar to those on the lunar surface.
With gravity, there are risks of falls and crush injuries that are not seen in the microgravity of LEO.
Therefoe, though bones will be stronger, there will be more fractures due to trauma. There will also
be more traumatic brain injuries and intracranial bleeding such as subdural and epidural hemorrhages.
Meanwhile, headaches and nausea may be less common thaniciogravity, due to a better
vestibular adjustment to partial gravity. Renal stones would also be less common in partial gravity due
to better bone health with greater musculoskeletal integrity. Less fluid shifting in partial gravity may
also lead to lessision problems from SANS.

Largely, to treat most of the medical conditions aboard the gravity wheel, the GWavill follow the

same medical operations as for LEO and the Lunar surface. There will be many similarities for medical
procedures for simple kEnents and emergency care. Tylenol/Paracetamol will still likely be an
effective remedy in the future as a painkiller and epinephrine will still likely be a drug of choice in an
emergency with hemodynamic instability. The procedures themselves, such@srdna simple oral
medication or topical cream for minor ailments, or choosing intravenous medications for serious
conditions, will also likely remain constant. There is also not likely to be a great difference in the
principles of some procedures suchastracheal intubation or tube thoracostomylhe equipment

may differ, but the practice will likely be similar and follow the same order of application.
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5.3.1 Primary Care
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example, separating air from fluid in medication bottles, syringes, and IV tubing will be simpler. In
microgravity, a fluid surrounds an air bubble and the liquid coats the surface of the syringe, leaving
the air trapped in the center. An abchinal exam is easier to perform and more meaningful when a
physician or crew medical officer can place pressure more easily and with greater force in a gravity
environment, also. Heart sounds and heart murmurs can also sound different based on poséion wh

in gravity. Neurological exams can have the added benefit of testing walking and gait, as well as
balance. Simple procedures such as blood drawing are also easier with gravity since objects can be left
on trays or on the patient table and they will reman place without the need for additional restraint.

5.3.2 Pharmacological Care

Similar to the SMCEO, the SMGW will stock the same cadre of medications as the -8KCIn

deeper space, it will also suffer from greater radiation than LEO and this may possibly have a negative
effect on some medications over the long term (Blue et 2019). Otherwise, the pharmacological

care will be the same as for the SMEO.

5.3.3 Psychological Care

Depending on the location of the gravity wheel in LEO, MEO, -tur@s orbit, there will be slightly
different levels of isolation due to diffences in the ability to return to Earth in the event of an
emergency. Differences in location can have profound effects ore@ member'smental health.

These varied needs would be accounted for by additional counseling services, as necessary. Otherwise,
the psychological care would be delivered according to the same plan as for the BMC

5.4 Gravity Wheel Emergency Medical Treatment Center

5.4.1 Emergency Care

The presence of gravity is both harmful and helpful in space. It is habefaluse falls and accidents

will be more common in a station with gravity. Meanwhile, the assistance of gravity will be more of
an advantage when performing cardiopulmonary resuscitation (CPR) will be simpler and more
effective, as the patient will not neethe same restraint to a treatment table or backboard and the
caregivers will not need to be restrained to the same degree as in microgravity. The force of CPR could
also be greater and therefore, perfusion could be improved.

5.4.2 Critical Care

Intengve care will also be facilitated by gravity. For intubated patients on mechanical ventilation,
pulmonary aspiration would be less likely if gastric contents are notffoa¢ing. Invasive drains used

for clinical monitoring such as urinary catheters Wwélmore effective and will give a reliable output

to follow. Sacral decubitus ulcers, or bed sores, will be more common in gravity, however, even if just
in reduced gravity.
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5.4.3 Surgical Care

Surgery will be greatly assisted by the presencgratity, for example during laparoscopic surgery,
the abdominal contents will follow gravity and will not obscure the visual field. In microgravity,
abdominal contents are free to move about the abdomen and can obscure the visualGip&h
surgical techique will have even greater benefits with gravity. In microgravity, venous blood pools at
the site of exit and can obscure the vision of the target of the procedure. With gravity, the blood will
run off the patient, toward the table Surgical instrumentwill also remain in place without special
restraint equipment. Often, there are many instruments in a surgical pack, and being able to locate
and retrieve the correct instrument at the correct time is important.

5.4.4 Dental Care

Dental instruments Wi also be able to be placed on trays without the need for additional restraints
or aids to maintain their position, as would be needed in microgravity. Tooth fragments or filling
fragments made from drilling or sculpting will also be easier to collectesihey will fall to the
dependent areas and remain in placéhe patient will also be more stable in the examination chair
and the medical crewmember will not require the same restraints in order to put force on the patient.

