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Abstract 

Title:  Microgravity Emergency Medical Containment System – A Concept of 

Architecture, Prototyping, and Usability Research  

Author: Keith Elliott Crisman 

Advisor: Ondrej Doule, Ph. D. 

Exploration is intrinsic to human nature but is well understood to be accompanied 

by inherent risks to the explorer.  This is particularly evident in the exploration of 

extreme environments such as long-duration space habitation; in which risk is 

increased due in particular to the distance from assistance, services, and 

replenishment of consumables.  One of the major risks to extreme environment 

survivability is lack of access to emergency medical care. This risk is further 

amplified in the microgravity environment where terrestrial non-life-threatening 

conditions can become life threatening due to lack of next-level-care capabilities.  

The question posed within this research asks, ‘What is the best practice for handling 

a medical casualty in which access to advanced medical care necessitates rapid 

stabilization, isolation, and/or evacuation utilizing NASAs Lunar Gateway?’  The 

hypothesis herein is that when environmental isolation is time critical, it is 
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imperative that rapid access to a stabilization-for-transport facility and other 

components thereof are readily available to the casualty.  To best meet this 

requirement, it is suggested that a fully functional medical facility be considered for 

any manned station on Lunar orbit with access to environmental isolation 

capabilities.  As previously stated, microgravity presents unique challenges to 

human psychology and physiology with the added risk of limited access to 

emergency medical care. In this environment, minor trauma is exacerbated by time 

to next level care and mundane injuries can become life-threatening. It is for these 

reasons that systems should be considered to not only prevent initial injuries but 

also to mitigate exacerbation of existing traumas or those occurring during or as a 

result of the mission.  Such systems should be designed with casualty response as a 

critical component of a trauma stabilization-for-transport system as a high priority 

alongside allowing for high levels of autonomy and provisions for all other necessary 

services, automations, and self-sustainability during the lifespan of long-duration 

missions. These systems must be conceptualized with microgravity as a primary 

driving factor with emphasis placed on physical and cognitive ergonomics with 

considerations for system resilience to major disruption and modularity in 

congruence with the usability of legacy and novel space systems to include 

reusability. Design methodology used within this project is scenario based fully 

within the scope of Human-Centered Design. Given the complexities of off-planet 
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habitation and the increased risk during prolonged missions, especially wherein 

mining operations and construction are considered off-planet, it is imperative to 

maintain a fully functional medical facility within close proximity to the operations 

with access to environmental isolation capabilities. This will be beneficial in time-

critical medical emergency/environmental isolation events. 
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Chapter 1 

Introduction 

The context of this project rests upon the current increased interest in beyond-

near-earth-orbit exploration and off-planet habitation by both the 

private/commercial and governmental sectors of human spaceflight.  This project 

began as a collaboration with a commercial space entity in which the origin 

thereof was focused on architecture of an inflatable habitat with rigid core similar 

to that of the Bigelow B330 as part of NASAs proposed Lunar Gateway facility 

(Bigelow Aerospace, 2018).  During the research phase of this initial area of focus, 

it became apparent to the principal investigator that there were noticeable gaps 

of knowledge and absence of systems to prevent and/or mitigate illness and injury 

in beyond-low-earth-orbit exploration, particularly when considering bi-directional 

environmental isolation of the casualty.  This information became the basis for 

shifting the project from the entire habitable volume to the creation of an Orbital 

Medical Facility (OMF) within the rigid core of the overall habit and then further 

narrowing into a single person Microgravity Emergency Medical Containment 



 2 

 

System (MCS).  A concept of the OMF system can be found in a video form from 

an interview by FIT Tv in Appendix D FIT TV Video (Fox, 2019).  

 

During SOA and initial architecture of the inflatable habitat and OMF, ultimately, 

collaboration ended with the commercial space entity.  The original intent of this 

research was to culminate with not only the architectural requirements of a fully 

functional medical bay of which would be placed within orbital and/or surface 

based habitats, but also to include a roadmap of its capabilities, uses, and 

methodology based upon human-centered design, particularly within the scope of 

scenario based references, e.g., what actions during what scenario provide the 

highest outcome of survivability utilizing the available orbital medical facility with 

known and perceived risks to mission personnel. The OMF systems have been 

developed on a conceptual level, and have culminated in creation of a 1:1 mock-

up of ¼ of the internal core of the habitat with ability to expand the mock-up to a 

full 1:1 facility for further humans-in-the-loop research for similar systems  This 

mock-up as part of the MCS research can be found in System Mock-Up as 

Simulation Tool: Virtual to Physical. 
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At this point, further state-of-the-art research was conducted, and gaps were 

found that, although answered some of the issues mentioned within the abstract 

of this dissertation, also illuminated gaps that exist beyond the scope of the 

original OMF.  While an OMF is conceptualized to be capable of handling a wide 

variety of medical emergencies, it is at its basic levels, equivalent to an emergency 

room or trauma center.  The casualty must still be transported and/or isolated 

dependent on the causative agent that led to the casualty.  This realization is what 

led to the creation of the Microgravity Emergency Medical Containment System 

(MCS).  MCS is a critical component of the OMF which, at its roots, is a method of 

isolating and/or transporting a casualty to a higher level of medical care.  

Therefore, the focus of this dissertation research is on this integral part of the 

system, the creation of architecture for MCS and its integration within the OMF.  

MCS is devised with multiple modalities (making it modular in use) by utilizing 

several scenarios during concept creation resulting in two primary functions; to 

protect an individual from the environment (IPE) and to protect the environment 

from an individual (EPI).  Both of these functions will be discussed in further detail, 

with example scenarios, as well as the MCS from concept to its current iteration as 

a partially functional prototype in the following chapters of this dissertation. 
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The initial concept of MCS was approached with similar problem and hypothesis 

statements as the orbital medical facility and emphasized a scenario-based design.  

In the event of a casualty event in which environmental isolation is necessary due 

either to risk from the environment to the individual or from the individual to the 

environment, what is the best practice for handling that emergency 

environmental isolation during Lunar Gateway utilized long-duration missions?  A 

system devised to allow for rapid environmental isolation of a casualty. 

 

Concurrent to the above statement, a series of suggested requirements that 

would become incorporated into concept design or set aside for future iterations 

of the concept were considered.  These suggested requirements follow and are in 

no particular order.  MCS should allow for: 

 

1) Maintaining biological isolation, but mitigating psychological isolation 

That is, the system must prevent cross contamination between the interior 

of the habitable volume and the exterior.  However, the system shall take 

into consideration the prevention of psychological isolation of an occupant 

within the habitable volume. 
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2) Casualty functionality as a crewmember 

As part of psychological isolation mitigation as well as to limit the 

increased workload on a small crew resultant from displacement of a 

casualty, the system shall allow for the casualty, if able, to be partially 

functional as a crewmember.  At minimum, the casualty must be able to 

communicate from inside the habitable volume. 

 

3) Maintaining normal or PRN (as needed) nutritional/medicinal intake and 

waste management 

As part of human physiological requirements of nutrition, water, casualty 

specific medication, and waste management, the system shall account for 

ability to transfer the materials into the habitable environment whilst also 

maintaining an ability to remove waste as needed. 

 

4) Access to casualty through sealed glove ports and/or possible robotic entry 

points 

Congruent with the first three suggested requirements for the system is 

the ability to access the casualty.  The system must have access points 

(e.g., bi-directional glove ports) which maintain biological isolation yet 
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allow for access to the casualty for medical needs and psychological 

isolation mitigation.  This may include, in future iterations, ports designed 

as airlock-style passthroughs and/or robotic systems access ports. 

 

5) Handling of casualty if palliative care is required or casualty becomes 

terminal  

If palliative and/or terminal care is required, the system shall provide the 

ability to store, stow, and/or provide capability for final disposition of the 

terminal casualty. 

 

6) Utilization of minimal footprint within the habitat either in use or stowed 

configurations 

Due to limitations of space and payload per pound costs, this system shall 

maintain a compact footprint (by volume and mass) whilst in a stowed 

configuration and take up minimal spacecraft volume when in a deployed 

and used configuration.  

 

Overall, the hypothesis statement for MCS became; When environmental isolation 

is time critical, it is imperative that rapid access to a system for isolation is readily 
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available.  To best meet this requirement, it is suggested to provide portable and 

rapidly deployable single person containment systems within the Lunar Gateway. 

 

The rest of this document will follow the path taken during this project from an 

overall Lunar Gateway Orbital Medical Facility (OMF) and will ultimately focus on 

the design and prototype testing of the Microgravity Emergency Medical 

Containment System (MCS or “the system” hereafter).  MCS was designed with 

two driving principals; microgravity as the primary operational environment 

(although variable-gravity environments may be considered for future iterations, 

noted in Chapter 7 Conclusions and Future Work), and that the system be 

designed within the focus of Humans-in-the-Loop (HITL) methodology which is an 

integral component of Human-Centered Design.  Further, system testing will be 

comprised of the Group Elicitation Method (GEM) and Wizard-of-Oz (WOZ) 

techniques along with input generated by Subject Matter Experts (SMEs) with 

their invited participation in hands-on HITL research on the latest iteration of 

MCS.  These methods will be described within Chapter 4 System Solutions. 
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Chapter 2 

Human Spaceflight Risks and State-of-the-Art 

Review 

This chapter will focus on the human spaceflight (HSF) risks as they were derived 

from state-of-the-art research.  The structure of this research starts with an 

overview concerning the origins of the MCS; that is, the HSF risk SOA began with 

initial research for the OMF. 

 

Orbital Medical Facility 

As stated previously, this project started within the broad scope of creating the 

architecture of an inflatable habitat module for the NASAs proposed Lunar 

Gateway (see Figure 1 NASAs Proposed Lunar Gateway Indicating the Area of 

Focus).  Two iterations of this architecture were completed prior to the focus 

being narrowed to a more feasible endeavor.  Iteration one consisted of a “Pie 

Chart” layout plan in which crew needs were weighed against available space 

(Figure 2 2D "Pie Chart" Layout for Habitat Iteration 1 with Medical Center in 

Inflatable Area).  For example, a crew of four should be reasonably expected to 

dine together (direct communication with SME).  Therefor the Galley should 
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accommodate all four crewmembers.  Likewise, the Medical Bay, 

Laboratory/Workspace, Crew Quarters, and rigid hull (the proposed muster 

location in the event of emergency evacuation) should all accommodate the full 

complement of crewmembers.  The Exercise Area and Hygiene Areas, however, 

are not expected to accommodate all four crewmembers simultaneously.  This 

layout also attempted to take into account workflow as it pertains to probability 

of requiring or utilizing one space from another.  For instance, as seen on Figure 2 

2D "Pie Chart" Layout for Habitat Iteration 1 with Medical Center in Inflatable 

Area, injuries and incidents requiring medical facilities may be more likely to occur 

from the Exercise Area or Workspace.  Whereas crewmembers leaving their 

quarters are anticipated to be more likely to attend to Hygiene needs or the 

Galley/Common Spaces.  This is indicated by the layout of the “pie slices” being 

adjacent to perceived higher probability areas. 
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Figure 1 NASAs Proposed Lunar Gateway Indicating the Area of Focus 
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Figure 2 2D "Pie Chart" Layout for Habitat Iteration 1 with Medical Center in 
Inflatable Area 

 

The next step for this iteration was a rudimentary 3d rendering (Figure 3 3D "Pie 

Chart" Layout for Habitat Iteration 1 with Medical Center in Rigid Core Area).  

However, there is a significant change in this rendering, as it was determined that 

the medical capabilities of the habitat would be most beneficial if they were 

maintained within the rigid core area as this location allows the lowest movement 

path from each of the “pie slices” and within the (highest probability) logical 

muster location with direct access to the rest of the Lunar Gateway system and/or 
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the direct-docked spacecraft at the opposite end if crew evacuation is required 

(Figure 4 Lunar Gateway Inflatable Habitat Docking Interfaces with Central Rigid 

Core). 

 

 

Figure 3 3D "Pie Chart" Layout for Habitat Iteration 1 with Medical Center in 
Rigid Core Area 
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Figure 4 Lunar Gateway Inflatable Habitat Docking Interfaces with Central Rigid 
Core 

 

This change was brought on by workflow research and the creation of a series of 

traffic flow charts.  The Figure 5 Standard and Evacuation Traffic Flow Chart for 

Lunar Gateway Inflatable Habitat with Medical Center within Inflatable Section 

on the next page indicates the habitat in the configuration of medical center 

within the inflatable portion as part of the “pie slices”.  Casualties must be moved 

from the Point of Injury/Illness (POI) to the medical facility, then the core, and 

finally moved to an evacuation vehicle (if necessary) which is 3 paths at minimum 

(excluding if the POI is within the medical center).  Alternatively, as seen in Figure 

6 Standard and Evacuation Traffic Flow Chart for Lunar Gateway Inflatable 

Habitat with Medical Center within the Rigid Core, if the medical facility is within 
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the rigid core, a casualty must be moved from the POI to the core and may then 

be to an evacuation vehicle (two steps, excluding if POI is within the core).  As 

some injuries/illnesses are directly impacted by time to next-level-care, one less 

step could prove significant. 

 

 

Figure 5 Standard and Evacuation Traffic Flow Chart for Lunar Gateway Inflatable 
Habitat with Medical Center within Inflatable Section 
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Figure 6 Standard and Evacuation Traffic Flow Chart for Lunar Gateway Inflatable 
Habitat with Medical Center within the Rigid Core 

 

One point of concern in this model was mass.  To allow for traffic flow between 

each section and to/from the rigid core, several hatches would be required as well 

as the possibility of intersected pathways which could increase traffic flow issues, 

particularly in an emergent situation.  A concern began to arise in the number of 

hatches and/or passthroughs needed for the least impeded flow between sections 

and the core, but to also keep complexity and mass down on the design.  This led 

to the second iteration of the inflatable habitat which became the “Ring Model”.  

That is, the habitat is divided into three main rings encircling the rigid core which 

has crew quarters taking up one end of the habitat and the galley and workspace 

at the opposite, separated by the translation space which housed both exercise 

and hygiene areas..  Further, these rings also allowed for delegation of cleanliness 
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levels.  The high traffic areas (the translation area) were expected to have the 

least cleanliness, whereas the crew quarters and work areas were expected to 

have a higher level of cleanliness, as the hygiene stations are positioned between 

them within the translation ring.  These can be seen in the 3d drawings provided 

below (see Figure 7 3D "Ring Style" Lunar Gateway Inflatable Habitat X-Ray View 

& Figure 8 3D "Ring Style" Lunar Gateway Inflatable Habitat Cut-Out View). 

 

 

Figure 7 3D "Ring Style" Lunar Gateway Inflatable Habitat X-Ray View 
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Figure 8 3D "Ring Style" Lunar Gateway Inflatable Habitat Cut-Out View 

 

Ultimately, this scope of the project ended with the emphasis placed on narrowing 

down the focus of the project.  One of the features conceptualized for the medical 

center within the core (as shown in Figure 9 Biocontainment Tent Stowed within 

Immobilization Bed in Medical Facility), greatly assisted in this feat.  A proposed 

feature for the built in medical “beds” was a stowable biocontainment tent stored 

in the head-end of the immobilizer bed.  It was proposed that such a system could 

become useful in various scenarios (none of which had yet been devised).  This led 

to a renewed SOA and ultimately the Microgravity Emergency Medical 

Containment System currently known as MCS. However, prior to focus on the 

Translation Space 

Crew Quarters 

Galley/Laboratory 
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MCS, a roadmap of evacuation was created which was also congruent with focus 

shift from an OMF to the MCS. 

 

 

Figure 9 Biocontainment Tent Stowed within Immobilization Bed in Medical 
Facility 

 

Organization of Casualty Evacuation 

As previously stated, the basis of this project started in the broad scope of the 

architecture of an entire orbital medical facility with a focus on procedures to 

include evacuation of a casualty from an off-planet surface.  As such the Human 

Biocontainment Tent in 
Stowed Position 
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Spaceflight Risks State-of-the-Art Review of this document starts in a broad scope 

and further narrows down towards the creation of a novel system. 

 

Medical emergencies can and will happen during human exploration and 

habitation of space and off-planet surfaces.  With longer duration and more 

frequent missions proposed, including returning to the moon and beyond, the risk 

of medical emergencies will increase in probability and severity.   A system must 

be in pace to not only mitigate these risks, but in the event that casualties do 

occur, it must also decrease the severity thereof.  In the case of this document, a 

casualty is defined as an crewmember who is incapacitated in a manner that 

prevents them from performing tasks related to their mission; be this a mild 

illness or strain with little to no long-term effects or a major illness or injury which 

results in long-term effects for the crewmember up to and including fatality. 

When considering Apollo and earlier space exploration activities, astronauts were 

given simple medical kits which consisted of standard first aid supplies.  Although, 

kits prior to Apollo were not fully modified for astronaut and/or microgravity use 

and were primarily standard military issue (Smithsonian National Air and Space 

Museum, 2018).  Now, conveying the added risk of longer term and higher 

frequency of missions, the International Space Station (ISS) medical kits are far 
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more extensive, yet are still non-exhaustive for all possible medical emergencies 

(Ferreira, 2016).  An example of this comes from information available on the ISS 

that illustrates that although cardiopulmonary resuscitation (CPR) is unlikely, it is 

not improbable.  This same document indicates that there are various techniques 

and hypotheses.  However, at the time of publishing of the sourced document, 

these ideas were merely theorized and not yet in practice, such as the CPR device 

CardioVent (National Aeronautics and Space Administration, 2017). 

 

Concerning evacuation from a spacecraft or off-planet surface, as of 2011 NASA 

has yet to determine, considering there to be not enough knowledge, exactly 

when to evacuate an astronaut from the ISS.  However, the projected probability 

through the year 2020 is predicted to be a 74% chance (National Aeronautics and 

Space Administration, 2011).  Further compounding issues is that current 

evacuation procedures for casualty evacuation from ISS utilizes a Soyuz return 

capsule.  Given the seating position and overall habitable space, 3.9m3, available 

within a Soyuz capsule, exacerbation of injury/illness may occur (National 

Aeronautics and Space Administration, 2017).  Considering off-planet evacuation, 

this concept is still a novel field of study and, with all intents and purposes, still 

extensively vague.  One proposed method of evacuation from the Lunar surface, 
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dubbed the Lunar Evacuation System Assembly, is comprised of a “hand-truck” 

with a foldable quadruped hand powered crane in which to lift casualties and 

wheel them back to the lunar lander.  This system relies fully on human power to 

lift and move the casualty and further relies on the casualty’s on-suit life-support 

system (European Space Agency, 2017). 

 

It was originally proposed for this project, when considering an emergency 

medical evacuation from space and/or off-planet locations, that an extensively 

organizational approach be paramount to the planning of standard operating 

procedures.  This would be necessary from the point of injury/illness (POI) to the 

Definitive Care Facility (DCF), both of which will be further defined within the next 

section.  What follows is adapted from the Department of Defense document for 

the US Army, FM 4-02.2 Medical Evacuation as well as personal experience within 

the military, being a trained first responder (DAN DFA-Pro, AAUS Science, and 

PADI Rescue Diver), and having operated as a health and safety officer for the 

Florida Institute of Technology’s Human Spaceflight Laboratory as well as a recent 

Mars Desert Research Station analog mission (https://mdrs.marssociety.org/crew-

219/); (Department of the Army, 2009). 
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Point of Injury/Illness – The POI is the temporal and spatial point of the initial 

incident or accident.  This may range from minor injury/illness/exhaustion to 

critical/life-threatening/fatality.  The POI may, in a best-case scenario, occur 

within a habitat or spacecraft and, in a worst-case scenario, occur during 

Extravehicular Activity (EVA) activities at or beyond the maximum allowable range 

of distance from habitable environments.  It should be noted that a latency period 

‘Evacuation Delay’ exists between each step from POI to DCF.  It is imperative to 

minimize this latency during life-threatening scenarios, planning accordingly to 

prevent exacerbation of injuries/illness which may require stabilization for 

transport to next level care. 

 

First Response – On that note, first response includes both triage (initial 

assessment and grading of injuries by severity) as well as initial stabilization.  This 

level of response is provided by available trained personnel on-site or within close 

proximity to the POI.  For instance, wherein the POI occurs on an EVA, the first 

responder should be included within the EVA crew with, at minimum, a backup 

trained person as well in the case that the primary first responder is the casualty.  

It is possible, dependent on the level of injury/illness, for an individual to self-
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rescue.  Further, it is proposed that all members of an EVA crew be trained in 

recue and self-rescue techniques. 

 

Of particular interest here, and where the idea for the resultant system that was 

designed came from, is rescue equipment designed for use in micro and variable 

gravities for space and off-planet scenarios.  Previously mentioned is the Lunar 

Evacuation System Assembly.  This system has decrements which should be 

addressed; for starters, due to the position of the casualty, exacerbation of blood 

flow related issues and undue stress on the lower extremities may increase risk to 

the casualty.  Further, this system utilizes other crewmembers to move the 

casualty into position and then pull them to a habitable environment.  This greatly 

increases the risk that multiple members of the EVA may become casualties 

themselves due to overexertion or exhaustion, not to mention added stressors on 

limited resources due to increased workload.   

 

It was during this phase of research that a system was proposed, though currently 

tabled, that utilized a mechanized, self-powered and automated system capable 

of moving casualties in the standard supine position, which mitigates further 

stressors on the casualty.  This system, dubbed the Casualty Assistance and 
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Transport (CAAT) would utilize proven existing technologies based off of the 

Boston Dynamics Legged Squad Support System (LS3) line of robotics which could 

be modified to hold a Standard Horizontal Immobilizer (SHI) to transport 

casualties with a pre-augmentation payload of up to 181kg within a range of 32km 

(Boston Dynamics, 2019).  Added benefits of this system would be that it is 

capable of mobilizing a casualty with minimal exertion of other crewmembers and 

can also carry additional and/or advanced medical equipment to the POI.  With 

these capabilities, the CAAT is also capable of surpassing human ability concerning 

rate of speed, mitigating the issues of the previously mentioned system as well as 

decreasing the latency duration within evacuation delay as time is often a critical 

component in medical emergencies. 

 

Forward Resuscitative Care (FRC) – FRC is a higher level of stabilization of the 

casualty which usually cannot be completed at the POI.  This is due to the fact that 

FRC often involves surgery and/or emergency medical care beyond the capabilities 

of a standard first responder.  In the case of scenarios in a microgravity or off-

planet environment, FRC would be completed once the casualty has been 

evacuated to next level care facilities with a lander, habitat, or other medical 

facility or module with trained personnel equipped to handle up to open cavity 
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surgery.  It is of importance that a habitable space be large enough to facilitate 

this requirement as well as being able to maintain the casualty in a supine position 

as well as facilitate storage for a higher quantity and variety of medical supplies 

for assessment and stabilization for next level care.  Once the casualty is stabilized 

to the best available level, they may be transported to next level care.   

 

Herein is the second proposal that was made during the research phase of this 

dissertation.  Evacuations of casualties on earth utilize a supine position to 

minimize stress on the casualty; for microgravity and off-planet environments, all 

habitable environments (spacecraft, landers, habitats) should provide fitment to 

allow for SHI or Modified Horizontal Immobilization (MHI) in order to secure and 

transport a casualty.  Further suggestions in far-future mission design could 

benefit from specifically designed spacecraft for return of the casualty and 

support/stabilization crewmembers from the off-planet location to the Lunar 

Gateway as well.  It should be noted that gravitational forces from launch, exit, 

and docking should be accounted for in stabilization techniques and design of the 

transport vehicle. 
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Gateway Theater Hospitalization (GTH) – This segment assumes future assembly 

and utilization of NASAs Lunar Gateway.  The proposal here is that a dedicated 

medical facility/module be included in the Gateway Station.  The purpose of this 

facility is for capabilities of advanced stabilization to facilitate the higher 

gravitational loads experienced during earth atmosphere reentry and landing 

which may exacerbate current and/or underlying medical issues resulting in 

increased trauma to the casualty.  It is suggested, as part of the original proposal, 

that Gateway should have a fully functional medical module and, at minimum, one 

trained person in  medical stabilization to include further invasive stabilization 

techniques as necessary to mitigate the aforementioned forces of return to earth 

travel.   

 

Of importance here is the realization that, depending on type and level of trauma, 

it may be far more prudent to perform higher level stabilization for transport at an 

FRC in an off-planet (surface) environment due to higher levels of gravity which 

facilitates more normalized trauma care and, as needed, open cavity surgical 

procedures.  However, speaking in general terms, it is prudent to consider 

Gateway as an intermediary location to prepare the casualty for earth reentry 

gravitational load. 
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Definitive Care Facility (DCF) – The final stage of an evacuation plan is transport to 

a permanent, earth-based medical care facility equipped to handle the level of 

trauma experienced by the casualty.  However, this stage of evacuation may also 

include standard operating procedures for palliative care and/or terminal 

casualties to include storage, handling, and final disposition of remains which may 

occur prior to or during any of the above stages of casualty evacuation.   

 

The overall design factor for organizing casualty evacuation and care in the above 

manner is to mitigate exacerbation of illness/injuries and to minimize latency 

between the POI and DCF stages of casualty management.  Furthermore, as 

indicated in Figure 40 Lunar Surface MCS GAP Chart and Figure 41 Lunar Orbit 

MCS GAP Chart, gaps were illuminated that indicate the necessity of casualty 

transport and could also indicate necessity of casualty isolation as well.  This led to 

the requirement of SOA for Human Spaceflight Risks. 

 

Human Spaceflight Risks 

There are many challenges to human psychology and physiology in a microgravity 

environment.  This is further exacerbated by the added risk of limited access to 

emergency medical care.  Within the microgravity environment, minor trauma can 
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be exacerbated by time to next level care which may increase the probability that 

incidents considered mundane on earth, appendicitis for example, could become 

life-threatening.  At this phase in research, it was necessary to ascertain what risks 

were present which may necessitate emergency medical care and/or 

environmental isolation factors for astronauts within microgravity and beyond 

low-earth-orbit.  This led to elicitation of which risks carried the highest 

probability and highest consequences thereof with the goal in mind to create 

scenarios in which design requirements for a system would be derived. 

 

This phase originated from a recently published paper in which it states that it is 

known that astronauts are not only affected by inhibited immune response, but 

that microgravity also has an effect on microbial life in which there is an increase 

in reactivity of dormant virulent strains (Rooney, Crucian, Pierson, Laudenslager, & 

Mehta, 2019).  This paper itself began to elicit questions as to what could be done 

to mitigate the risk of increased reactivity to microbes.  Further research followed 

and culminated in more than nineteen print and web sources as well as input from 

subject matter experts from the Florida Institute of Technology (FIT) and the 

National Aeronautics and Space Administration (NASA).  These resources were 

utilized to ascertain which medical risks, mitigation techniques, and methods of 
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prioritization of said risks.  To eliminate the lowest risks concerning both 

probability and severity, various metrics were used and are included in Table 1 

State of the Art Sources with Metrics to Derive Human Spaceflight Risk. 
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Table 1 State of the Art Sources with Metrics to Derive Human Spaceflight Risk 

TITLE SOURCE METRIC(s) 

NASA Space Flight 
Human-System Standard 

Volume 1 Revision A: 
Crew Health 

NASA-STD-3001 VOL.1 (2015)  
 

Peg(s): 17-18 

Level of Care Four 
Level of Care Five 

Termination of Care 

Life Support Baseline 
Values and Assumptions 

NASA/TP-2015-218570 
(2015)  

 
Pg(s): 150-154, 184-187 

Class II and III 

Bioastronautics 
Roadmap: A Risk 

Reduction Strategy for 
Human Exploration 

NASA/TP-2005-6113 (2005)      
 

Pg(s): 24-33, A47-50, A67-70 
Risk Rating Priority 1 

Human Health and 
Performance Risks of 

Space Exploration 
Missions 

NASA/SP-2009-3405 (2009)      
 

Pg(s): 171-235, 239-249, 267-
280 

Notable Risks 

ALERTS Analysis of Lunar 
Exploratory Robotic 

Tasks for Safety 
ALERTS: ISU Masters 2008 

Risk Matrix and 
Scoring 

Subject Matter Experts 

▪ Florida Institute of 
Technology 

▪ University of Central 
Florida 

▪ National Aeronautics 
and Space 

Administration 
▪ Commercial Space 

Industry 

Contribution and 
Collaboration 

The Space Medicine 
Exploration Medical 

Condition List 

JSC-CN-23330 (2011)                 
 

Pg(s): Poster 

Crosschecking above 
mentioned metrics 
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The NASA Space Flight Human-System Standard Volume 1 Revision A: Crew Health 

document categorizes ‘Levels of Care’ into six sections, zero through five; zero 

being no perceived threat to health or life and level five being a high level of 

potential risk.  Priority in this document was given to ‘Level of Care 4, 5, and 

Termination of Care’.  The primary indication within level of care four is that risk 

to mission is increased when beyond ambulatory routine medicine is required.  

Further, it emphasizes the time to next-level-care is greater due that return to 

Earth is not readily available, taking days from Lunar/other planetary locations as 

opposed to hours from current low-Earth-orbit activities. Concerning level of care 

five, it is recommended for missions slated for beyond 210 days with high 

autonomy and emphasizes that ability to care for chronic illness is limited as is the 

overall scope of medical care due to availability of supplies/consumables and risk 

to the mission. Level of care five begins to elicit that triaging may become 

necessary dependent upon available supplies and leads to the last section, 

‘Termination of Care’.  It should be noted that there are no available policies or 

procedures in this last section, only that NASA shall have policies and procedures 

for termination of care (National Aeronautics and Space Administration, 2014). 
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The Life Support Values and Assumptions Document offers three classifications for 

medical risks with Class I risks being mild to minimal effect and primarily self-care, 

Class II Risks being moderate to severe effect and either self-care or may require 

prompt diagnosis and treatment, and Class III being immediate and severe in 

which the response should be prompt evaluation and transport to higher level 

care or to take steps to store, return, or destroy the body.  The document then 

illuminates a gap; the current EVA suit is capable of a onetime increase of internal 

pressure for treatment of decompression sickness (DCS) to 22.7 psi from the 

nominal 4.3 psi above ambient pressure and could conceivably act as an oxygen 

delivery device without adding oxygen to the spacecraft (Barratt, Baker, & Pool, 

2019).  However, the suit itself would inhibit access to the casualty within for most 

procedures and diagnostics.  Focus on this document was within classes II and III 

which include (partial list) DCS, arrythmia, toxic inhalation, appendicitis, Explosive 

Decompression, Complicated Heart Malfunction, Overwhelming Infection, Crush 

Injury, Brain Surgery, and Burns encompassing more than forty percent of body 

surface area.  Further in this document, an additional point is made to consider 

planetary protection; both forward contamination (bringing contaminants from 

Earth) and reverse contamination (bringing contaminants to Earth).  One of the 
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suggested mitigations is a quarantine capability (National Aeronautics and Space 

Administration, 2015). 

 

The Bioastronautics Roadmap divides risks into three levels.  Risk Rating Level 1 

indicates a risk of serious adverse health or performance decrement in which 

missions may not be feasible without improvement and there is no validated 

mitigation technique in space or Earth, Risk Rating Level 2 indicates a risk of 

serious health or performance decrement in which there is potential for 

improvement and there is no validated mitigation technique in space.  Finally, Risk 

Rating Level 3 indicates known or suspected health and performance issues which 

are not expected to interfere with the mission due to effective mitigation 

techniques. The focus placed on the tables in this document were placed on Moon 

Priority (30-day mission) and Priority 1 Risks which elicited Risk 18 – Major Illness 

or Trauma (which includes Decompression Illness) and Risk 28 – Carcinogenesis 

(National Aeronautics and Space Administration, 2005). 

 

The Human Health and Performance Risks of Space Exploration Missions 

document was used to identify further risks.  Those elicited included Acute 

Radiation and also indicated Inability to Treat Casualties as a significant concern 
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noting that inadequate design of systems concerning safety and efficiency as a gap 

concerning human-centered design.  Crew exposure to toxins and risk of 

significant traumas are also mentioned within this document (National 

Aeronautics and Space Administration, 2009). 

 

The Analysis of Lunar Exploratory Robotic Tasks for Safety (ALERTS) is the 

culminating document of the International Space University (ISU) Masters Course 

in 2008.  The data collected within this document indicates Chronic Radiation as 

the highest risk which was tied with Transporting of Injured - Delay and 

Insufficient Time.  The second highest risk was also a tie between Insufficient 

Rescue Time and Insufficient Equipment, both related to extraction of a stranded 

astronaut on the Lunar surface.  ALERTS utilizes a 5x5 risk matrix and risk score 

which can be found in Figure 13: ALERTS Risk Scoring Guide and Matrix. Source:  

along with the ALERTS scoring rationale which is adapted from several sources and 

will be further described in Chapter 3 Analysis of Derived Human Spaceflight 

Risks.  The indicated risks derived from ALERTS were added to the overall list of 

risks shown in Table 2 Human Spaceflight Risk List with Available Matrix Scoring 

(Galindo, et al., 2008).  
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Ultimately, the human spaceflight risks derived from the previous documents 

were added to those found in the Space Medicine Exploration Medical Condition 

List and further combined with those risks suggested by Subject Matter Experts 

(SMEs).  These risks included Hypoxia, Decompression Sickness (DCS) and 

Quarantine as high priority risks (National Aeronautics and Space Administration, 

2011).  

 

These risks were all listed and further prioritized through Risk Assessment of the 

Most Critical and Most Probable occurring medical emergencies which can be 

found in Chapter 3 Analysis of Derived Human Spaceflight Risks.  The List of 

derived risks follows: 

 

▪ Acute Radiation – High dose of penetrating radiation to all or most of the 

body from an outside source over a short period of time (Centers for 

Disease Control and Prevention, 2018) 

 

▪ Carcinogenesis – Process of normal cells becoming cancerous (National 

Cancer Institute, n.d.) 
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▪ Chronic Radiation – Low dose of  penetrating radiation over some or all of 

the body from an outside source over a long-term exposure or from a mild 

Acute Radiation dose (Grammaticos MD, PhD, Giannoula, MD, & Fountos, 

PhD, 2013) 

 

▪ Decompression Sickness/Illness (DCS) – Decompression illness covers both 

Decompression sickness and arterial gas embolism believed to be due to 

bubbles of dissolved/partially dissolved gasses growing in tissue causing 

localized damage or entering the bloodstream causing downstream 

damage by blocking blood flow (Divers Alert Network, 2004). 

Further, NASA indicates that DCS may occur due to a multitude of known 

and unknown issues prior, during, and post EVA with treatment as 

mentioned above with the inclusion that the astronaut should be in a 

100% O2 saturated environment which is normally provided by the EMU 

EVA suit, although this may render the suit no longer certified for EVA 

(National Aeronautics and Space Administration, 2001) 
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▪ Hypoxia – Decrease in available oxygen concentration in the bloodstream 

usually due to lack of available oxygen in the environment which does not 

meet the body’s needs (National Aeronautics and Space Administration, 

2001) 

 

▪ Inability to Adequately Treat a Casualty – This is due to lack of adequately 

trained personnel for a given medical situation, lack of supplies and/or 

resources, and proximity to next level care (National Aeronautics and 

Space Administration, 2009) 

 

▪ Lunar Dusk Exposure – Exposure to lunar regolith due to breach or fault in 

EVA suit or airlock apparatus on habitable spaces.  Primarily an inhalation 

hazard similar to volcanic ash (Caston, Luc, Hendrix, Hurowitz, & Demple, 

2018) 

 

▪ Major Illness or Trauma – An illness or trauma that is considered having a 

severity of significant but not long-term to catastrophic impairment up to 

and including mortality (National Aeronautics and Space Administration, 

2005) 
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▪ Quarantine – Biological isolation of an individual from the environment or 

isolation of the environment from an individual to mitigate contamination 

transfer (Subject Matter Expert, Marshall Spaceflight Center, Human 

Factors) 

 

▪ Retrieval of Stranded due to Insufficient Equipment – This consists of the 

risk to personnel becoming entrapped or stranded and there being a lack 

of proper and available equipment that is either a causative agent or 

prevents the rescue thereof (Galindo, et al., 2008) 

 

▪ Retrieval of Stranded due to Insufficient Time - This consists primarily of 

the requirement for adequate response ability, e.g., response and rescue 

systems in place for the eventuality of an entrapped or stranded person.  

Delay of rescue, and ultimately access to next-level-care, can be 

catastrophic (Galindo, et al., 2008) 

 

▪ Transporting of Injured - Delay and Insufficient Time – This risk consists of 

a combination of Retrieval of Stranded due to Insufficient Equipment and 

due to Insufficient Time with the focus being placed on a non-stranded, 
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non-entrapped crewmember. E.g., a crewmember who is injured or ill 

excluding stranding/entrapment (Galindo, et al., 2008) 
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Chapter 3 

Analysis of Derived Human Spaceflight Risks 

Risk Assessment Methodology 

There are a multitude of methods to assess and organize hazards and risks 

available from many industries that may vary between entities even within the 

same industry (e.g., NASA and ESA may have differing methods and organization 

of risks utilizing alternate 5x5 risk matrices).  For the assessment of risks found 

during this research, a combination of methods was utilized.  The basis of the 5x5 

risk matrix is composed of a matrix with X and Y axes. On the X axis is the 

likelihood of the risk (i.e., from rare to highly probable) wherein a probability 

score is used to assign the risk as follows; Level 1 = Negligible 1:20000, Level 2 = 

Rare 1:2000, Level 3 = Unlikely 1:200, Level 4 = Possible 1:20, and Level 5 = 

Probable 1:50.  The Y axis contains the severity of the risk if it were to occur (i.e., 

from insignificant to catastrophic) see Figure 10: Cabinet Office Risk Rating 

Matrix. Source: United Kingdom, 2012.  These are broken down as; Level 1 = 

Insignificant, Level 2 = Minor, Level 3 = Moderate, Level 4 = Significant, and Level 5 

= Catastrophic.  These will be further defined later in this chapter. Further, these 

matrices may then be defined in zones, see Figure 11: Cabinet Office Axes and 
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Quadrants of a Risk Table. Source: United Kingdom, 2012, that assist in 

visualization of overall risk as the X and Y axes are combined which ranges from 

low risk light colors to very high risk dark colors (United Kingdom, 2012). 