5.5 Gravity Wheel Exercise and Rehabilitation Facility

5.5.1 Exercise

The exercise regimens for the crewmembers would be the same as those used at tHeESVIRuUt

there would not be use of igitu lunar resources such as regotitled weights. The SMGW would

use resistance déces similar to the ARED device on the ISS. The cardiovascular devices would also be
the same as the SMCEO and on the lunar surface, with restraint harnesses for additional loading,
since partial gravity would not be sufficient to prevent all bone loss.

5.5.2 Nursing and Rehabilitative Care

The nursing care on the SM&N would be similar to that given on the lunar surfatfeere would be
a greater need for nursing services due to an expected, larger population. With gravity, falls and crush
injuries are again possible, and many of these may need prolonged rehabilitation services.

5.6 Gravity Wheel Training Center

The training center here would have the same function as in LEO or on the lunar surface. It will provide

a means of updating the medical crew on important topics and techniques. It will give instructions
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discuss medical issues with colleagues on Earth.
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5.7 Gravity Wheel Life Sciences Research Facility

The SM&W will integrate a similar research program as the orbital and the lunar surface SMC

modules. Howver, the SM@D2 gAff LINPDARS ySg NBaSINOK OF L} o

While the comparative analyses of 1g and microgravity is well documented, very little data is reported
on intermediary values. Moreover, available data comes from paralfiigicts, drop towers, or
random positioning machines, and are thus limited by tile exposure and environment bias.
Phylogenetic and systematic observations suggest a scale effect of the gravitational influence on
organisms (Gilles 2005). However, there asavidence that the model is linear for all gravitational
values. The SMGW research program will enable gaps to be filled on the understanding of
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Therebre, the SMAEW could then constitute a testbed for the Mars mission gravity environment,
exploring countermeasures, technologies, and ergonomic adaptatidhgés module will be able to
function as the absolute countermeasure of potential physiologicahgh and recovery, upon gravity
reentry after oneyear of microgravity acclimation on the way to Mars.

A modular construction on this station will allow for more diversification of research as compared to
the SMGLEO and SMOUN. Up to twenty modules invb hemispheres allows for entire modules to

be dedicated to research specific fields. The current approach of sending science experiments to the
ISS requires extreme miniaturization of the scientific payload to be operated by a trained individual.
With more room and a greater diversity of researchers on the SMZ, larger and more complex
science can be conducted. This will result in better #ilgbughput data, allowing for research to
progress faster. Worthy of consideration are the topics discussedciioas, with a particular focus

on growing organoids as human analogs in space. Human performance in space will likely take center
stage in these research endeavors, as both slantl longterm changes in human physiology can be
measured by the presencd biomarkers such as sclerostin, osteocalcin, balkaline phosphatase,

and tartrate resistant phosphatase, which are all useful for determining how muscle and bones change
in response to mechanical loading and unloading. This relates to the broad gioaredsing the
understanding how the human body reacts on a molecular level to a partial gravity environment,
which is imperative for future missions to the Moon and Mars.

5.8 Design Process

5.8.1 Dimensions

Structurally speaking, the ability to buitddh SMGGW will likely be one of the greatest architectural
challenges ever undertaken. There are a number of engineering obstacles that arise from such a
structure and need to be addressed if the gravity wheel is to be a feasible projectriginal degin

that von Braun imagined was successful only in concept; physically speaking, it was unrealistic. One of
the most important challenges will be the balance between how much gravity can be generated, and
how this critical value affects other values suchaagular velocity, and radius. Some of the early
designs sought to generate 1g on the station, which, according to the equation for centripetal
accelerationgd 1 &, would require a station that is 35 km in radius. This keeps the angular velocity
low at1 RPM but is wildly out of the size limit for a structure in space. Keeping the gravity value at 1g
but lowering the radius is a delicate balance, however. According to the research shown in Ejgure 4
the higher the RPM, more training days are required to acclimate the human body, and the chances
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of 100% of the population reaching a higher RPM threshold is smaller. This would create a barrier for
commercial customers. Only a small amount of reseaahlbeen done on how much rotation, and

thus angular velocity, the human body can take before loss of consciousness. The heart of this
guestion directly relates to the Coriolis Cross coupled illusion, which essentially is how much tumbling
and rotation the human vestibular system can take before disorientation, dizziness, and loss of
consciousness.
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Figure 4 (Bretl et al., 2020) shows that incremental training can force the body to adapt to much
higher spin rates than normal. This study was limited by the number of participants, and the fact that
it was only carried out on Earth where conditions atelg. Further, this experiment was conducted

by using the Human Eccentric Rotator Device (HERD), in which participants were positioned upright in
a chair. They were spun about a vertical axis at varying speeds in the dark, with white noise to
eliminate awlitory cues from the HERD in an attempt to best replicate the lack of vestibular stimuli in
space.Though a rotating wheel in space will have a longer-agig, the physiological changes
experienced whé adjusting to increased centrifugal force remaim®itar between this experiment
andagravity wheelWhile these conditions are conducive to wisahulatedrotation may feel like on
aSMGGW, this study may be best addressed by performing a similar experiment in microgravity.