 

 

Figure 10: Cabinet Office Risk Rating Matrix. Source: United Kingdom, 2012 

 



 42 

 

 

Figure 11: Cabinet Office Axes and Quadrants of a Risk Table. Source: United 

Kingdom, 2012 

 

The European Space Agency (ESA) has a similar concept that creates a risk index 

schema and assigns a letter on the X axis and a number on the Y axis as well as 

utilizes a green/yellow/red color coding which further visualizes risk as 

go/caution/no-go situations, see Figure 12: ESA Risk Index Color Scheme. Source: 

Schroeter, 2001 (Schroeter, 2001). 
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Figure 12: ESA Risk Index Color Scheme. Source: Schroeter, 2001 

 

Ultimately, the risk matrix that was utilized combines some of these concepts as 

well as introduces a risk scoring guide (Figure 13: ALERTS Risk Scoring Guide and 

Matrix. Source: ) made available from the ISU Masters 2008 Final Report 

(ALERTS).  Their methodology maintains the probability scores and classification 

utilized by the United Kingdom and the axes indicators utilized by the ESA, yet 

alters and further defines the Severity classification as such; Level 1 = Negligible 

risk with potential of increase, Level 2 = Small injuries or minor 

illness/incapacitation/impairment, Level 3 = Significant short-term 

injury/illness/incapacitation/impairment, Level 4 = Severe long-term injury/illness 
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but not permanent, Level 5 = Lethality or irreversible/catastrophic impairment 

(Galindo, et al., 2008). 

 

 

Figure 13: ALERTS Risk Scoring Guide and Matrix. Source: Galindo, et al., 2008 
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Identification of Major Risks 

There were originally twelve risks identified during SOA (see Human Spaceflight 

Risks).  These twelve risks were scored utilizing the risk matrix and scoring guide, 

Figure 13: ALERTS Risk Scoring Guide and Matrix. Source: , combined with data 

obtained through analysis performed within ALERTS (Galindo, et al., 2008) and  

NASA’s online Human Research Roadmap Risk Sheets (National Aeronautics and 

Space Administration, 2019) following the scoring proposed within the ‘Lunar 

Visit/Habitation and Deep Space Journey/Habitation’ table with the highest score 

chosen from ‘Operations’ and ‘Long-Term Health’ columns (National Aeronautics 

and Space Administration, 2019).   

 

Note that Decompression sickness was assessed with the ALERTS scoring guide 

and indicated a higher severity.  Also noted, Inability to Adequately Treat a 

Casualty and Quarantine were not assessed within ALERTS or NASA HRR but were 

assessed utilizing the ALERTS scoring guide.  As these risks may vary widely in their 

scope and subjectivity,  assessment of these risks were made within regard to 

input not only from subject matter experts, but also personal experience as an 

American Academy of Underwater Sciences (AAUS) ‘Science Diver’, Professional 
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Association of Diving Instructors (PADI) ‘Rescue diver’, and Diver’s Alert Network 

Diver First Aid Professional (DAN DFA Pro).   

 

Further, as indicated in the table, Retrieval of Stranded (both due to time and 

equipment) and Transporting of Injured - Delay and Insufficient Time were not 

assessed by NASA HRR but were assessed within the ALERTS document.  The total 

score range was from 6 at the lowest Risk Score to 19 at the highest Risk Score.  

With the exception of Hypoxia, at the advice of subject matter experts, all items 

which scored below 17 were dropped from consideration for this research to 

focus on the highest medical casualty risks which were closer to unacceptable risk.  

With these steps and continued collaboration with subject matter experts, the list 

of risks was decreased from twelve to the five priority risks indicated below: 
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*5x5 is the probability/severity score from the ALERTS risk matrix.  The Risk Score 

table can be found in Figure 13: ALERTS Risk Scoring Guide and Matrix. Source: 

Galindo, et al., 2008 

 

▪ Carcinogenesis 

(National Aeronautics and Space Administration, 2005) 

5x5 = C4  

Risk Score 19 

 

▪ Transporting of Injured - Delay and Insufficient Time 

(Galindo, et al., 2008) 

5x5 = C4 

Risk Score 19 

 

▪ Quarantine 

[SME & (National Aeronautics and Space Administration, 2011)] 

5x5 = B5 

Risk Score 17 
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▪ Hypoxia 

[SME & (National Aeronautics and Space Administration, 2011)] 

5x5 = C3 

Risk Score 15 

 

▪ Decompression Sickness 

[SME & (National Aeronautics and Space Administration, 2011)] 

5x5 = C4 

Risk Score 19 

 

*Note that Carcinogenesis includes both Carcinogenesis and Chronic Radiation due 

to the synonymous nature of these risks (e.g., long term cancer risk due to 

radiation dosage).  Also, Hypoxia and Decompression Sickness were combined with 

Inability to Adequately Treat Casualty due that Inability to adequately treat 

Decompression Sickness and hypoxia would be causative agents to increased risk 

of long-term injury. 

 

Ultimately, with input from subject matter experts as well as personal interests 

and advisement from the committee chair, focus was narrowed down to 
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Transporting of Injured - Delay and Insufficient Time, Quarantine, and Inability to 

Adequately Treat Casualty (which, for this document, focusses on Hypoxia and 

Decompression Sickness).  Carcinogenesis was eliminated, due primarily as a 

materials science which is beyond the scope of this project at this time.  However, 

this human spaceflight risk must be mitigated for extended presence beyond low-

earth orbit.  It is one of the system design ideas to be considered in Chapter 7 – 

Conclusions and Future Work. 
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Table 2 Human Spaceflight Risk List with Available Matrix Scoring 

 

  

RISK 5X5 SCORE NASA LUNAR SCORE
NASA DEEP 

SPACE
SCORE

Acute Radiation A5 10 B2 6 B2 6

Carcinogenesis C4 19 C3 15 C4 19

Chronic Radiation C4 19 A4 8 B4 14

Decompression Sickness C4 19 C2 11 C3 15

Hypoxia C3 15 C3 15 C3 15

Inability to Adequately 

Treat Casualty
B5 17

Lunar Dust Exposure E2 16 A4 8

Major Illness or Trauma B5 17 C3 15 C3 15

Quarantine B5 17

Retrieval of Stranded – 

Insufficient Equipment
B5 17

Retrieval of Stranded – 

Insufficient Time
B5 17

Transportation of Injured – 

Delay/Insufficient Time
C4 19

X X X X 

X X 

X X

 

X X 

X

 

X

 

X

 

X

 
X

 

X

 

X

 

X

 
X

 

X

 

X

 

X
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Current and Potential Risk Mitigation Techniques 

The collection of this data from the state of the art review and from subject 

matter experts from both NASA Human Factors and University of Central Florida  

culminated in the conclusion that some form of biological and/or environmental 

isolation system would be considered a gap in current research for off-planet 

travel and habitation.  Further, it was noted that potential occupants of this 

system should be biologically and environmentally isolated, yet not 

psychologically isolated and that the occupant should be able to self-don and doff 

the system in varying scenarios which will be discussed later in this document.  

 

 Of mention, and further facilitating scenario design for this system, were the 

suggestions by subject matter experts that consideration of use of the system 

should include sudden expectoration of blood as a symptom of cute 

decompression sickness (CS) as this indicates severe trauma and it is critical to 

isolate the casualty for reason of containing biologically hazardous expectorant 

and for mitigation of symptoms such as allowing for a pure O2 environment at 

higher than ambient pressures.  This allows for a higher rate of nitrogen washout 

from tissues and the blood stream, which is critical in post DCS care until the 
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casualty can be transported to a proper hyperbaric chamber for necessary 

treatment.   

 

Furthermore, it was suggested that there may arise a scenario in which it becomes 

necessary to don an Intravehicular Activity (IVA) suit in the event of environmental 

contamination or decompression event (rapid decompression or otherwise).  A 

system would be beneficial if it were capable of being donned rapidly and with the 

ability to be donned over a crewmember already in an IVA suit in case of a 

malfunctioning or damaged IVA suit, or in the event that a crewmember become 

unconscious during IVA suit donning and is unable to complete the donning 

process. 

 

Of critical review, hereafter are the current techniques used to mitigate the 

derived risks.  They follow as such: 

 

Quarantine - Quarantine procedures are to isolate the launch crew on earth for 

no less than seven days prior to launch (National Aeronautics and Space 

Administration, 2010).  Two things to note here are, a) many infectious diseases 

may have incubation times (the time frame from initial exposure/infection to 
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showing symptoms of the infectious agent) that exceed 7 days and b) the 

infectious agent may be communicable (passable to another person) during this 

time of incubation (Iowa Department of Public Health, 2013).  One current 

example of this is the Novel Coronavirus COVID-19 which has an incubation period 

average of 2-14 days in which the infected individual will remain asymptomatic, 

yet able to transmit the virus to other individuals (Centers for Disease Control and 

Prevention, 2020).  This could prove problematic for future ISS crews and further 

for long-duration crews beyond low-earth orbit.  Further, no direct evidence was 

found for isolation or quarantine once an individual is in space.  Though the crew 

of most current and planned spacecraft are in close quarters, future habitats and 

stations may consider quarantine facilities for illness with long latency/incubation 

periods as well as agents of unknown origin as being a critical component for a 

health system and procedures in off-earth vehicles and habitats. 

 

The HSP defines quarantine environments as those environments in which the 

presence of airborne, surface, water, and food infectious contaminants are 

minimized by carefully controlling the environment as well as with precise quality 

controls (National Aeronautics and Space Administration, 2010).  This definition 

was considered for the design requirements of the novel system for this project. 
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Hypoxia – Although hypoxia is fairly simple to mitigate and treat (assure that 

proper Oxygen percentages are available to crewmembers, administer Oxygen if 

hypoxia symptoms exist) there are serious issues resultant from and with Oxygen 

usage onboard a spacecraft.  To start, there are two primary devices available 

onboard ISS to deliver Oxygen if needed: The Respiratory Support Pack (RSP) and 

the Portable Breathing Apparatus (PBA).  The RSP utilizes the ISS 120psi Oxygen 

supply lines for medical use.  The PBA is a non-refillable portable Oxygen container 

that also has an option to hook directly to the ISS Oxygen supply line.  This second 

option, distributed throughout ISS, provides a 15 minute supply of Oxygen which 

can be used in the event of environmental contamination (such as smoke) or, 

when connected to the ISS Oxygen supply line, are used for pre-breathe 

decompression sickness mitigation (which will be discussed later in this section).  

There is also a Russian version of the PBA, the Isolating Gas Mask (IGM) used for 

fire or other emergency eventualities in which the atmosphere is compromised.  

However, this device has been reported to be uncomfortably bulky when worn 

(National Aeronaitics and Space Administration, 2017). 

 

As previously stated, there are some serious complications with oxygen use on-

board a spacecraft.  Primarily, the risk of fire is increased as the percentage of 
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oxygen in the atmosphere increases.  Both RSP and PBA devices, when used, 

increase available oxygen concentration in the spacecraft (at higher rates for 

smaller spacecraft) which, as previously stated, increases the fire risk on-board 

(National Aeronaitics and Space Administration, 2017). 

 

Decompression Sickness (DCS) – As previously mentioned within this section, 

mitigation of DCS begins with oxygen pre-breathing to attempt to lower the 

nitrogen dissolved in the blood and tissues.  Currently, the ISS (there is no reason 

to consider that Gateway would be any different) is pressurized to 14.7psi 

ambient pressure.  However, EVA suits are pressurized to 4.27psi (Russian EVA 

suits are pressurized to 5.8psi) which can cause definitive decompression stressors 

on the crewmember during transition from ambient (ISS) pressure to vacuum 

while in the EVA suit.  Current DCS treatment available on orbit involves re-

pressurizing the crewmember, providing 100% oxygen, and, if necessary, over-

pressurizing the EVA suit through the bends (an alternate name for DCS) adapter 

(Thirsk MDCM SM, Kuipers MD, Mukai MD PhD, & Williams MDCM MSc, 2009).  As 

noted previously, this may render the EVA suit no longer certified for EVA use 

(National Aeronautics and Space Administration, 2001).  However, a second issue 

is presented which pertains directly to the crewmember’s safety; while the DCS 
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casualty is kept within the EVA suit, access to the crewmember is severely limited 

and, in worse case scenarios, CPR and/or AED would be nearly impossible to 

perform. 

 

Transporting of Injured - Delay and Insufficient Time – Current systems in place 

for transporting injured crewmembers relies primarily on modified terrestrial 

systems, such as the Crew Medical Restraint System (CMRS). This system is 

basically comprised of a highly modified patient spine immobilizer combined with 

a medical restraint and transport bed.  It also allows for electrical isolation for use 

of an AED.  At this time, it is unknown to be compatible with the Soyuz return 

capsule (National Aeronautics and Space Administration, 2011). 

 

As for off-planet systems, the previously mentioned system, Lunar Evacuation 

System Assembly, is proposed, yet has decrements that should be accounted for 

before widespread use as mentioned in Chapter 2 Human Spaceflight Risks State-

of-the-Art Review (European Space Agency, 2017). 

 

This information has led to the development of the Microgravity Emergency 

Medical Containment System as it indicates necessity of a system conceptualized 
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as a means to mitigate, decrease impact thereof, and/or be utilized as a treatment 

method for the human spaceflight risks derived during the SOA portion of this 

research project. 
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Chapter 4 

System Solutions 

Considering the information derived from the previous sections, it was 

ascertained that a system should be conceived that would meet the demanding 

requirements of a microgravity environment, as well as meet the requirements 

necessary to mitigate, decrease the impact thereof, and/or be utilized as a 

treatment method for those risks.  Herein presents the Microgravity Emergency 

Medical Containment System (MCS).  This system is devised to be an integral 

component of an orbital Medical Facility (OMF), as an integrated or standalone 

concept, intended as part of NASAs Lunar Gateway project.  The primary purpose 

of this system is to operate as a bidirectional isolation system.  That is, to protect 

an individual crewmember from a potentially contaminated environment (IPE) or 

to protect the environment from a potentially being contaminated by an 

individual crewmember (EPI).   

 

The system was designed within human centered design principles and 

methodologies.  What follows are details of the system which is currently a 1:1 

scale, partially-functional prototype prepared for research to investigate its 

usability and discovery of emergent design requirements utilizing thorough 
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humans-in-the-loop simulation by invited subject matter experts (further detailed 

in Chapter 5 Modelling and Simulation of System)  The current prototype is the 

second iteration of the system and was created through collaboration with 

previous subject matter experts as well as humans-in-the-loop simulation and 

group elicitation methods which derived several changes (also further detailed 

within Chapter 6 Experiment Analysis and Synthesis).  This system is part of 

ongoing technology integration research in the areas of the main deployable 

envelope, which comprises the habitable volume, concerning access and entry 

configurations as well as general usability of the system with an integrated 

mockup control board (manually controlled by an agent acting as ‘automation’).   

 

This current system is comprised of a mix of commercial off-the-shelf components 

(COTS) and components created through additive manufacturing methods utilized 

when COTS parts were not available or unique-to-this-system components were 

required. MCS is designed to meet general requirements derived from NASAs 

Human Spaceflight Standards as well as NASA Human Factors and NASA Human 

System Integration Handbooks to assure compliance with novel and legacy 

spacecraft where applicable.  As for the design of this system, it is based on data 

obtained through the aforementioned collaboration with a commercial space 
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entity as part of an overall habitat system for a crew of four based on a 21-day 

mission (transit, habitation, and return transit total-mission span) as a component 

of the proposed NASA Lunar Gateway project.   

 

The NASA Lunar Gateway is the proposed Lunar orbit outpost designed to act as a 

platform to not only extend human presence in space, but to also act as a 

waypoint to Mars and beyond.  Although under current debate in 2020, as of the 

start of this project Lunar Gateway is planned for a Near Rectilinear HALO Orbit 

[NRO] ΔV=840 of ΔV=1250 in Cislunar space to act as a smaller version of the ISS.  

In layman’s terms, a space station for prolonged Lunar habitation missions which 

include mining operations as well as the establishment of long-term to semi-

permanent Lunar surface habitation (Whitley & Martinez, 2016).  

 

There is little question as to the complexities of off-planet habitation and with the 

increased risk during long-duration missions, especially wherein surface 

operations such as mining and construction are proposed, it is imperative that a 

system is in place to offer fully functional medical capabilities within close 

proximity to the operations or, if infeasible, to have a system in place to assist in 

stabilization for transport such casualties that may occur.  This is necessary to 
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mitigate exacerbation of time-critical traumas.  For this, a system should be 

designed to allow for rapid stabilization and transportability. This system would be 

beneficial if it were rapidly deployable as well as highly portable and must be 

stowable in a configuration that utilizes a minimal footprint. 

 

Microgravity Emergency Medical Containment System SOA 

The initial MCS system was designed through a multitude of data collection, 

primarily through the previous SOA (see, Chapter 2 Human Spaceflight Risks and 

State-of-the-Art Review) and NASA standards.  Focus within these standards 

utilized were primarily on sections containing contingent operations, medical 

operations, and include both spacecraft and EVA spacesuit requirements as the 

MCS system is comprised of both environments (e.g., it must support the casualty 

as a spacecraft does, yet also is a single occupant unit as is an EVA suit). 

 

Within NASA TP/-2015-218570 Life Support Baseline Values and Assumptions 

Document (National Aeronautics and Space Administration, 2015), of interest 

were spaceflight/mission duration requirements (a spacecraft design standard, as 

assumed by the document, but utilized to derive design requirements for the 

MCS).  Particularly of interest was a section pertaining to mission duration; Option 
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1 (~30 hours) and Option 2 (~20 days).  Option 1 is considered a very short 

duration, as it is anticipated MCS would be utilized for emergent use, that is, less 

than 30 hours.  In this eventuality the system may utilize stowed air supply (O2 

consumables) and waste removal hardware (CO2 removal consumables).  Clothing 

for crewmembers is limited to non-EVA/IVA-suit clothing option and hygiene is 

relegated to use of standard body wipes.  Human waste, water, and nutritional 

needs are all stowed items (human waste may be stored within a Maximum 

Absorbency Garment (MAG) or Urine Collection Device (UCD)).  Option 2 is 

considered short duration and is anticipated as a maximum occupation of MCS in 

a contingent situation (e.g., unplanned, uncontrollable cabin depressurization).  In 

this instance the system may either utilize stowed (consumable) air or operate on 

a rebreathing system (regenerable physiochemical w/ consumable make-up).  

Though the suggestion for clothing in this instance does permit prepacked 

clothing, it is still considered applicable to maintain one non-EVA/IVA-suit clothing 

set.  Several notable differences between the options; Option 2 indicates for a 

slightly higher water consumption allowable (hygiene), a private waste elimination 

facility is suggested (though MAG, UCD, and Apollo Bags are suggested, similar to 

Option 1, if dedicated waste elimination facilities are not provided), fire detection 

and suppression are required at this duration of spaceflight, and trace 
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contaminants in air must be vent-able or mitigated through consumables.  