It is critical to note thathis structure will likely not exist within the next 20 years. As this is speculative
research, 30 RPM has been deemed unnecessary, and would likely put a large amount of stress on the
structure and the passengers. Considering the aforementioned varghieis is why the proposed
radiusofthe SMD2 A& pydycYI HKAOK Fff2ga F2NI~ I3 aLRAYyYy
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5.8.2 Docking Accessibility

One major technical challenge will be docking space vehicles with this rotating structure. The docking
vehicle needs to bable to precisely adapt to the rotation of the station at a given port. These ports
could be placed at the center rather than at the outer ring of the rotating structure. In this way, the
docking vehicle can rotate around its own axis. Guidance and caigrotithms are currently being
adapted for use in space for docking with a rotating structure (Wilde et al., 2016).

Another possible configuration would be the addition of a motating part which could function as

a zereG zone in the rotating spaceasion. This would make docking for resupply missions
considerably easier, while also enhancing the capabilities of an®@M®y having a zet@ zone and

a partial gravity zone. In this case, a sophisticated interface will be required that is able totconnec
between the rotating and nomotating part of the space structure. This could be achieved in two
different ways: the addition of an intermediate section that can be coupled and decoupled between
the nonrotating part and the rotating part, or the additicof a large clutch between the rotating and
non-rotating part.

For the first option, an intermediate segment can be equipped with an engine or thrusters similar to
the rotating part to enable synchronization between the parts. Both sections would bgoamt ahaft
connected with bearings to enable a decoupled configuration from the rotating shaft. Once the
intermediate segment undocks from the neootating segment, the engines will accelerate the
intermediate segment to the same rotational speed asrditating segment permitting the system to
move horizontally towards the rotational segment for docking. In the reverse case, the intermediate
segment needs to undock from the rotational segment, slow down to zero angular speed, and dock
with the nonrotating station.

In the second option a large clutch as part of a transformation gear can be used and would consist of
a friction disc and a pressure disc between the rotating andnoatetting side. To connect, the discs
would need to be pressed together asstandard configuration. In this way, both parts are held
together by friction and thus rotate together. In order to decouple both parts, a large diaphragm spring
needs to be added. If an external force presses on it, the inner part of the spring witldsgrinside
whereas the outer ring of the spring will be inverted. With the inverted outer ring of the diaphragm
spring, an external force to press the two discs together will be lacking, thus decoupling the entire
system. However, the nerotating part reeds to have the capability to reduce or increase its
rotational speed due to the inertia of movement.

5.8.3 Propulsion Systems and Energy Production

For stability and orbital maintenance, the S}V will need a constant rotational spetalsimulate
gravitation. In order to generate the required thrust, the station needs a propulsion system to enable
it to spin at a constant rotational speed. This constant propulsion can be achieved by thrusters which
are essentially small fuddased rocket rgines and would consume enormous amounts of energy for
initial rotation. Once rotating however, only slight adjustments to maintain rotation, and orbit will be
required. Another way to accomplish this would be large electromotors that provide constant
rotation. These would require large amounts of electricity that would need to be provided by an
external power source.
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In order to provide continuous energy supply for the station and its engines providing constant
rotational speed, the rotating station reqes a power source. Depending on the size of the station,
there are several options. For a system that is rather small, large solar arrays could be feasibly
assembled as an evenly distributed circular extension around the entire outer habitation ring
extending the overall radius of the structure. Another potential system for a rather large structure
would be nuclear fusion, assuming this will become feasible several decades from now. The heat
generated by the fusion reactor would be transferred to largporaturbo generators to produce
electricity. A third option for very large structures could be large solar mirrors, able to focus light onto
an interface that can transfer the resulting heat to turbo generators for producing electricity (Wade,
2019).

5.8.4 Stabilization

The SME5W needs to have an equal distribution of mass around its outer circumference. Otherwise,
the net surplus of mass on one side would lead to an uneven angular momentum during rotation,
which in turn would disturb the requiredatinuous rotation and lead to an uncontrollable wobbling
effect. Each added mass will require a countermass on the opposite side of the outer ring. Ideally, the
entire outer ring will have a perfectly evenly distributed mass around its circumference.