Considering the portable life support system (PLSS) used on ISS EVA (135g mass) 

has an 8 hour (Thomas & McMann, 2012) life-support capability (excluding 

contingencies and later documents suggesting beyond 12 hour EVA capabilities 

with current system capability gaps), MCS would require compatibility with 

spacecraft systems for throughput and/or replenishment of consumables.  Factors 

ascertained from this document include the following:  

 

*Note, EVA values include the strenuous activity of EVA and may be higher 

consumption/generation rates than expected within MCS 

▪ Average Crewmember Mass Range = 53kg-110kg 

▪ CO2 Generation = 0.622kg/CM-d-7.178kg/CM-d (nominal = 1.037kg/CM-d) 

[During EVA = 0.093kg/CM-h] 

▪ O2 Consumption = 0.518kg/CM-d-5.67kg/CM-d (nominal = 0.818kg/CM-d) 

[During EVA = 0.075kg/CM-h] 

▪ Water Allocation = (min) 2.7kg/CM-d [During EVA = 0.24kg/CM-h] 

▪ Nutrition Allocation = (calories) 2,000 Cal/CM-d [During EVA = 

1.062MJ/CM-h] 

▪ Waste Elimination = Systems should be capable of handling common 

human wastes (Urine, Feces, Menses) 
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Of significant note within this document is the preliminary overview of 

environmental health requirements pertaining to system design, e.g., the air and 

water quality as well as microbiological and acoustic level exposure.   Stated 

therein are: 

 

▪ Air Quality –  

o Concentration of Volatile Organic Compounds (VOCs) 

o Concentration of Target Gases Gasses 

▪ Formaldehyde, Products of Combustion (CO, HCN, HCl, HF), 

CO2 (contingency), O2 (contingency), system chemicals 

(contingency) 

 

▪ Water Quality –  

o Total Organic Carbon (TOC) 

▪ Total Inorganic Carbon (TIC; trending only) 

▪ Biocide Levels (total iodine) 
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▪ Microbiology -   

o Bacterial levels in air, surfaces, and water 

▪ Fungal levels in air, surfaces, and water 

▪ Presence of Coliform in water 

 

▪ Acoustics -    

o Work and Sleep Noise Exposure Levels 

▪ Sound Pressure Levels as a function of frequency 

 

Of final note in this document (NASA TP/-2015-218570), is planetary protection 

(section 4.15, pgs., 184-187).  Though this section is focused primarily within off-

planet habitation, it illuminates the idea of risk in forward (Earth to Mars) and 

backward (Mars to Earth) contamination.  It is derived that this contamination 

path may include any location from and to Earth or any manned spacecraft or 

habitat.  Ergo, systems should be devised in which quarantine is a possibility 

beyond mitigation as a primary tool to prevent contamination pathways.  This is a 

recognized gap for spacecraft carrying human crews to off-planet planetary 

bodies. 
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One document mentioned heavily within the previous is JSC-20584 Spacecraft 

Maximum Allowable Concentrations for Airborne Contaminants (National 

Aeronautics and Space Administration, 2008), which concentrates on airborne 

contaminant levels such as those from materials off-gassing and reactant products 

from research and combustion.  This document lists these chemicals and their 

exposure limits over durations of 1-hour, 24-hour, 7-day, 30-day, 180-day, and 

1000-day intervals.  Given that the MCS is anticipated to be a stowed system with 

potential long-term missions, the 180 and 1000-day intervals were quarried within 

Table 3 NASA SMAC Tables (1 of 2) and Table 4 NASA SMAC Tables (2 of 2): 

 

*Note, effects of exposure differ between each chemical and exposure interval.  A 

comprehensive table can be found within the source document.  This table 

contains only the 180 and 1000-day exposure duration limits.  Effects are omitted 

but range from mild discomfort to death.  As such, these chemicals must be 

mitigated and maintained below the lowest available level given. 
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Table 3 NASA SMAC Tables (1 of 2) 

CHEMICAL 

180 
DAY 
ppm-

mg/m3 

1000 
DAY 
ppm-

mg/m3 

CHEMICAL 

180 
DAY 
ppm-

mg/m3 

1000 
DAY 
ppm-

mg/m3 

Acetaldehyde 2-4 N/A 
C3-C8 Aliphatic 
Saturated 
Aldehydes 

4.5-
Varies 

4.5-
Varies 

Acetone 22-52 N/A Ammonia 3-2 3-2 

Acrolein 
0.008-
0.02 

0.008-
0.02 

Benzene 
0.07-
0.2 

0.013-
0.04 

C2-C9 Aliphatic 
Alkanes 

3-
Variable 

N/A 
Bromotrifluorome
thane 

1800-
11000 

N/A 

1- Butanol 12-40 12-40 Chloroform 1-5 N/A 

Tert- Butanol 40-120 N/A 
Decamethylcyclop
entasiloxane 

1-15 N/A 

Carbon Dioxide 
7000-
13000 

5000-
9000 

Diacetone Alcohol 4-20 N/A 

Carbon Monoxide 15-17 15-17 Dichloroethylene 
0.015-
0.06 

N/A 

1,2- 
Dichloroethane 

0.4-1.6 0.4-1.6 Ethylene Glycol 5-13 N/A 

Ethanol 1000-
2000 

1000-
2000 

Formaldehyde 0.1-
0.12 

0.1-
0.12 

2- Ethoxyethanol 0.07-0.3 N/A Freon 11 140-
790 

N/A 

Ethylbenzene 12-50 N/A Freon 113 50-400 N/A 

Freon 12 95-470 N/A Glutaraldehyde 0.0006
-0.002 

N/A 

Freon 21 2-8 N/A Hexamethylcyclotr
isiloxane 

1-9 N/A 

Freon 22 1000-
3500 

N/A Hydrazine 0.004-
0.005 

N/A 

Furan 0.025-
0.07 

N/A Hydrogen 4100-
340 

N/A 
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Table 4 NASA SMAC Tables (2 of 2) 

CHEMICAL 

180 
DAY 
ppm-

mg/m3 

1000 
DAY 
ppm-

mg/m3 

CHEMICAL 

180 
DAY 
ppm-

mg/m3 

1000 
DAY 
ppm-

mg/m3 

Hydrogen Chloride 1-1.5 N/A Limonene 20-115 20-115 

Hydrogen Cyanide 1-1.1 N/A Mercury 
0.001-
0.01 

N/A 

Indole 
0.05-
0.25 

N/A Methane 
5300-
3500 

N/A 

Isoprene 1-3 N/A Methanol 70-90 23-30 

Methyl Ethyl 
Ketone 

10-30 N/A Nitromethane 5-13 N/A 

Methyl Hydrazine 0.002-
0.004 

N/A Octamethylcyclote
trasiloxane 

1-12 N/A 

4- Methyl-2-
Pentone 

35-140 N/A Octamethyltrisilox
ane 

4-40 N/A 

Methylene 
Chloride 

3-10 1-3.5 Perfluoropropane 11000-
85000 

N/A 

2- Propanol 60-150 N/A Trimethylsilanol 1-4 1-4 

Propylene Glycol 1.5-4.8 1.5-4.8 Unsymmetrical 
Dimethylhydrazine 

0.003-
0.0075 

N/A 

Toluene 4-15 4-15 Vinyl Chloride 1-2.6 N/A 

Trichloroethylene 2-10 N/A Xylene 8.5-37 1.5-6.5 

 

 

Those these tables are by no means comprehensive of every possible chemical 

exposure within a spacecraft or system, it is imperative to mitigate factors which 

may introduce these chemicals in values at or above the thresholds set forth 

within these tables.  This indicates that any components, materials (including 
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fabric), and particularly adhesives, need to be assessed before inclusion within the 

MCS.  Though this will not be accounted for in the terrestrial prototype, it will be 

considered from the start of design and use of currently known space-rated 

materials (industry use) as well as the NASA materials database, NASA-RP-1124-

Rev-4 Outgassing Data for Selecting Spacecraft Materials, Revision 4 (National 

Aeronautics and Space Administration, 1997), may be used for materials selection 

whereas NASA-STD-6001 would be required to assess materials that are not 

included within the database (National Aeronautics and Space Administration, 

2011). 

 

The next document utilized for system SOA is the CCT-REQ-1130 ISS Crew 

Transportation and Services Requirements Document (National Aeronautics and 

Space Administration, 2016) which outlines requirements for spacecraft in which 

crew are transported from Earth to ISS and return.  This document outlines several 

requirements and standards that MCS must incorporate and/or be compatible 

with as well as possibly indictive of usability of the MCS.  For instance, 

requirement 3.4.2.5 ISS Safe Haven requires a spacecraft docked to ISS shall 

provide a safe haven from ISS is evacuation is required for 6 hours on spacecraft 

internal consumables and up to 18 further hours if ISS power is restored to the 
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spacecraft and contingency consumables have not be depleted.  Data derived from 

this requirement indicates that MCS shall provide for, at minimum, 6 hours of Life 

Support for an occupant (2 hours less than previously indicated ISS EVA PLSS limit 

of 8 hours, excluding contingency).   This document also outlines habitability and 

other crew needs through other requirements that must be incorporated into 

MCS such as: 

 

▪ 3.10.11.1.1 Habitability Limits 

 A) Cabin Pressure → 14.0-14.9psia 

 B) Cabin ppO2 (oxygen partial pressure) → 2.82-3.3psia 

C) Depressurization / Repressurization Rate → (No minimum rate) 

Maximum Rate: DE=7.75psi/min / RE=6.96psi/min 

D) Cabin ppCO2 (carbon dioxide partial pressure) → (No minimum) 

Maximum = 0.077psia 

E) Cabin Temperature → 18.3-26.7C 

F) Relative Humidity → 25-75% 
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▪ 3.10.17.4 Body Waste Management 

 A) Feces  →  1.7 events/CM-d at 118mL(avg)/event 

 B) Diarrhea  →  4 events/CM-mission at 500mL/event 

 C) Urine  →  6 events/CM-d at 333mL(avg)/event 

 D) Vomitus  →  8 events/CM-mission at 500mL/event 

 

▪ 4.3.2.5 Emergency Equipment 

A) Access to Emergency Equipment (time commensurate with applicable 

emergency) verified by analysis and demonstration 

B) Access to a Breathing mask (same verification as above, with length of 

use being commensurate with the time required to return to breathable 

atmosphere or access to a pressurized suit during unplanned 

depressurization).  This section prompted the idea that MCS should have 

two circulation systems; one designed for closed circuit rebreather and a 

second with an open circuit (which could be used to purge contaminated 

air prior to closed circuit system being used) 

C) Voice Communication in Breathing Apparatus (verifiable by 

demonstration, the ability to communicate direct to other crewmembers 
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or outside entities via radio communication shall not be impeded by the 

mask).  This is a direct added requirement for MC 

D) Personal Protective Equipment (analysis performed to identify potential 

scenarios and control measures in which PPE would mitigate, must be 

accessible to the crew during potential emergent conditions) 

 

The next section (4.3.2.5.11) utilized within this document focused on the 

Pressure suits (EVA/IVA) as the MCS is quite similar.  Basic points from this section 

state that suits must provide life support for the worst case scenario which 

includes ascent, abort, and reentry, that suits should allow for two way 

communication, have that ability to be donned unassisted, and handle human 

waste output within the suit (stating use of collection system and/or diaper-type 

garments for long-term use).  Finally, section Q.2 Crew Hazard was utilized to 

derive necessary crew injury mitigation concerning the MCS system itself.  These 

include hazards that the system could expose the crew to mechanical, extreme 

temperature, electrical hazards, and control of power and systems in order to 

perform maintenance (as necessary).  These, of course, would require mitigation 

to prevent and minimize these risks.  Further, section Q.3 will be utilized in higher 
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level prototypes (beyond the current terrestrial prototype) to account for control 

interface items such as label and human factors color requirements.  

 

Of note while performing SOA on the MCS, was currently available space medical 

equipment.  As previously stated, the ISS has the Crew Medical Restraint System 

(CMRS).  Information on this system can be found in NASAs Crew Health Care 

System CHeCS version 10.0 (National Aeronautics and Space Administration, 

2011).  While considering design requirements for MCS, compatibility with the 

CMRS is a high priority for high level prototypes of the system.  Integration of 

CMRS and CMS may be internal, having mounting brackets (similar to the current 

CMRS seat track interface) within the habitable volume of MCS, or external, 

having modified connectivity of the CMRS to the ‘bottom’ portion of the habitable 

envelope (e.g., after the casualty is secured within CMS, CMS is then secured to 

the CMRS for higher stability of a casualty requiring such immobility). 

 

In considering other MCS requirements, modularity is also of high importance.  

This is primarily due to maintenance and system scope, e.g., usability within 

several modalities such as within a microgravity environment (current design 

direction) or in variable gravity environments or inside space craft vs outside 
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spacecraft stowage.  For this reason, modularity of the system to include simple 

and quick changes to the system are considered.  Given previous military 

experience, MIL-STD-1472G Design Criteria Standard for Human Engineering 

(United States Department fo Defense, 2012) was a suggested source outside of 

NASA.  Requirement A.2 is best summed as Design for Maintainability; simple, 

modularity of parts, and rapid ability to maintain or exchange critical components 

(with consideration of the operator being in full MOPP (Mission Oriented 

Protective Posture) gear similar to having donned an IVA suit).  This requirement is 

one of the driving factors behind the suggestion that MCS have quick disconnect 

structural components and habitable volume. 

 

The next three documents utilized for SOA concerning the MCS were primarily 

used to ascertain NASA human spaceflight requirements that would pertain to the 

human use of MCS or the environment that MCS would operate within.  Starting 

with CxP-70024 Revision E Constellation Program Human-Systems Integration 

Requirements (National Aeronautics and Space Administration, 2010), several 

requirements were selected that are of interest to MCS.  Section 3.10.3.1.1 and 

3.10.3.1.2 suggest that in-suit nutrition (either liquid or solid food) during EVA or 

unpressurized spacecraft survival time needs to be available for up to 10 hours.   



 75 

 

Also, water must also be made available as a stowed (within the suit) or 

replenishable consumable (through the suit) and must be “instant” (within 2 

seconds of demand).  Further, the CxP-70024 maintains requirements for the 

necessity to account for human waste within the suit to include vomitus (which 

must be kept away from the face), urine (with a contingency of 1L/d up to 144 

hours of continuous suit use), and feces (with a contingency of 75mg(mass) & 

75mL(volume)/d up to 144 hours of continuous suit use).  Of significant note is 

that although nutrition and water must be available for up to 10 hours while 

suited, in a contingency scenario (unpressurized, possibly unrecoverable cabin) 

suit time may increase up to 144 hours.  For this, it would be suggested that MCS 

be capable of, at minimum, 10 hours to 144 hours (6 days). 

 

Further SOA includes the Human Integration Design Handbook NASA/SP-2010-

3407/REV1 (National Aeronautics and Space Administration, 2014) which is a 

companion to the NASA 3001 Volume 2 Standards.  Design requirements within 

this document are directed towards human requirements and go a bit more in-

depth than previous documents.  Requirements of note follow: 
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▪ Pressure Exposure → Exposure limits are time based with minimum 

allowable exposure at 3psia and maximum exposure at 17psia.  Indefinite 

exposure is allowed of pressure is between 7.5 and 15psia.  Noted here, is 

that pressures above 17psia are allowed in contingency situations only 

 

▪ O2 Partial Pressure → minimum is equivalent to 9,000 feet ASL (above sea 

level) whereas the FAA (Federal Aviation Administration) 10,000 feet ASL 

where O2 supplementation is required.  2.5-3.4ppO2 allows for indefinite 

exposure, between 2.2 and 2.5ppO2 is permittable for 1 hour (unless 

acclimatized), however, lower ppO2 is prohibited (hypoxia) and ppO2 

increases beyond the 3.4 decrease allowable exposure times (high ppO2 

causes hyperoxia = oxygen toxicity) 

 

▪ CO2 Concentration Limits → exposure limit dependent on time.  1000 days 

exposure limits CO2 to 0.07psia, 7 to 180 days exposure limits CO2 to 

0.10psia, CO2 levels above this decrease time of exposure to hours.  This is 

also related to ppCO2 wherein indefinite exposure is allowed if ppCO2 

remains below 5.0mmHg.  Between 5.0 and 10mmHg, exposure time is 

limited from 30 days to 8 hours, respectively.  ppCO2 above 10mmHG 
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starts minimal exposure and is considered off-nominal to emergency status 

once ppCO2 increases beyond that level.  Continued requirements within 

this document include: 

 

▪ Temperature Range  → 18-27C 

▪ Humidity Range  → >30-50% (>25-30 and 50-75% is tolerable) 

▪ Airflow Range   → 4.57-36.58m/min flow rate (while not suited) 

▪ Biologics Limits  → Fungus below 100 colony forming units/m3 

Bacteria below 1000 colony forming units/m3 

▪ Allowable Particulate  →  <0.2mg/m3 from 0.5-100µM 

▪ Water Requirements  →  2kg/CM-d minimum (excludes hygiene) at 2- 

15.6C (preference) and Contingent water for 

medical use 5kg/CM-d at 18-28C 

 

Further requirements from this document include the use of decision aides 

(7.6.4.1) to give user guidance with clear steps, something that MCS will require at 

certain, to be determined, phases of operation.  Along these same lines, other 

requirements within human integration have direct effect on MCS such as 

expectancy in which controls shall be congruent with HIDH requirements and 
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legacy spacecraft as well as compatibility with legacy spacecraft such as through 

ISS handrail mountable systems (e.g., MCS having mounting capability with the 

standard NASA translation handrail within ISS). 

 

Continuing NASA/SP-2010-3407/REV1 (National Aeronautics and Space 

Administration, 2014), the focus shifted within this document to EVA suit 

operations (again, due to the similar nature of the MCS).  The current ISS EVA suit 

is operated at 4.3psia with 100% O2.  Important here is that there is no given 

airflow rate (as there is earlier within this SOA for spacecraft), there is, instead, 

the requirement that airflow must be sufficiently high enough to provide CO2 

washout from the face of the suit occupant.  Further herein, this document 

suggests that current EVAs are from 6-8 hours, however, future missions may 

need to account for 12 hours plus (which requires changes in suit capabilities).  

Consider that EVA suit occupants may require 8oz of water per hour (suggested 

within this document), but the current suit contains a bladder for water of 21-

32oz (at 8oz/h, this equates to a 4-hour EVA).  Therefore, it is suggested therein to 

allow for water to be replenished from outside the EVA suit.  This also makes a 

similar addition of replenishment of nutrition (liquid based through a port).  

Finally, the section ends with suggestion Urine and Feces output during EVA suited 
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operations.  However, it is suggested that suit design take into account the 

possibility of days of continuous EVA suit wear due to unrecoverable vehicle 

pressure failure. 

 

The next document used to ascertain design requirements was the NASA-STD-

3001 Volume 2 Human Factors, Habitability, and Environmental Health (National 

Aeronautics and Space Administration, 2015).  Several requirements within this 

document pertain directly to MCS requirements as a concept.   

 

Cleanability (6.4.5.3) → this indicates that materials selected for use must be 

cleanable to a pint at which the surface must contain less than 500cfu/100cm2 

bacterial and 10cfu/100cm2 fungal. 

 

Potential Energy (9.3.1.3) → considering that MCS is inflatable, this requirement 

must be accounted for to prevent injury during inflation from counterforces.  As 

mentioned previously, compatibility to mount the system to ISS translation handle 

may mitigate this risk. 
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Further, requirements indicate necessity to mitigate fixed sharp corners and edges 

(9.3.1.5), loose sharp corners and edges (9.3.1.7), burrs (9.3.1.8), and pinch points 

(9.3.1.9).  Continuing with human factors design elements, equipment that are 

portable should be designed with manipulation and handling in mind (e.g., 

dogbone profile handles for manipulation while wearing IVA/EVA gloves). 

 

Congruent with the MIL-STD-1472G (United States Department fo Defense, 2012), 

NASA-STD-3001 Vol. 2 (National Aeronautics and Space Administration, 2015) 

indicates that systems should be designed with maintainability both by 

maintenance requirements (9.7.1.1) and equipment modularity (9.7.2.3). 

 

Finally, as with previous documents, focus of SOA ends with sections pertaining to 

EVA suit requirements.  Hereafters are selected requirements from this section: 

 

▪ 11.1.1 → Suited Donning and doffing must be efficient during nominal and 

contingent environments 

▪ 11.1.3.1 → Suits shall have internal pressure set points (rather than 

variable) *note that DCS mitigation within the EVA suit is 8psia (11.1.3.3) 
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▪ 11.1.3.2 → Suits shall maintain equilibrium within +/- 0.1psi 

▪ 11.1.3.4 → Noise exposure shall allow for comfort and shall not impede 

with communications 

 

Further, as with previous documents, suits shall handle human waste products 

(11.1.5), nutritional needs (11.2.2), water requirements (11.2.3), and medication 

necessity while suit is donned (11.2.4).  The latter requirement leading to the next 

document part of this SOA. 

 

MCS is a medical system and therefore must allow for medical interventions and 

standard medical human biometrics monitoring.  A paper from New Space 

(Mesko, 2018) outlines disruptive technologies for the future of human spaceflight 

concerning medical monitoring and, as such, should be considered for long-term 

missions with burgeoning technologies necessary to meet demands therein, such 

as MCS.  The following metrics acquired from this document are considered for 

biometric monitoring while with MCS: 

 

▪ Single/Multi-channel ECG 

▪ (SpO2) Blood O2 
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▪ Body Temperature 

▪ Heart Rate 

▪ Physical Activity 

▪ Microbiome Composition (this may require phlebotomy) 

▪ Cardiac and Lung Sound 

▪ Sleep Quality 

▪ Stress (buccal swab or phlebotomy) 

▪ EEG 

▪ Blood Glucose 

▪ Breath Rate 

   

This list is a supplement to (and in some metrics, congruent with) the required 

medical metrics as part of NASA Health Status Evaluation SLSDCR-SMCCB-07-018-

R4 (National Aeronautics and Space Administration, 2007) which includes:  

 

▪ Vitals 

▪ Medical History 

▪ Physical Exam 

▪ Blood Chemistry 
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▪ Urinalysis 

▪ Pulmonary Exam 

The final source for design requirements for MCS were through conversation with 

Subject Matter Experts, primarily NASA.  Considerations from these conversations 

are summarized below: 

 

A system needs to be reliable throughout the anticipated lifespan of the system.  

Higher reliability provides for less workload.  Consider how long an individual 

could be isolated since current functions in which a casualty can be antibiotic 

loaded and evacuated from ISS through Soyuz with return to Earth within hours; 

lunar evacuation may take weeks from the far side of orbit.  The system should be 

portable.  This assists with mitigation of psychological isolation (there is a reason 

that crews are scheduled to eat together, and the ability to move a casualty, who 

is able, to be included in crew activities will further assist mitigation of 

psychological isolation).  Further, if a crewmember is isolated within the system, 

their common workload will be shifted to remaining crewmembers.  If the system 

is portable and allows for communications, the casualty (again if able) may be able 

to take on some level of workload (either their own or modified from remaining 
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crewmembers) which may help with ensuring the 8-hour sleep window for all 

crewmembers.   

 

Further considerations from SMEs pertain to usability of the MCS; if the system is 

portable, it must be able to translate through standard hatches and passageways.  

May have to consider removal of EVA/IVA suit while inside MCS (a notable gap at 

this time).  The MCS should be capable of use in various spacecraft (not just Lunar 

Gateway), which is limited by body measurements in a supine/semi-supine 

position. 

 

As for the prototype itself, the first iteration was fabricated from readily available 

materials with no concern towards material requirements (primarily a proof of 

concept rather than a functional/partially functional system).  The second 

iteration, however, was to be higher fidelity and would take into account material 

suggestions by a subject matter experts from a commercial space suit 

manufacturer as well as from a space rated materials company in which 

suggestions were to utilize 200 denier heat sealable coated fabric for the primary 

habitable volume fabric and laminated ripstop PE foil for the clear section.  

Though the former fabric was purchased and utilized in fabrication, the PE foil 
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proved to be beyond the scope of the current iteration but will be considered for 

the next-level prototype. 

 

The last suggestion by subject matter experts was congruent with research that 

was compiled prior to this project; use of wearable sensors for medical 

monitoring.  This would be a bonus when considering time from the point of 

injury/illness to the point of sealing the MCS habitable envelope (a lower latency 

period) if a majority of standard medical metrics sources were already worn as 

part of standard required equipment, then time used during placement of a 

casualty within the MCS will decrease.  Concerning those metrics, the following 

was ascertained for MCS: 

 

Metrics → devices utilized as wearable must meet or exceed ISO 9241-210:2019 

(International Organization for Standardization, 2019) as well as NASAs HIDH 

(National Aeronautics and Space Administration, 2014) for Interactive Systems 

(Appendix H) concerning Effectiveness, Efficiency, Satisfaction, and Learnability.  

Further, as previously stated, MCS capability shall allow for the measurement of 

various biometrics and hemodynamics to include primary vital signs of the  
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cardiopulmonary system and shall include (but is not limited to): 

 

▪ Heart Rate 

▪ Blood Pressure 

▪ Blood Oxygenation/Deoxygenation 

▪ Blood pH 

 

As well, consideration of measurement for skin surface temperatures, various 

electrolytes and metabolites should be included.  Combining these measurements 

(real-time) permits an accurate image of a casualties current state of health as 

well as allowing for trendlines to be derived which, in-turn, allows for increased 

knowledge of the casualty which may lead to better decisions concerning 

mitigations needed and preparation for the next-level care unit prior to casualty 

arrival. 

 

As previously stated, wearable medical monitoring devices (a shift from wired 

devices) decreases latency between point of injury/illness and the point of next 

level care.  Basically, if the casualty already has a suite of worn devices, placement 

within MCS would be expedited but would require a wireless communication 
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device to be compatible with the casualty’s wearables.  These wearables must be 

compact and comfortable, wherein the current consideration is for skin-surface 

temporary tattoo-styled wearables.  These incorporate both electrical and 

electrochemical sensors in a thin, highly flexible (and able to withstand extreme 

external stressors) device which not only are capable of a sensing plethora of the 

aforementioned metrics but also capable of use as a data storage device and 

capable of harvesting energy from the wearer (Bandodkar, Jia, & Wang).  These 

sensors utilize analysis of trace chemicals on the skin’s surface such as electrolytes 

(pH, Sodium, Ammonium, and Calcium) and metabolites (Glucose, Lactate, and 

Urea within epidermal interstitial fluid).  This allows for the measurement of 

biometrics and hemodynamics through two primary factors: 

 

▪ Potentiometric: Ion Concentration indicative of electrolyte imbalance, 

Bone Mineral Loss, Dehydration, Physical Stress, Hygiene Decrements, and 

Bioaccumulation of Toxic Trace Metals 

 

▪ Amperometric: Utilization of voltammetry to sense metabolites and 

indicate electroactive hazards present to the wearer with the environment 
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A further study (Digiglio, Li, Wang, & Pan, 2014) provides a similar skin-worn 

temporary tattoo-styled device that allows for monitoring of blood pressure based 

upon microflotronic technologies as opposed to standard oscillometric based cuff.  

This device is transparent with 80% non-occluded by circuitry to allow for accurate 

and precise placement.  Device collection considerations: 

 

▪ Oscillometric Capabilities: heart rate, peripheral systolic blood pressure, 

peripheral diastolic blood pressure, mean arterial pressure, and static 

measurement 

 

▪ Microflotronic Capabilities: heart rate, central systolic blood pressure, 

pulse wave velocity, mean arterial pressure, upstroke time, complete 

waveform measurement, and, unlike the oscillometric cuff which only 

measures occasionally, allows for continuous measurement as long as the 

device is worn (which allows for a higher standard of trend monitoring) 

 

The final component for measuring suggested herein through this research is the 

utilization of fNIRS (functional near infrared spectrometry).  fNIRS is a 

neuroimaging device similar in principal to standard pulse oximetry in which near 
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infrared light source is pulsed through body tissues.  Areas with high 

concentration of oxygenated hemoglobin bounce back this light source where it is 

observed by sensors.  In the case of fNIRS, this allows for visualization of 

hemodynamic oxygenation, flow, and volume changes within the cerebral cortex 

in real-time with a high amount of precision which in turn allows for real-time 

measurement of cerebral function, to include workload (Ferrari & Quaresima, 

2012) at a cost significantly lower than fMRI (functional magnetic resonance 

imaging) which is not currently possible in a microgravity environment (Piper, et 

al., 2014). Though this device is worn (commonly a hat-styled placement) the 

current to market devices are still highly dependent on accurate placement (Cho, 

et al., 2011).  However, with advancements in micro-electronics such as the 

aforementioned tattoo-based sensors, this may change in the near future and 

should be considered. 

 

Ultimately, the final step in the SOA process for MCS was to establish what already 

did (or did not) exist in terms of single person biologic isolation designed as a 

transport device capable of allowing at least minor emergency medical treatment 

while isolated.  In all, there are six companies found that offer some form of the 

above query.  The first two, EGO ZLÍN (Isolation Transport Bag for Infected 
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Patients, n.d.) of the Czech Republic (product: Bio-bag – 30/40) and UTILIS SAS 

(Isolation Transport Bag for Contaminated Casualties, n.d.) of France (product: 

Isolation Transport Bag for Contaminated Casualties) are nearly identical: 

 

▪ 203cm x 64cm x 56cm (EGO ZLÍN)  

▪ 203cm x 64cm x 44.5cm (UTILIS SAS) 

▪ High Frequency Welded Materials 

▪ Single Direction Gloves (3 on each long side, relative to the ground as a 

terrestrial system) 

▪ Input Ports 

▪ Patient Securing Straps 

▪ Large Windows (4 windows wrapping from left side over top to left side) 

▪ Rigid Folding Aluminum Frame 

▪ Possibly Decontamination and Reuse Dependent on Scenario 

▪ Easy Maintenance 

 

LAMSYSTEMS (Portable Isolator at Medica 2017, n.d.) of Russia has a very similar 

medical isolation system (product: Portable Isolator) which appears to have many 

commonalities with the previous two systems with exception of the glove ports 
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and the aluminum frame incorporated litter for mobility.  Although, this system 

does contain a ‘passthrough’ bag (with inability to open internal and external 

zippers simultaneously).  The statement on the system maintains that there are 

four glove ports, however, if they are represented within the image, there are two 

on either side behind a zippered panel.   

 

The next system is, likewise, quite similar to these.  ISOVAC (CAPSULS Patient 

Isolation Unit, n.d.) of the United States (product: CAPSULS) is a more cylindrical 

shaped habitable volume with an integrate, foldable litter (previous systems 

observed had a ‘D’ shaped profile with the flat portion at the bottom).  Again, this 

system is comprised of a rigid frame supporting the habitable volume though this 

system has a higher percentage of transparent material and doe contain four 

gloves on both of the long-side lengths.  The system is shown in compatibility with 

other medical transport systems (gurneys / stretchers). 

 

Similar to the ISOVAC system, OPEC Systems (Patient Isolation Solutions, n.d.) of 

Australia (product: ISO POD) is primarily transparent, maintains the pronounced 

‘D’ profile of the first three systems, and has multiple glove ports (8 on each side, 

actually).  However, this system appears to not have an integrated litter.  It does, 
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however unlike the previous systems, have patient transfer handles along the 

lower portion of the long sides.  This is indicative of the system’s primary use in a 

hospital setting wherein it would be supported by gurneys.  Similar to the next 

(last product), this system has multiple passthroughs and some modularity for 

varying scenarios. 

 

The final product reviewed for SOA is EpiGuard (EpiShuttle, n.d.) from Norway 

(product EpiShuttle). Unlike the previous systems which are comprised of metallic 

rigid frames and a fabric habitable volume, the EpiShuttle is entirely rigid in its 

construction as a two-piece shell.  Its dimensions are 227.5cm x 65cm x 69.5cm, 

slightly larger than the previous systems, but unlike the previous systems, non-

collapsible for storage.  Of note on this system is an adjustable angle bed within 

the shell (head and knee support in various settings) and the multiport system.  

This unit has ten ports (three on either long side and four around the head end) 

which have a common attachment-type opening allowing for various tools to be 

fitted from gloves to passthroughs, and standard medical equipment (e.g., 

ventilator).  This would allow for a great amount of modularity and a similar 

method should be considered for all future bio-isolation systems. 
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When considering these systems, one thing that stands out is the overall rigidity of 

the frame.  Although this allows for negative pressure to be used within the 

habitable volume (MCS shall accomplish this with semi-rigid ring-style supports 

and pneumatic structural components) it is relative to the fact that these systems 

were designed for terrestrial use in an Earth-gravity environment.  One of the 

primary concept requirements of the MCS is reduced footprint, particularly while 

in a stowed configuration (space is a premium commodity on spacecraft).  Systems 

such as the last reviewed herein require the same footprint stowed as does in a 

deployed configuration.  The other systems do utilize a smaller footprint while 

stowed, but also require assembly prior to use, whereas the MCS must be rapidly 

deployable from a stowed position.  In review, though these systems are designed 

with biological isolation and patient transport, they are not intended for rapid 

deployment in an emergent situation, and certainly not designed for microgravity 

environments.  However, several design elements are consistent amongst these 

systems and, thus, will also be consistent within the MCS as, at the basic level, 

these systems are all designed for bio isolation of a single occupant be that 

protecting the occupant from the environment or protecting the environment 

from the occupant. 
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Design Methodology 

As mentioned in the previous section of this paper, this project is seated well 

within Human-Centered Design (HCD) principles.  NASAs rationale for use of HCD 

during planning and design of a system or systems is that HCD gives the customer 

(stakeholder and operator) control of the design process as an integral component 

which increases mission success and add to overall user satisfaction.  This is 

because the user’s environment and needs are the primary driver of the design 

followed by design of solutions and evaluation of those solutions which returns to 

the user for additional needs or notice of satisfaction (NASA TP-2014-218556).  

HCD is, at its core, human driven.  HCD is an iterative cycle that, in the scope of 

this project, begins with an idea or question.  From this point, an SOA begins that 

includes what does and does not exist related to the question or idea and also 

includes the environment that the system would be operated in (the user’s needs 

and abilities).  This may lead to the use of several methods for eliciting design 

ideas and requirements such as utilization of QOC (Questions, Options, Criteria), 

GEM (Group Elicitation Method), SMEs (Subject Matter Experts), and, of course, 

the (possible) users of the system.  From this point a concept is devised which 

leads to a mockup or prototype (which may be digital or physical).  After the 

prototype is created, subject matter experts are brought in, representative of end 
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users and other stakeholder entities, and Humans in the Loop (HITL) simulation is 

done.  When systems (such as the MCS) are partially functional, methods such as 

Wizard of Oz which is described later in this document, are utilized to make up for 

missing actions/reactions from the system being tested.  These tests are integral 

to the HCD process, as the feedback from SMEs and observation of the actions 

begin the next iterative loop (see Figure 14 Human Centered Design Iterative 

Cycle).  This process may cycle several times and, as well, may loop back to the 

starting point from any step in the process.  An example of this is when changes to 

the prototype occur prior to HITL when new ideas, technologies, or simply 

recognizing an oversight are corrected.  The goal is an end product that is high in 

usability and does not require human factors related changes post-production as 

these issues should be eliminated during the iterative cycle. 
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Figure 14 Human Centered Design Iterative Cycle 

 

The objectives of this project began with an Actualization Plan based off of 

Maslov’s Hierarchy of Needs (see Figure 15 Crisman Modified Hierarchy of 

System Design Actualization Planning).  This Actualization Plan begins at the base 

with Basic Internal Needs.  In the case of the MCS, these needs are the basic needs 

for crew health and safety such as life support (Tier 1) and crew mental health 

needs such as mitigating psychological isolation (Tier 2).  These are primarily the 

Human, Environmental, and Structural Requirements which must be satisficed 

(acceptance of a requirement as minimally satisfactory) at a minimum before the 

second level of the hierarchy is considered.  The second level of the hierarchy 
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indicates the Basic External Needs.  For MCS, these needs pertain to operability of 

the system.  Tier 1 is, again health and safety of the crew which includes 

requirements concerning operability in a safe manner (mitigation of risks to the 

operator).  Tier 2 pertains to psychological needs of the operator (and those in 

proximity to the system.  Once these two layers are complete, actualization of the 

system may commence.  That is, once the internal and external needs of the crew 

are satisficed at minimum, but preferably completely satisfied, the system is 

considered complete. 

 

 

Figure 15 Crisman Modified Hierarchy of System Design Actualization Planning 
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The Actualization Plan Hierarchy was utilized to organize areas needed for SOA 

and for eventual fabrication of the prototypes for HCD Iterations 1 and 2.   This 

organization allowed for a better method of creating questions for the user needs 

and system criteria.  For this reason, some questions were visualized using QOC 

(see Figure 16 QOC Example Entry Method Question). 
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Figure 16 QOC Example Entry Method Question 

 

This particular question also became the focus of a GEM session utilizing 3-4 

individuals within the Human Spaceflight Laboratory.  Though this process 

ordinarily works with six to ten subbject matter experts, the use of this method 

was done very early in the design iteration process utilized for initial ideas of entry 

methods.  In this case, the question was posed to the individuals within the lab 
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after introduction to the current concept of MCS.  The individuals each had a 

sheet to indicate their brainstorming ideas.  Once a set time was reached (proper 

GEM sessions may take a full day, whereas this session was limited to 

approximately 3 hours), the GEM facilitator collects the sheets and passes them 

out in a different order.  The participants are then asked to agree or disagree and 

comment as to why on each point raised by the sheet’s original writer.  Once 

again, after a set time the sheets are colected by the GEM facilitator and 

redistributed with the goal that each participant has the chance to agree/disagree 

and comment on each other participant’s sheet.  In a standard GEM session the 

facilitator will then score the ideas and present them again for possible 

reiteration.  However, given the limited number of participants and simplicity of 

the question, the GEM session ended after al participants had a chance to give 

input.  Data was then compiled and choices for entry method were limited to 

three options which would be incorporated within the two  prototype iterations.  