A rotating station with evenly distributed mass already has a high degree of stability. For aG\®MC
around Earth or other celestial bodies, the rotating habitat could additionally be equipped with a
stabilization tether. In principle, the tether will stab# the gravitational gradient between the large
structure and the tether pointed towards the celestial body. The larger the tether, the higher the
gravitational gradient and the more stabilizing its effect (Huang et al., 2018).

5.9 Construction and Material Delivery

In-space manufacturing is the future of the space industry. In order to construct theG@BM@ robust
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either be constructed on planetary sucs and assembled-wrbit, or it can be entirely manufactured

in orbit with the help of Lunar Gateway and ISS robotic arms. Countries like the U.S.A, China, India,
Russia, Japan are prioritizing ISRU in order to create a sustainable presence in spachandoon.

In the next 30 years, the development of machinery to be launched and used on the Moon would also
enable the construction of the SMEBW.
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labs FabLabs). This kind of lab would be established in one of the Lagrange points known-as lunar
Lagrange FabLabs between 2125 (Clinton, R.G., 2014). It would also enable the use of ISRU and

build of items from different types of materiatsmetals, compsites, plastics etc. required for the

gravity wheel constructiod™NASA is also looking at the Commercial Infrastructure for Robotic
Assembly and Servicing (CIRAS), which is focusing on robotic manipulators aroesgacassembly

(Bradley Stoor, by J. andol Peter Garretson Maxwell., 2018). In conclusion, the gravity wheel
construction capabilities will be catered to by the changing space technologies and
governmental/commercial space activities.
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5.10 Commercial Use

The Orbital Assembl@orporation, a space construction and manufacturing company founded by the
Gateway Foundation, announced dagpecific details about its Voyager Station, the first commercial
space station operating with artificial gravity (Spry, 2021). The Station wilhanodate up to 400
guests and consist of two hemispheres with twelve modules each. Besides having the necessary
modules for the station's operation, each hemisphere will have modules allocated for recreational
purposes such as restaurants, bars, a gynumasiand an auditorium. The station is expected to
provide the modules with artificial gravity near Mars' level (~40% of Earth's) and also possess a built
in ECLSS. There will be modules for paying customers, as well as laboratories for national space
agendes and hotel chains with rooms for tourists and villas for the extremely wealthy, corporations
or individuals. These modules will be completely configurable according to the customer's needs.
Space agencies will be able to buy and configure modules gsctisose and then later sell these
positions to cover their expenditure. It is predicted that the reselling of space property will completely
change the dynamic of space expenses (The Gateway Foundation, 2019). The propossW/SMC
whether integrated intol KS hNBbAGIE ! aaSyofeée /2NLERNIGA2yQa
from this commercial model as a way to attract willing customers and generate revenue.

As part of the internal infrastructure, it is important to note that part of the populatédioard the

gravity wheel will be employees. This poses a unique challenge, as maintaining a consistent crew for
internal maintenance will require specific considerations. One facet of the astronaut selection process
that NASA considers is selecting middtgd to older astronauts over younger astronauts due to the
ethical constraints of elevated radiation exposure in space. Further, these individuals will need to be
GNIFAYSR G2 62N] Ay GKA&A &LISOATAO Sy@AiNPwyyYSyl
protocols. This will likely require the owner of the gravity wheel to formulate a new and specific set of
requirements for its employees. This population will likely be composed of unselected space agency
astronaut volunteers and will be used on a tirtig basis. This can be further complicated by the
number of privately rented modules, which may have to assign their own employees, such as lab techs,
nurses, and doctors depending on the function of each module.

To qualify the aforementioned points, th@rbital Assembly Corporation and Gateway are still a long
way from producing a viable product. The Orbital Assembly corporation expects construction to be
completed by 2027, but this is considered liberal by some estimates. However, the pursuit of the
concept, and formation of two distinct companies with support from SpaceX is a testament to the
drive to increase long duration missions in space.

5.11 Future Considerations

Thereare aplethora of factors that limit long duration, and sustainable human missions to space. Each
generation of humans is limited by the technological capabilities of the time period they are born into.
This is why the primary contents of this report concetssli with producing a Columbtig&ke module

addon to the ISS for medical and research operations in space. However, this report would be
incomplete, and remiss if it were not to consider combating microgravity directly. Not doing so means
adjusting everyninute aspect of life in space to living in an environment that humans are not adapted
to for the long term. There are many challenges associated with constructing a massive structure such
as cost, launch capability, commercial partnerships, shielding,gaméral public interest. These

82

02



account for many of the barriers that have plagued the construction of a gravity wheel since it was
first realistically proposed by von Braun over 60 years ago. At some point however, dealing with life
in microgravity and tB myriad complications it produces reaches a cost convergence point with
combating the problem of microgravity directly. For this and other reasons, it is imperative that the
future of both medical and research operations in space seriously consider pngdartficial gravity.