The final method mentioned in this section occurs during the life cycle of the 

design process, including pre-SOA.  That is, when looking for questions and ideas, 

a primary source is that of known gaps of knowledge.  Herein, due to the focus of 

the researcher, NASA Strategic Knowledge Gaps and the Human Research 

Roadmap were consulted throughout this process.  Though it is possible that an 
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idea may not fit any particular published gap with exactitude, systems devised 

may meet partially or could be utilized as a tool to further explore a known gap.  

The following gaps were obtained through the aforementioned locations: 

 

Strategic Knowledge Gaps Theme 2 – Understand the Lunar Environment and Its 

Effects on Human Life 

 

II-D-2 Virus and Humans 

Virus themed: D) Alteration in host-microorganism interactions 

 

This section states, in its entirety: 

Decreased immunities and/or increased virulence needs to be 

examined in situ. The prospect of problems with viruses while on 

a planetary surface mission is most likely going to be with 

radiation of latent viruses in humans. The only viruses we plan to 

engage are those brought by humans or carried on rovers and 

equipment. The viruses carried on hardware can be minimized 

by good practices. Those brought by humans are basically in two 

categories: 1) latent viruses, and 2) communicable disease 
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causing. The latter is mitigated by clinical exam and preflight 

quarantine. It is the latent virus that can be reactive during space 

flight that could be a problem. It is not known if reactivation is 

caused by a decline in immunity or if it is a direct effect of the 

space environment, e.g., microgravity, radiation, etc. (National 

Aeronautics and Space Administration, 2016, p. pg. 3). 

 

The MCS is devised as a medical device wherein one derivation from the SOA 

process was the likelihood of increased activity of latent viruses within astronauts.  

A further note within the preliminary conceptualization of the MCS is that 

quarantine is that the current quarantine period for human spaceflight may be too 

short given possible asymptomatic incubation periods of a multitude of known 

pathogens, not to mention current knowledge of novel viral outbreaks.  For these 

reasons, MCS would be an effective tool in mitigation if isolation is required.  
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II-D-4 Robot and Computer Compatibility 

Compatibility themed: F) Inadequate design of human/robotic integration, G) 

Inadequate human/computer interactions 

 

This section mentions primarily robotic missions; however, the second portion is 

indicative of human/computer interactions (National Aeronautics and Space 

Administration, 2016, p. 4).  Wherein the MCS will, towards its final iterations and 

ultimately as a fully functional prototype, be comprised of a high level of 

automation.  Herein the MCS design must take into account this gap. 

 

The following gaps were taken from the NASA Human Resarch Roadmap.  At the 

time of this publishing, these gaps are all ‘open’ in status.  Each gap was assessed 

in its relation to questions posed within initial conceptualization of the MCS 

through to the current itteration of the system. 

 

 

 

 



 104 

 

DCS6: We do not know what new developments related to DCS will come from 

other investigators 

DCS7: We have not validated procedures to adequately treat DCS in the 

spaceflight environment should it occur 

 

These gaps pertain to the treatment of DCS within the microgravity environment 

(National Aeronautics and Space Administration, 2019) & (National Aeronautics 

and Space Administration, 2019).  One of the primary functions derived from early 

SOA is the use of MCS as a treatment option for DCS in which a high O2 

environment with increased habitable volume pressure could be utilized. 

 

ExAtm1: We do not know how mild hypobaric hypoxia in combination with 

other spaceflight environmental factors will impact the brain (e.g., Visual 

Impairment and Intracranial Pressure (VIIP) syndrome, Sensorimotor (SM), and 

Acute Mountain Sickness (AMS) risks) 

 

This gap pertains to the negative neurophysiological effects resultant from the 

combination of spaceflight and hypoxia (National Aeronautics and Space 

Administration, 2019).  Again, initial conceptualization of the MCS indicat a need 
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for both treatement tools for hypoxia that mitigate O2 seapage in to the 

spacecraft cabin as well as possible use of the MCS as a prevevtative hypoxia 

training device. 

 

ExAtm6: We do not know how hypobaric hypoxia affects medical equipment 

 

Similar to several knowledge and human spaceflight gaps, is the lack of 

understanding how certain known factors present in spaceflight will effect 

standard materials and components.  One such environmental factor is the 

elevated O2 fraction may have enhaced oxidizing effects on standard medical 

equipment.  For this reason, this should be in mind during materials and 

componnets selection and design for equipment to be used in the spaceflight 

environment (National Aeronautics and Space Administration, 2019). 

 

Med01: We do not have a concept of operations for medical care during 

exploration missions 

 

Considerations within this gap are placed on the lack of real-time ground vased 

support and rapid access to higher level care once spaceflight leaves low Earth 
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orbit.  For this reason medical resources, including equipment, need to be defined 

for integration within beyond low Earth orbit spaceflight (National Aeronautics 

and Space Administration, 2019).  MCS fits within this gap as a medical resource.  

 

TRAIN-02: We need to identify effective methods and tools that can be used to 

train for long-duration, long-distance space missions (Previous title: SHFE-TRAIN-

02) 

 

An interesting gap pertaining to training needs on long-duration missions.  

Consideration of necessary training methods and tools to keep crewmembers at 

peak performance, particularly when time is a critical commodity (National 

Aerpnautics and Space Administration, 2019).  One of the suggested modalities of 

the MCS is use as a training tool to mitigate the effects of hypoxic environment on 

crewmebers returning, or moving, to different mission phases.  Increasing 

cognitive capabilities by better acclimation and decreasing after fligh affects post-

hypoxic environmnent. 
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Med13: We do not have the capability to implement medical resources that 

enhance operational innovation for medical needs 

 

This final gap indicates the need for singular innovative medical systems within 

which are capable of the mitigation of multiple conditions (National Aeronautics 

and Space Administration, 2019).  MCS is devised as a novel system with 

multimodal operation at its core and scenario adaptability as a design principle. 

 

System Requirements 

It is known that microgravity presents unique challenges to the human body, both 

psychologically and physiologically.  One component that compounds these issues 

is that the microgravity environment has limited access to emergency medical 

care due to distance from earth, limited stowage, and complications related to a 

majority of medical care being based in a native, gravity-based environment.  

Because of these facts, minor trauma can be greatly exacerbated by inability to 

adequately treat as well as the increased time to next level care in which 

mundane illnesses and injuries can matriculate towards life-threatening. 
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As such, it is suggested that systems should not only be in place to prevent initial 

injuries but to mitigate exacerbation of existing traumas as well as those occurring 

during or as a result of the mission tasks (both nominal and off-nominal).  In order 

to achieve this goal, it is proposed that any microgravity habitat or spacecraft 

should be designed with consideration of casualty response and trauma 

stabilization-for-transport as a high priority. 

 

The proposed system, (MCS) must be conceptualized with microgravity as a 

primary driving factor and must meet the following requirements as a system:  

 

Rapid Deployability – Time is a critical factor in emergency scenarios.  The system 

should be deployable in less than one minute in the standard atmosphere and 

microgravity environment similar to the ISS. 

 

Portability – Given that an emergent, off-nominal scenario may unfold at any time 

or location, the system should be capable of being highly portable.  This means 

that the system should be stowable in a compact configuration and that it must be 

designed to fit through the minimum available translation path of 81cm diameter 

for a passthrough (National Aeronautics and Space Administration, 1995) or 
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hatchway translation path of 80cm2 minimum clearance (International Space 

Station Multilateral Coordination Board, 2016). 

 

*Please note that the minimum translation path diameter is obtained from NASA 

STD 3000 which is superseded by NASA-STD-3001 Space Flight Human-System 

Standard (Volume 1 – Crew Health and Volume 2 – Human Factors, Habitability, 

and Environmental Health) and NASA/SP-2010-3407 Human Integration Design 

Handbook.  However, these documents do not give a definitive translation path 

and state, rather, that translation paths must accommodate a crew member 

and/or a crewmember and immobilization equipment in emergency conditions 

(National Aeronautics and Space Administration, 2014; National Aeronautics and 

Space Administration, 2015; National Aeronautics and Space Administration, 

2014). 

 

Accessibility – The system must allow access for all needs for the casualty 

concerning life-support and stabilization-for-transport requirements to include: 

medical monitoring connections and access, an integrated portable life support 

system (PLS), environmentally controlled passthroughs (controlled access, 
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vacuum, air, water) and the possibility for surgical access which may, in the future, 

include robotic access.   

 

Isolation – To address several of the human spaceflight risks, the system must be 

sealable to the external environment.  To do this, the system must utilize 

biologically rated zippers and seals, must utilize either a self-contained closed-loop 

life support system or must take measures to isolate possible environmental 

contaminants coming into or exhausting from a semi-open-loop life support 

system.  In this way, the system would mitigate risk of further spread of 

environmental contaminants to or from the individual within the system.  This 

includes the risk of further spreading/shedding infectious agents as well as other 

biological hazardous agents that may affect the crewmember, the crew, and/or 

the mission. 

 

The system will be designed utilizing human centered design principles and 

methodologies which encompass human factors and ergonomics in which design 

requirements will be derived through a scenario-based concepts of operations 

with the integration of digital and physical mock-ups for humans in the loop 

research. Conceptualization of the system was able to begin once these general 
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and suggested requirements were established.  What follows is one of the design 

requirement packages utilized in current and future iterations of the MCS. 

 

1. MCS Overall (Environmental Requirements) 

1.1 Mass 

Mass is an important factor in spacflight as the cost in both payload space and 

monitary value is at a premium.  Systems designed for a microgravity environment 

must also take into consideration manipulation of objects and systems.  The 

current iteration of MCS is approximately 10kg in total 

1.1.1 MCS shall be low mass to allow for easy manipulation of crew in microgravity 

1.1.2 MCS shall be low mass to minimize spaceflight payload cost 

1.1.2.1 SpaceX Dragon Payload = 6000kg 

1.1.2.2 MCS should have a final mass comprable to the current ISS EVA PLSS of 

140kg 

 

1.2 Deployability 

Emergencies can occur anywhere at anytime.  MCS must be rapidly deployable and 

portable in botha  stowed and deployed configuration 

1.2.1 Deployment Time 
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1.2.1.1 Structural Deployment must occur within 5 seconds 

1.2.1.2 Habitable Volume Inflation must occur as rapidly as possible while 

maintaining a maximum pressurization rate of 6.96psi/min and 3cfm airflow to 

mitigate CO2 

1.2.1.3 Overall inflation time must occur within 30 seconds (excluding placement 

of casualty within the habitable volume) 

 

1.3 Operational Environment 

MCS, in its current modality, is designed to operate within a microgravity 

environment within NASAs Lunar Gateway 

1.3.1 Gravity 

1.3.1.1 MCS Shall operate nominally within a microgravity environment 

1.3.2 Temperature 

1.3.2.1 MCS shall operate nominally bewteen 18 and 27 degrees Celsius 

1.3.3 Humidity 

1.3.3.1 MCS Shall operate nominally within 25 through 75 percent atmospheric 

humidity 

1.3.4 Biologic Limits 



 113 

 

1.3.4.1 MCS shall use materials and procedures that allow fungus mitigtaion to at 

or below 100 colony forming units per cubic meter 

1.3.4.2 MCS shall use materials and procedures that allow bacteria mitigtaion to at 

or below 1000 colony forming units per cubic meter 

1.3.4.3 Exemptions to 1.3.4.2 and 1.3.4.2 inside the habitable volume during use 

concerning quarantine/isolation status.  In this instance, the exempt requirements 

continue to apply to the external surfaces of MCS 

1.3.5 Allowable Particulate 

1.3.5.1 MCS shall be prohibited from production of particulat above <0.2mg/m3 

between 0.5 and 100 µM 

1.3.6 Atmospheric Pressure 

1.3.6.1 MCS shall operate nominally between 0 and 17psi atmospheric pressure 

1.3.7 Habitable volume 

1.3.7.1 MCS shall operate in three primary modes: Positive Pressure wherein 

inflow exceeds outflow (not to exceed 17psia), Equal Pressure wherein inflow is 

equal to outflow, and Negative Pressure in which inflow is exceeded by outflow 

(not to drop beyond 3psia).  In all modes, depressurization shall not exceed 

6.96psi/min and Repressurization shall not exceed 7.75psi/min.  Further, in all 

modes, MCS shall provide adequate CO2 washout from the habitable volume. 
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1.4 Dimensions 

The MCS is a single person habitable volume and as such must provide ample room 

for an occupant within the full range of allowable metrics.  Further, MCS is a 

portable system that operates within a spacecraft and must therefore be capable 

of translation through normal habitable areas and all hatches to, through, and 

from the spacecraft.  The current prototype allows a 70cm diameter habitable 

volume (10cm below IDSS maximum) and an approximately 200cm length based 

on dimensional measurement of a commercial IVA suit designed by an entity that 

designs space-rated IVA suits.  These measurements indicate that a casualty within 

a fully pressurized IVA suit will have approximately 23cm of headspace between 

the helmet (dimension of greatest depth) and top of the habitable volume. 

1.4.1 Habitable Volume 

1.4.1.1 MCS shall allow for comfortable amount of habitable volume to mitigate 

psychological isolation as well as to allow for medical personnel to perform, at 

minimum, basic life support procedures as well as required biometrics and 

hemodynamics as needed.   

1.4.1.2 MCS shall not exceed IDSS Standards for hatch sizes to allow the MCS to 

pass through any standard spacecraft hatch (80cm diameter) 

 



 115 

 

1.4.2 MCS Stowed Dimensions 

1.4.2.1 MCS in stowed configuration should have a minimal footprint (current 

iteration has a 45cm depth and 70cm diameter) 

1.4.3 MCS Deployed Dimensions 

1.4.3.1 MCS in a deployed configuration  should have a minimal footprint (current 

iteration has a 200cm length and 70cm diameter) 

1.4.3.2 MCS shall provide adjustability of the habitable volume once deployed to 

minimize air gas use and footrpint.  This device is to be determined 

 

1.5 Operational Time 

The MCS is designed to operate on integrated PLSS as well as through compatible 

connectivity with spacecraft ECLSS.  This allows MCS to be highly portable and 

allows MCS to act as a temporary ‘life boat’ in the event of unplanned loss of 

spacecraft atmosphere. 

1.5.1 Integrated Life Support 

1.5.1.1 MCS shall operate no less than 8 hours on integrated PLSS with suggestion 

that MCS operate 12 hours or more dependent on scenario 

1.5.2 Umbilical to Spacecraft Systems 

1.5.2.1 MCS shall operate indefinitely dependent on spacecraft resources 
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1.5.3 Occupancy Duration 

1.5.3.1 No minimum occupancy duration, SOA suggests that maximum occupancy 

duration may exceed 144 hours 

 

1.6 Interfaces 

The MCS has multiple interfaces between operator, casualty, and environment to 

include the spacecraft. 

1.6.1 Spacecraft 

1.6.1.1 MCS shall be compatible with spacecarft systems to include mountability 

with standard translation handles and other anchor point systems to prevent 

injury during system deployment and to anchor the system when occupied. 

1.6.1.2 MCS shall be compatible with legacy and novel space systems concerning 

ECLSS and Power connectivity 

1.6.2 Operator 

1.6.2.1 MCS shall provide automation with scenario specific setpoints 

1.6.2.1.1 Automation shall alert if set values are exceeded in either direction 

1.6.2.1.2 Automation shall alert if MCS is not configured properly for selected 

mode (e.g., entry method seal not complete 

1.6.2.2 MCS shall provide automation override capabilities 
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1.6.2.3 MCS shall provide NASA STD 3001 dogbone manipulation handles to allow 

the system to be maneuverd throughout the spacecraft.  There shall be a 

minimum of two handles at the bulkhead that meet this requirement 

1.6.2.4 MCS shall provide counterforce haandles near glove ports and entrypoint 

zippers to allow finctionality of the system when no other counterforce points are 

available. 

1.6.2.5 MCS shall provide feedback during activation, deployment, casualty 

placement, and Life support activation 

1.6.2.6 MCS shall provide prompts to assist operator through each step from 

destowing through activation of life support. 

1.6.2.7 MCS shall provide connectivity ports withinthe habitable volume to 

provide life support to agency used EVA/IVA suits 

1.6.2.8 MCS Shall provide multiports in to be determined locations 

1.6.2.8.1 Multiports shall have a common connectivity port for multimodal use, 

e.g., glove port, medical passthrough, airlock style passthrough, waste dsiposal 

bag, etc. 

1.6.2.9 MCS shall provide internal habitable volume casualty restraints to include 

c-spine immobilization 
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1.6.2.10 MCS shall provide compatibility with current Crew Medical Restraint 

System (CMRS) both internal and external applications 

1.6.2.11 MCS shall allow for casualty access for, at minimum, basic life support 

emergency medical procedures (see 1.6.2.8.1) 

1.6.2.12 MCS shall provide IVA glove usable pull handles on entry point zippers 

1.6.2.13 MCS shall provide for two-way communcations via VOX or PTT from 

habitable volume 

 

2. System Environment (Human Requirements) 

2.1 Habitable Volume Environment 

The MCS is similar to an EVA/IVA suit in that it provides life support for one 

individual.  However, MCS allows for access to the wearer for medical intervention. 

2.1.1 Gasses 

2.1.1.1 MCS internal environment shall consider air quality as a high priority.   

Mitigation of VOCs and other known Target Gasses with strict compliance with 

NASA SMAC lists for space rated materials 

2.1.1.2 MCS shall have two air sources: an integrated PLSS (to be determined, 

likely closed circuit rebreather-style and or consumables) and capability of 

connectivity with the spacecraft 
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2.1.1.3 Internal ppO2 target is 2.82-3.3psia for nominal operation 

2.1.1.4 Internal ppCO2 target is no minimum to 0.077 maximum 

2.1.1.5 MCS shall provide a minimum of 8 hours standalone life support.  Target is 

12 hours with suggestion to be capable of 144 hours in uncontrollable loss 

spacecraft environment event 

2.1.1.6 MCS shall follow material offgassing requirements provided with in the 

NASA SMAC system strictly 

2.1.1.7 MCS shall maintain an airflow rate commensorate with the internal volume 

with which to facilitate necessary CO2 washout 

2.1.2 Pressure 

2.1.2.1 Expected nominal cabin pressure is 14-14.9psia 

2.1.2.2 Depressurization rate shall not exceed 7.75psi/minute 

2.1.2.3 Pressurization rate shall not exceed 6.96psi/minute 

2.1.2.4 Pressure fluxuations shall be no greater than 0.1psi for equilibrium 

maintenenace and user comfort 

2.1.3 Temperature 

2.1.3.1 Nominal temperature is expected to range from 18.3 to 26.7 degrees C 
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2.1.4 Dimensions 

2.1.4.1 The habitable volume is sized in such a way to allow for a crewmember to 

be placed within the MCS while wearing a fully inflated IVA suit.  In some cases, 

maximum allowable space was given with contigency in mind that allows for 

added space for medical procedures and/or occupant comfort while still allowing 

for portability and compliance with standards (e.g., IDSS hatch diameter 

standards) 

2.1.5 Illumination 

2.1.5.1 MCS shall provide illumination controllable by the occupant and external 

operators as needed for personal use and/or requirement for medical procedures.  