To continue to explore space without such a concept is akin to working with both hands tied behind
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This chapter has given the dgs strategy for a selfontained SMC in a rotating space station in LEO.
The artificial gravity will positively benefit the crew in numerous ways. Next, the following chapter will
discuss the risks involved for an SMC and the technologies chosen to mrdud&ate these risks to
best serve the needs and constraints of the SMC.

83



6 Risk & Emerging Technology Identification

Whether human iliness or equipment failure, or another cause, there is no system with zero risk.
Therefore, the course takehere was to make an adequate assessment of riskaluate their
conseqguences, make tradeoffs to avoid risks, and plan mitigations as needed and as pRssible.
assessment and risk management are processes that are best implemented repeatedly from the
conceptual design phase until the end of the mission operatibhs.following sections give detail on

the medical and engineering risks anticipated for the SMC and the choices of equipment based on
these assessments. Not all technologies are eaquaaisidering the difficult environment of space and

the forces required to get there. Waliformed decisions were made for the technologies included in
this design and the evidence for this will be presented here.

6.1 Risk Assessment

In order to properlyaddress the feasibility of the proposed SMC configurations, it is necessary to
conduct a thorough analysis of the risks affecting each environment and stage. Possible medical,
structural, and operational failures were considered early on to justify theetilesigns. The medical

risks to humans in space dictate the types of care required, whilst the specific risks to the SMC
structure and equipment directly influence what needs to be included or reinforced to maintain a
proper SMC function. In previous gitars, the medical and engineering tradeoffs were given to round
out the design strategies and give a clearer picture of the framework and capabilities of the SMC in
each location, for each scenario or stage. Now the risks previously identified will Brdexdbupon.
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6.1.1 Medical Risks

To identify the structure, equipment, and training needed for a space medical center, it is imperative
to assess the risks to patients, commercial partners, crewmembers, and the stationRisk#.can
come in many foms and all risk cannot be eliminated. Many, however, can be avoided or mitigated,
given adequate preparation and carefully planned systems operations.

Considerable thought has been given to the possible medical risks efilwagon spaceflight. The

NASA Human Research Program (HRP) ExMC has determined a list of 100 conditions most likely to
require prevention or mitigation. The Space Medicine Explonaliledical Condition List (SMEMCL)
contains conditions that range from a high likelihood of occurrence and low consequence to health to
conditions that have a low likelihood of occurrence and a high consequence t l{é#tkins, Barr

and Kerstman, 2011Yhe likelihood and consequence tables for risks based on distance from Earth
and mission duration according to the NASA Human System Risk Board are shown in Table 19.

Table19: Health Risks to Crew and Mission Success (NASA,)2021b

, Mission Operations LongTerm Health
DRM Categories , T
Duration | LxC| Risk Dispositiorf LxC Risk Dispositiorf
. 6 months | 3x2 Accepted Accepted
Low Earth Orbit 1 year 3x3 Accepted 3x2 Accepted
Deep Space Sortie 1 month 3x2 Accepted 3x1 Accepted
Lunar Visit/ Habitation 1 year 3x3 | Requires Mitigation| 3x2 | Requires Mitigation
Jouaii/?HSa%&iltZ\ Tion 1 year Requires Mitigation Requires Mitigation
Planetary 3 years Requires Mitigation Requires Mitigation
Note: LxGis the likelihood and consequence rating. The information above was last approved by the t
System Risk Board in 4/2019.

Among these are conditions that occur frequently that are simple to treat, such as headaches and

nausea, along withonditions that are rare but difficult to treat, such as appendicitis and sepsis (Figure

42). The most common ailments seem to have the least impact on mission completion and can include

skin rashes, along with respiratory and digestive irritation. Howegeme illnesses with Vo

probability could cause significant negative effects to a mission, including the death of a crew member.

Robertson et al. (2020)ith 28 subject matter experts in surgery, medicine, mission operations,
human factors, and psychology
identified medical events witlolv
survivability. They also identified
conditions with greater impact to
mission completion.

Figure42: The NASA HRP
assesses medical conditions th:
could threaten exploration
missions based on their
likelihood of occurrence and
probability of consequence.
(NASA, 2021b).
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