This light shall be adjustable in temperature and luminoscity. 

2.1.6 Two-Way Glove Access 

2.1.6.1 MCS shall have multimodal ports that allow for the addition of bi-

directional gloves.  This allows medical personnel to provide medical intervention 

as needed and also allows the occupant to interact with the external environment 

for locomotion, communication, or other psychological isolation mitigations (e.g., 

use of a console or screen) 
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2.1.7 Psychological Isolation Mitigation 

2.1.7.1 Congruent with the previous requirement, MCS shall provide techniques to 

mitigate psychological isolation such as the previously mentioned glove port as 

well as the large transparent pe film and two-way communications 

2.1.8 Humidity 

2.1.8.1 Relative humidity with the MCS shall not exceed the range of 25-75% 

 

2.2 Human Element 

Human needs are known, for the most part, within the microgravity environment.  

These needs are thouroughly detailed within this document and throughout the 

SOAs for this project.  These needs are ‘hard’ requirements as they are hghly 

unlikely to change duringthe iterative process 

2.2.1 Metrics 

2.2.1.1 Expected Casualty Mass Range is 53-110kg 

2.2.1.2 MCS shall allow for the collection of medical data from the casualty.  

Design shall not impede collection of standard vitals 

2.2.2 Needs 

2.2.2.1 Expected O2 Consumption = 0.518kg/CM-d-5.67kg/CM-d (nominal = 

0.818kg/CM-d) [During EVA = 0.075kg/CM-h] 
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2.2.2.2 Expected water requirements = (minimum) 2.7kg/CM-d [During EVA = 

0.24kg/CM-h] 

2.2.2.2.1 MCS shall have a passthrough port for delivering water beyond an 

integrated water bladder within the integrated ECLSS 

2.2.2.2.1 Water quality must be prioritized to include mitigation of TOCs and 

known water contaminant risks 

2.2.2.2.2 Water temperature shall be between 2 and 15 degrees C (personal use) 

and between 18 and 28 degrees C for medical use 

2.2.2.3 Expected nutritional requirement = (calories) 2,000 Cal/CM-d [During EVA 

= 1.062MJ/CM-h] 

2.2.2.3.1 Nutrition shall be available in solid or liquid form, MCS shall have an 

option for a passthrough port for liquid nutrition 

2.2.3 Waste 

2.2.3.1 Expected CO2 Generation = 0.622kg/CM-d-7.178kg/CM-d (nominal = 

1.037kg/CM-d) [During EVA = 0.093kg/CM-h] 

2.2.3.2 MCS shall be capable of handling 1.7 feces events per crewmember per 

day with an expected volume of 118mL per event 

2.2.3.3 MCS shall be capable of handling 4 diarrhea events per crew member per 

mission with an expected volume of 500mL per event 



 123 

 

2.2.3.4 MCS shall be capable of handling 6 urine events per crew member per day 

with an expected volume of 333mL per event 

2.2.3.5 MCS shall be capable of handling 8 vomitus events per crewmember per 

mission with and expected volume of 500mL per event 

2.2.3.6 Waste may be stowed within MCS for missions less than 20 days 

2.2.3.7 The MCS shall be capable of handling other wastes as needed (e.g., 

medical byproducts, mensus, etc.)  Inclusion of airlock box styled passthrough 

ports will be considered for this purpose 

 

3. MCS Structural Requirements 

3.1 Entry Methods (operable from both sides w/lockout cpability possible) 

In its current iteration, the MCS provides three methods of entry, each with 

benefits and decrements.  Further HITL may effect placement and style of entry 

methods. 

3.1.1 Longitudinal Zipper  

3.1.1.1 The longitudinal zipper must allow for rapid operation 

3.1.1.2 The longitudinal zipper must require little maintenance 

3.1.1.3 Zippers shall be airtight 

3.1.1.4 Counterforce straps shall be provided for all zipper locations 
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3.1.1.5 Zipper handles must be operable with IVA gloves from inside and outside 

the habitable volume 

3.1.2 Circumferential Zipper 

3.1.2.1 The circumferential zipper must allow for rapid operation 

3.1.2.2 The circumferential zipper must require little maintenance 

3.1.2.3 Zippers shall be airtight 

3.1.2.4 Counterforce straps shall be provided for all zipper locations 

3.1.2.5 Zipper handles must be operable with IVA gloves from inside and outside 

the habitable volume 

3.1.3 Tie Method 

3.1.3.1 The tie method allows for rapid closure of the habitable volume when 

operated by trained personnel, though can be diffcult with gloved hands.  For this 

reason changes to this method must be made to meet the requirement of gloved 

operation. 
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3.2 Structure 

The structure of MCS is comprised primarily of fabrics chosen during collaboration 

with a commercial entity that fabricates IVA suits.  The primary material chosen 

for the MCS is similar to the space-rated material used on IVA suits, a non-

permeable coated fabric. 

3.2.1 Structure Circuit 

3.2.1.1 The structure circuit shall provide an air pathway to inflate the structural 

ribs to no more than 3psi 

3.2.2 External Structure 

3.2.2.1 The structural ribs shall be external to the habitable volume.  This allows 

for maintenance of the ribs 

3.2.2 Maintainability 

3.2.2.1 Components of the structural system shall be maintanable with little to no 

tools required 

3.2.2.1.1 Operators shall have control of the power system fro MCS in order to 

lock out for maintenance procedures which may present electrical hazards 

3.2.2.2 MCS structural external structural companents shall be easily replacable as 

needed.  E.g., if a structural rib fails, it shall take no more than 5 steps to remove 

and replace (SEE 3.2.2.3) 
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3.2.2.3 Structural componants shall utilize quick disconnects as able to facilitate 

rapid modality changes and rapid repair and raplacement if needed 

3.2.3 Internal Structure 

3.2.3.1 The MCS habitable volume shall have semi-flexible rings to provide 

structural rigidity of the habitable volume to facilitate casualty placement.  These 

rings are, at this time, not replacable.  Location of these rings were selected to 

provide structure for the circumferential (foot end) zipper and structure to 

prevent habitable volume collapse during  negative pressure operations or 

inflatable structure failure. 

3.2.4 Habitable Volume Structure 

3.2.4.1 The habitable volume is comprised of the impermeable fabric and a 

trasparent pe film.  Fabric channels provide alignmemt for the structural ribs and 

also as counterforce handles 

3.2.4.1 Materials(cleanability) 

3.2.5 Bulkhead 

3.2.5.1 The primary functom for the bulkhead is to provide a central point for 

connection between a PLSS and the habitable volume and to allow for user 

controls 
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3.2.5.2 Pnumatic Controls shall follow human centered design and human factors 

requirements as detailed within NASA 3001 standards for usability 

3.2.5.2 The pressure manifold in iterations beyond the current iteration shall 

utilize to be determined PLSS equipment with stainless steel, breathing systems 

rated tubing to decrease mass 

3.2.5.3 The MCS shall provide an integrated Pressure Tank for consumable LS or a 

closed circuit rebreather system and congruent diluent and consumables tanks 

integerated with the bulkhead 

 

 System Concept 

Taking into consideration the derived design requirements the next step was 

visualization of the concept system.  Before scenarios could be derived from 

previous data, a few system concepts were made pertaining to the environment 

and usability.  As this project started with ideation that it would pertain to an 

OMF, visualization began within that medium.  The figure below (Figure 17 MCS 

within OMF Rigid Core) indicates the footprint that the MCS takes up within the 

Rigid Core of the OMF presented within (Chapter 2 Human Spaceflight Risks and 

State-of-the-Art Review).  The figure indicates the MCS in relation to the rigid 
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core, IDSS hatch, and likewise indicates possible positions within that space, as 

MCS is portable. 

 

 

Figure 17 MCS within OMF Rigid Core 

 
 

One of the next systems modeled for MCS was the habitable volume (these 

figures can be found in System Design and Development).  Primarily, per human 

requirements based upon knowledge gained within the SOA and within the 

Human Spaceflight Laboratory.  This allowed for the design of airflow (as it is 

known that CO2 washout is a critucal componant of a habitable environment) 
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within the habitable volume which is indicated within Figure 18 MCS Airflow 

below.  The premise here is fairly basic; If the habitable volume is at a negative 

pressure (for infectious elements) air is fed and removed at the head end of the 

habitable volume to facilitate CO2 washout.  Rigidity of the habitable volume is 

held in place by the semi-flexible interior structure rings and by the pressurized 

pneumatic rib supports external to the habitable volume.  At positive pressure, 

the same pathway is followed, however, in this mode, input pressure exceedes 

outflow.  In both instances, outflow is metered through a filtartion system that is 

to be determined in later iterations. 

 

 

Figure 18 MCS Airflow 
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The next step was to design the pneumatic systems to feed both life support into 

the habitable volume and to the inflatable structural components.  Below are two 

images of this split system.  The first, Figure 19 Preliminary Pneumatic System for 

MCS, is one of the early renderings of the pneumatic system with the dual 

requirements determined through valves and airflow splitters.  The upper section 

is that of the structural and the lower section is that of the inflatable habitable 

volume (life support).  Both systems may be operated simultaneously, however, in 

procedural form, the structure is inflated and holds pressure (the valve is closed) 

and then the habitable volume pneumatics are activated once the occupant is in 

the habitable volume.  In an autpmated setup, the structural system valves would 

only open in th event of a pressure drop within the structural system, whereas the 

habitable volume valves would maintain proper airflow for CO2 washout and life 

support requirements as well as pressure considerations.  The second image, 

Figure 20 MCS Pneumatic System Pre-Integration, shows the completed manifold 

prior to integration on the MCS bulkhead.  Though this system works well for 

iteration 1 and 2, changes to the system will be made prior to further iterations 

(see Chapter 7 Conclusions and Future Work) 
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Figure 19 Preliminary Pneumatic System for MCS 

 

 

Figure 20 MCS Pneumatic System Pre-Integration 
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With the basic concepts in mind including the previous SOAs and design 

requirements, the next method of conceptualization was scenario-based.  That is, 

scenarios were created in relation to the derived human spaceflight risks (see 

Table 5 Human Spaceflight Risk, Affect, Symptoms, and Mitigation).  From these 

scenarios, design requirements could further be ascertained through HITL testing 

with a human-centered design approach consisting of a repeating cycle of design, 

mock-up, HITL testing, and redesign. 

 

Scenarios – To start, a classification system was devised for the bidirectional 

usability of the system.  Protective Direction One is to protect the environment 

from an individual (EPI).  This includes isolation of an individual who may require 

to be isolated in order to protect the spacecraft, other crewmembers, planetary 

surface during exploration, and/or earth upon return.  Protective Direction Two is 

to protect an individual from the environment.  This includes situations in which 

the environment poses a risk to an individual, particularly in EVA or IVA suited 

environments. 
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Table 5 Human Spaceflight Risk, Affect, Symptoms, and Mitigation 

HUMAN 
SPACEFLIGHT 

RISK 
RISK AFFECT 

SIGNS / 
SYMPTOMS 

MCS MITIGATION 

Transporting of 
Injured – Delay 
and Insufficient 
Time 

Varies but includes 
any scenario in 
which a 
crewmember is 
non-ambulatory 
without, at 
minimum, 
assistance 

Varies from mild, 
non-mission 
affective 
signs/symptoms to 
near or at fatality 
level 

Provides PLS and 
casualty containment 
allowing for medical 
life-support as a 
stabilization for next-
level-care system and 
could be utilized for 
temporary palliative 
care or stowage of 
deceased 

Quarantine 

Bi-directional risk: 
environment may 
be contaminated, 
or individual may 
risk contamination 
of environment 

"IPE - varies from 
mild 
environmental-
borne irritants 
(e.g., pollen) to 
extreme toxicity 
(e.g., chlorine gas) 
or complete lack of 
atmosphere 
EPI - varies from 
mild pathogen 
symptoms 
(coughing, 
sneezing, low-
grade fever) to 
severe pathogen 
symptoms 
(cardiopulmonary 
distress, high-
grade fever, 
gastrointestinal 
distress) to LOC 
and/or Sudden 
Death of Unknown 
Origin" 

Provides PLS and 
casualty containment 
allowing for medical 
life-support as a 
stabilization for next-
level-care system and 
could be utilized for 
temporary palliative 
care or stowage of 
deceased.  Further, 
MCS components are 
conceptualized to be 
modular and user 
replaceable in order to 
prevent exposure to a 
contaminated MCS 
habitable volume 
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Hypoxia 

Risk is to the 
individual 
(cardiopulmonary 
issues) or to the 
crew (vehicle 
and/or system 
failure of life 
support systems) 

Hypoxia symptoms 
vary by the 
individual and may 
include (but are 
not limited to) 
fatigue, 
exhaustion, 
lethargy, 
confusion, and/or 
euphoria 

Provides a single 
person habitable space 
which is capable of 
delivering higher than 
ambient concentrations 
of O2 up to 100% with 
the benefit of said O2 
being localized to the 
casualty 
 
May also be used as a 
training system for 
reduced oxygen 
acclimation 

Decompression 
Sickness (DCS) 

Risk is to the 
individual, 
primarily during 
and after EVA.  
Although 
mitigation 
procedures are in 
place, the risk still 
remains high due 
to stark pressure 
differentials 
between habitat 
atmospheric 
pressure and EVA 
suit pressure 

DCS may exhibit 
with fatigue, mild 
cramping/joint 
pain, and cognitive 
decrements to 
seizures, cardiac 
arrest, (related) 
arterial gas 
embolism, 
seizures, coma, 
and death 

Provides a single 
person habitable space 
which is capable of 
delivering higher than 
ambient concentrations 
of O2 up to 100% at 
higher than ambient 
pressure similar to and 
exceeding the "bends" 
adapter for EVA suits 
with the added benefit 
of better and more 
rapid access to the 
casualty that the EVA 
suit does not permit. 

 

 

Six total scenarios were devised in order to best iterate rapid necessity of isolation 

in either the EPI or IPE classification (see Table 6 Scenario EPI/IPE Classification 

and System Use Summary).  Each of these scenarios will be defined in detail and 

are based upon the human spaceflight risks utilizing a story-based approach.  A 
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summary of these scenarios can be found in Table 7 Scenario Summary and 

Mitigation with the original scenarios found in the IAC published paper, Cis-Lunar 

Orbital Medical Facility and Roadmap in Appendix B IAC DC Conference 

Proceedings (Crisman MS, Doule Ph.D, & Momose MS, 2019). 

 

Table 6 Scenario EPI/IPE Classification and System Use Summary 

# SCENARIO EPI / IPE SYSTEM USE 

1 DCS Symptoms Post EVA EPI 
▪ Biologic Isolation 

Use as Medical Device for DCS 
Symptom Mitigation 

2 Multiple Lacerations EPI ▪ Biological Isolation 

3 
Unknown / Unexpected 
Material Contaminant 
During EVA 

EPI 
▪ Modularity as EVA External 

Spacecraft / Habitat Device 

4 
EVA Suit Breach – 
Microgravity / Variable 
Gravity 

IPE 
▪ Modularity as EVA External 

Spacecraft / Habitat Device 
Utilized as Emergency EVA System 

5 
Emergent Necessity to 
Don IVA Suit 

IPE 
▪ Spacecraft / Habitat Internal Device 
▪ Utilized as Emergency IVA System 

6 Hypoxic Training IPE 
▪ Preventative Training for Hypoxic 

Environments 
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Table 7 Scenario Summary and Mitigations 

# 
Emergent 

Situation / Human 
Spaceflight Risk 

Signs / Symptoms MCS Mitigation 

1 
DCS Symptoms Post 
EVA 

Mild aches and pains to loss 
of consciousness, seizures, 
and death 

100% Oxygen environment 
contained within the habitable 
volume only (vented to the 
spacecraft through O2 scrubbers as 
needed.  Higher pressure than 
ambient capabilities to desaturate 
nitrogen from the DCS casualty 

2 Multiple Lacerations 

Microcuts to extreme tissue 
damage resulting in 
hypovolemia (critical blood 
loss) 

MCS allows for rapid isolation of 
crewmember to decrease spread 
of contaminant and acts as a shield 
to prevent further spread during 
medical procedures 

3 

Unknown / 
Unexpected Material 
Contaminant During 
EVA 

Visual inspection indicates 
unknown substance. 
Substance could be benign 
in origin and pose no risk to 
crew or spacecraft. 
Substance could be highly 
toxic and pose a great risk 
to crew and spacecraft 

MCS allows for (if the crewmember 
can be placed without 
contaminating MCS exterior) the 
crewmember to be isolated until 
the contaminant can be identified 

4 
EVA Suit Breach – 
Microgravity / Variable 
Gravity 

Dependent on environment 
(planetary surface vs 
microgravity spacewalk) 
and severity of EVA suit 
breach.  Minor cut/tear to 
major component failure or 
major cut/tear 

Regardless of causative agent, MCS 
allows for rapid donning and an 
automated PLS or spacecraft life 
support connectivity 

5 
Emergent Necessity to 
Don IVA Suit 

Dependent on causative 
agent. 

Regardless of causative agent, MCS 
allows for rapid donning and an 
automated PLS or spacecraft life 
support connectivity 

6 Hypoxic Training 
As determined by training 
schedule 

MCS used as training device 
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Scenario 1: DCS Symptoms Post EVA 

Astronaut S. Mundy has just completed a nominally reported 6-hour EVA to repair 

power panels and service batteries on the external hull of Gateway’s Habitation 

Module.  Pre-EVA DCS mitigation techniques were completed as required and 

were accepted as ‘GO’ by the EVA Health and Safety Officer.  During Post EVA 

Debriefing, Mundy noted that some of the battery casings required more exertion 

than anticipated and nonchalantly mentioned and self-dismissed their statement 

due to longevity of the EVA, “wow, I’m exhausted”.  Further, though Mundy was 

trained to self-identify DCS symptoms, they dismissed difficulty breathing and 

minor joint pain as being symptomatic for the extra exertion and length of their 

recent EVA. 

 

Shortly thereafter, Mundy was in a conversation with astronaut L. Trakya while 

filling in the EVA Event Log and began to cough, Trakya noticed a blood droplet 

had been expectorated onto the tablet Mundy was using.  Within moments, 

Mundy began to exhibit symptoms of acute severe pulmonary decompression 

sickness.  A hard cough expectorated a higher amount of blood and mucus.  

Trakya and Mundy are both aware that it is imperative that not only does 

emergency DCS intervention need to begin, but that Mundy should be rapidly 
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isolated to prevent contaminating the spacecraft and the rest of the crew with 

biohazardous material.  MCS is rapidly activated, and Mundy is placed in the 

habitable volume of the system.  Trakya switches the MCS automation to DCS 

mode which allows MCS to increase the oxygen percentage to 100% and inflate 

the habitable volume beyond standard operating pressures being consistent or 

greater than what is available with the EVA suit ‘Bends’ adapter for preliminary 

treatment methods for DCS to assist in removing excess nitrogen from Mundy’s 

tissues until they can be transferred to a higher level care facility.   The following 

figure, Figure 21 MCS Use Case for DCS, indicates the use case flow for this 

scenario utilizing the MCS.  Each subsequent scenario will be followed by a similar 

use case flow chart.  Note that this use case indicates the symptoms and time 

frame those symptoms may arise.  Further note, that in this particular case, 

individuals may be False Asymptomatic as previous experience dictates that 

individuals in these fields are often unwilling to admit DCS injury for a multitude of 

reasons. 

 



 139 

 

 

Figure 21 MCS Use Case for DCS 
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Scenario 2: Multiple Lacerations Requiring Isolation  

Astronaut D. Jenson is currently in the laboratory section of the habitat on Lunar 

Gateway servicing a pressurized piece of equipment on a science package.  An 

unintended and unexpected increase in pressure in the package causes a seal to 

fail which results in a sudden burst of fragmented material outward towards 

Jenson, inflicting multiple lacerations and punctures to the clothing and skin.  

Jenson’s injuries begin bleeding, prompting isolation procedures to be enacted to 

prevent biohazardous contamination of the spacecraft and other crewmembers as 

well as to treat Jenson.   

 

For these reasons and due to the number and uncertainty of lacerations, 

punctures, and their depth as well as exposure to blood requiring remediation; 

MCS is rapidly activated, and Jenson is placed inside the system.  In this scenario, 

MCS allows the astronaut to be isolated to prevent spread of body fluids by 

lacerations and punctures of the injured astronaut, but also isolates Jenson from 

the spacecraft while astronaut L. Frieda may begin assessment and provide first 

aid treatment through the available glove ports and medical passthroughs.  This 

allows for the entrapment of blood and other bodily fluids within the internal 

volume of MCS.  Frieda works quickly and diligently and is able to cover Jenson’s 
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wounds and cease all bleeding.  Jenson may exit the MCS system and the internal 

volume may be sterilized or replaced.  Figure 22 MCS Use Case for Multiple 

Lacerations indicates usage of the MCS for this scenario, of note here, is that first 

aid for critical bleeding should take place congruently with placement of the 

casualty within the MCS. 

 

 

Figure 22 MCS Use Case for Multiple Lacerations 
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Scenario 3: Unknown / Unexpected Material Contaminant During EVA 
Astronauts S. Mundy and C Yasi are on a short 3-hour EVA to retrieve a science 

package on the external hull of the Lunar Gateway due to an unexpected failure of 

unknown origin.  Yasi is nearly finished uninstalling the equipment when Mundy 

notices a discolored fluid on the exterior of Yasi’s EVA suit.  Mundy alerts Yasi to 

this issue and requests that Yasi look over Mundy’s EVA suit to which Yasi 

determines that there is no such unknown contaminant on Mundy.  It is 

determined that it would be in the best interest of the crew and habitat if Yasi 

were isolated until the contaminant can be identified.   

 

In this scenario, MCS is modular in that there is an external MCS unit modified for 

EVA requirements.  Mundy obtains and activates the system and retrieves 

samples of the contaminant.  Mundy assists Yasi in donning the MCS system in 

order to take care that the contaminant is retained within the MCS habitable 

volume.  Once inside the habitable volume and sealed, Yasi connects their EVA 

suit to the MCS internal PLS connection point.  At this time, Mundy assists in 

moving MCS and Yasi into the habitat.  The sample of the unknown contaminant is 

analyzed as a priority.  If the fluid is found to be benign, Yasi may doff MCS and 

doff their EVA suit within allowable means concerning cleaning and benign 

material transfer mitigation.  In the event that the fluid is not benign in nature, 
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Yasi would remain within the habitable envelope of MCS until decontamination 

procedures are acquired. Of note in Figure 23 MCS Use Case for UNK/Unexpected 

Contaminant, attempts to identify the contaminant should occur prior to MCS use 

and extreme caution should be made to prevent the contaminant from the 

exterior of the MCS. 

 

 

Figure 23 MCS Use Case for UNK/Unexpected Contaminant 
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Scenario 4: EVA Suit Breach – Microgravity / Variable Gravity 
While on a routine surface EVA, astronauts Mundy, Ritchie, and Jenson are 

collecting geologic samples.  While moving from collection site ‘A’ to collection 

site ‘B’, Mundy turns to look back at the habitat in the distance and the surface 

below Mundy gives a bit.  As Mundy loses balance, the leg of the EVA suit is pulled 

across a jagged protrusion of a large geologic formation.  With the EVA suit 

compromised and life support / atmosphere in the suit quickly leaking, loss of 

consciousness (LOC) is eminent.   With urgency, Ritchie and Jenson remove MCS 

from its protective cover and activate the system, rapidly placing Mundy within 

the habitable volume, connecting the MCS umbilicus to the EVA suit port, sealing 

the system, and activating the automated life support system.  The MCS system is 

then placed and secured to a mobile transport device wherein Mundy is taken 

back to the habitat. 

 

In this scenario, MCS is modified to operate within the variable gravity of the 

surface location and is modularized for use as an emergency EVA system which 

can accommodate a fully suited crewmember.  The following figure, Figure 24 

MCS Use Case for EVA/IVA Suit Breach, indicates the use case flow.  Of note, 

leaks that are minimal should be monitored for rapid increase of risk of unplanned 

sudden deconstruction of the area around the minor breach. 
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Figure 24 MCS Use Case for EVA/IVA Suit Breach 
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Scenario 5: Emergent Necessity to Don IVA Suit 

While working late one evening, astronaut J. Terry is finishing up some research in 

the laboratory portion of the Lunar Gateway habitat.  At approximately 2200, 

Terry was translating through the rigid core of the Habitat Module to stow 

materials no longer needed in the lab.  Once near the docking hatch, an alarm split 

the relative silence of the habitat.  This particular alarm was indicating that a hull 

breach or environmental emergency had occurred.  Terry is unsure of the cause or 

severity of the breach but does know that standard procedures are to don their 

IVA suit and meet at the muster location within the rigid core.  While translating 

to the muster location, Terry notices Traka has only partially donned their IVA suit 

and appears to be wholly unconscious.  Terry knows that if the hull breach or 

environmental emergency is severe enough, Traka may not survive without their 

IVA suit fully donned. 

 

In this scenario, time is a critical component of safety and Terry is aware that 

activating MCS and placing Traka within the habitable volume is the fastest option 

until the hull breach or environmental emergency has been sorted.  Of significant 

note here, as shown in Figure 25 MCS Use Case for Emergent Necessity to Don 

IVA Suit, is that a crewmember may be fully or partially within an IVA suit already.  
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The MCS has multiple life support modalities to include direct IVA suit 

connections.  Further, as MCS is portable, once donned, the system may be moved 

to the muster location. 

 

 

Figure 25 MCS Use Case for Emergent Necessity to Don IVA Suit 
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Scenario 6: MCS Utilized as Hypoxic Training Tool 

Astronaut A. Celeste has been selected for hypoxic training to decrease post 

terrestrial landing recovery time.  Celeste locates the nearest MCS, unstows it, 

secures it to a local translation handle, and deploys the system for use.  Celeste 

then sets the MCS automation for Hypoxic Training per the schedule that was 

given by the flight surgeon, selects a method of entry, enters the habitable 

envelope and seals the system which, in turn, activates the MCS automation.  

Once comfortable, Celeste uses one of the glove ports to activate a monitor which 

is then used to contact family during down-time for training.  Atmospheric ppO2 

within the MCS is slowly lowered to a an equivilant of no higher than 9,000 ft 

above sea level.  Figure 26 MCS Use Case for Hypoxic Training indicates the use 

case flow for hypoxic training with MCS as a training tool. 
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Figure 26 MCS Use Case for Hypoxic Training 

 

These scenarios were utilized to derive rudimentary design requirements which 

led to the first iteration of MCS as a digital rendering and later as a 1:1 mock-up, 

which will be discussed in greater detail in the next few segments. 
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System Design and Development 

This section will summarize the original scope of this project by briefly discussing 

the system design and development of the Orbital Medical Facility as it pertains 

greatly to the eventual realization that focus should be on a small, critical 

component that is based on that facility, however transcends the boundaries 

therein as it is portable and conceptually highly modular in its design. 

 

Microgravity Emergency Medical Containment System 

MCS Iteration 1 

MCS (previous nomenclature was PECS – Personal Environmental Containment 

System) started as interest in what human spaceflight risks may indicate necessity 

of a biologic isolation system.  It quickly grew to accommodate multiple modalities 

including the bi-directional nature of its conceptualized IPE/EPI scenarios.  Once 

those scenarios were created, however, the next step was to derive design 

requirements.  Somewhat unique to the human centered design field of research, 

is the approach consisting of a repeating cycle of design, mock-up, HITL testing, 

and redesign.  It is during these loops that design requirements are ascertained 

and finalized before a marketable product is ready.  As such, this design started 
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with a preliminary table of requirements that has gown during these HCD cycles 

(this table in its entirety can be found in Appendix A, a supplement to the design 

requirements found in Chapter 4 System Solutions – System Requirements) 

 

After the preliminary design requirements are tabled, rough design of the MCS 

itself commences.  The first digital model of MCS (see Figure 27 Preliminary 

Digital Design of MCS Iteration 1) consisted of a solid envelope and oversized 

control bulkhead (in orange) but closely resembled the first iteration physical 

mock-up (Figure 28 3D Model of MCS Iteration 1 with thanks to Kazuhiko 

Momose for the Figure 28). 

 

 

Figure 27 Preliminary Digital Design of MCS Iteration 1 
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Figure 28 3D Model of MCS Iteration 1 

 
 

Second to the digital renderings of the MCS, are the MCS pneumatic systems.  

Figure 29 MCS Current Prototype Pneumatic Diagram contains the MCS 

Pneumatic Diagram.  As previously mentioned, the pneumatic system is split into 

two sections: Inflatable Structure and Inflatable Habitable Volume.  Each of these 

systems is fed from a common air source through a manifold splitting the flow 

which is controlled through manual valves for Iteration 1 and 2.  This system was 

designed to work with standard scuba pressurized cylinders (a 19cf ‘pony’ tank 
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mounted to the bulkhead or twin 80cf aluminum tanks on a mobile cart) or an air 

compressor rated for inflatable IVA suit use.  Though the scuba cylinders have a 

finite consumable (time to full consumption was not measured, however, the 

160cf system starting at 2800psi was able to fully inflate and maintain the MCS for 

over an hour as well as approximately ten uses in which they were used to 

maintain pressure in both the structural and habitable volumes during 

experimentation) the compressor air system can operate indefinitely (within 

limitations of the compressor).  Each of these three options connect to the 

manifold via a single high pressure quick disconnect.  Of note, there is a secondary 

quick connect that bypasses the regulator on the manifold and goes directly into 

the habitable volume.  This is used for testing and training only as the material and 

fabrication methods prevent rapid deployment of the habitable volume (the single 

regulator is set low to prevent the small volume inflatable structure components 

from being overinflated, which leads to unintended deconstructive testing).  

Further to note in this diagram, there is in the second (current) iteration a single 

quick connect fitting compatible with the HSF laboratory’s inflatable IVA suit.  As 

explained with in the design requirements section, this suit was utilized to derive 

habitable volume size. 
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Figure 29 MCS Current Prototype Pneumatic Diagram 

 
 

The first iteration was designed with proof of concept in mind.  This prototype had 

a habitable volume length of 213cm with an overall diameter exceeding 80cm, 

which is beyond the allowable limit per IDSS standards.  Figure 30 MCS Iteration 1 

Rendering indicates the original design of the MCS in which it is noted that the 

habitable volume is over the inflatable rib structure.  Further, the materials used 

to fabricate this iteration were primarily ‘on-hand’ materials and COTS materials 
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with very few subtractive manufactured parts (primarily the foot end bulkhead 

and bulkhead manipulation handles, which were comprised of high density 

foamboard (Figure 31 MCS Iteration 1). 

 

 

 

Figure 30 MCS Iteration 1 Rendering 

  

213cm 

>80cm 



 156 

 

 

Figure 31 MCS Iteration 1 

 

This iteration was designed and built as shown above with the sole purpose to be 

the first mockup in the human centered design loop.  Before the mock-up was test 

ready, a procedural scenario (which can be found in Appendix C MCS Iteration 1 

Procedural Testing Scenario) was created with the goal in mind to test 

congruently during fabrication.  Testing of this mockup was done contiguous with 

fabrication of individual systems and incorporation of said systems.  E.g., 

Individual Structural Rib fabrication consisted of testing of materials and 

fabrication methods to ascertain what is best with materials and tools on-hand.  

This led to on-the-fly changes to create a structural rib that held pressure with 

minimal air seepage and maintained rigidity.  Specialty tools were fabricated from 

Foot-end 
Bulkhead 

Fabric Counterforce 
Straps 

Head-end 
Bulkhead 
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available tools and materials as well as through 3D additive manufacturing in 

order to accomplish goals for testing, building, and assessing this mockup.  The 

results that follow are the culmination of work done by Keith Crisman and 

Kazuhiko Momose, with explanations and solutions where able.  The testing 

summary can be found in Appendix G MCS Iteration 1 HITL Summary. 

 

1. Pneumatic System 

The pneumatic system separates into two circuits for individual operation of both 

main components (structural and main envelope/life-support). 

This makes it simple to operate with minimal training, however the system would 

benefit greatly from automation as well as proper labelling within human centered 

design/human factors standards.  Needs Addressing for Iteration 2: 

 

1.1 – Complicated valve structure 

1.1.1 In Iteration 2, the valves will be labeled for ease of operation 

1.1.2 In Iteration 2, the operation procedure will be available 
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1.2 – Regulator Adjustment required for both inflation systems 

1.2.1 The regulator must be adjusted down for structure, but up for main 

envelope.  This was most noticeable with to be an issue with the compressor 

pump 

1.2.1.1 Placing a regulator bypass for habitable volume inflation during testing and 

training should be considered for Iteration 2 

1.2.2 Automation of the inflation system would remove this issue 

1.2.2.1 Automation is a level of complication that is not achievable with Iteration 2 

1.2.2.2 Automation framework may begin after completion of Iteration 2 

 

1.3 – Gauges Readability 

1.3.1 Gauges are not all on the same plane in respect to the operator, requiring 

operator to maneuver to see all gauges.   

1.3.1.1 Current solution → Once the system pressure is set (the regulator gauge 

faces perpendicular to the two subsystem gauges and the input pressure gauge), 

only the three gauges on the parallel plane to the operator are used 
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2. Structural Ribs 

The structural Ribs are three inflatable volumes that, when pressurized, hold the 

non-inflated habitable volume in an open position to accept placement of a 

casualty.  Once inflated, these structural components should maintain rigidity with 

minimal to no pressure loss in the final iteration.  Needs Addressing for Iteration 2: 

 

2.1 – Pressure Loss 

2.1.1 Due to fabrication methods and material choice, Iteration 1 structural ribs 

require 3psi to maintain rigidity to overcome pressure loss from the rib to 

bulkhead connection 

2.1.1.1 Iteration 2 has a goal of 1psi pressure with minimal pressure loss 

2.1.1.2 Future Iterations would benefit from a higher level of fabrication methods 

to include a quick connect feature for maintainability and replacement, if 

necessary 

 

*Note, Figure 32 Structural Rib Bulkhead Mating Cup Redesign indicates one of 

the iterative HITL changes between Iteration 1 and Iteration 2 as follows: Once 

fabrication method was determined, fabrication was fairly simple, however, the 

iteration 1 rib cup (the structural component that mates the rib to the bulkhead) 
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had to be redesigned (see Figure 32 Structural Rib Bulkhead Mating Cup Redesign)  

Note that the new cup is the one to the left with the recessed mating point and 

integrated pneumatic cone.  The original cup (right) did not account for nipple 

connector size and this resulted in increased seepage of air pressure.  There is still 

pressure loss with Iteration 2, however it is minimal and maintains rigidity at 1psi. 

 

 

Figure 32 Structural Rib Bulkhead Mating Cup Redesign 
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2.2 - Gravity 

2.2.1 Although rigidity is maintained at 3psi (1psi with Iteration 2) ribs are not able 

to maintain parallelism with the ground plane and droop towards the ground at 

the foot end of MCS 

2.2.1.1 Iteration 2 will have shortened ribs 

2.2.1.2 Iteration 2 was a major rebuild which includes a semi-flexible plastic ring 

system in key locations to facilitate rigidity 

2.2.1.3 It is believed that this issue would not occur in microgravity as the non-

parallelism appears to be a function of weight of the material over length 

2.2.2 Fabrication and Material Choice 

2.2.2.1 Iterations beyond Iteration 2 will benefit from fabrication methods to 

minimize air loss/seepage of structural components 

2.2.2.2 Iterations beyond Iteration 2 will benefit from materials choices towards 

lighter/stronger and designed specifically for rapid inflation process similar to 

those found in other rapid inflation safety systems (e.g., safety rafts/personal 

flotation devices) 
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2.3 – Integration with Habitable Volume 

2.3.1 Iteration 1 inflatable structural ribs were mounted inside the habitable 

volume with commercial dual-sided adhesive 

2.3.1.1 Internal mounting prohibits maintenance tasks and provides ‘catch points’ 

making casualty placement difficult 

2.3.2 Iteration 2 inflatable structure ribs are mounted outside the habitable 

volume within fabric sleeve guides that allow the rib to hold the habitable volume 

open, yet allow for each rib to be maintained as needed 

2.3.2.1 Future iterations beyond the current will benefit from quick-connect 

integration methods to allow rapid replacement of individual ribs as needed 

without affecting the habitable volume 

 

3. Bulkhead (head) 

The head-end bulkhead is the primary fixed structural component that holds the 

pressure manifold and (future) life-support and automation systems (though it 

does currently hold a 19cf ‘pony tank’ which allows for approximately one inflation 

cycle).  The current bulkhead (for Iteration 1 and 2) is 70cm in diameter and 

mounted to the OMF simulator via a wide hinge plate.  Future iterations will be 
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composed of a reduced diameter wherein this is currently prohibited by scope of 

the current project and materials choices.  Needs Addressing for Iteration 2: 

 

3.1 – Size and Mass 

3.1.1 Iteration 1 bulkhead is >80cm (beyond the IDSS Hatch Standards) 

3.1.1.1 Iteration 2 will have a 70cm bulkhead, within IDSS Hatch Standards 

3.1.2 Mass of the current (Iteration 1 and 2) bulkhead is high 

3.1.2.1 The pneumatic system is comprised of copper and brass components 

3.1.2.2 Future Iterations beyond current will benefit with use of stainless steel 

PLSS and Pneumatic components 

 

3.2 – Component Mating 

3.2.1 Current system mating to the bulkhead utilizes screws as the bulkhead is 

primarily comprised of high density ¾ inch plyboard.   

3.2.1.1 Screws present hazards to operator/occupant.  Iteration 2 will utilize 

shorter screw lengths and guards/spacers fabricated by additive manufacturing 

methods to mitigate injury risk from protruding hardware 

3.2.2 Current system component mating also consists of adhesive based coupling 
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3.2.2.1 Future Iterations beyond current will benefit by use of advanced 

component integration methods to be determined 

 

4. Bulkhead (foot): 

In Iteration 1, the foot end of the habitable volume was comprised of high-density 

foam bord at >80cm.  This originally was done to provide a tubular shape of the 

habitable volume and to assist with habitable volume fabric attachment.  Iteration 

2 saw removal of the foot end bulkhead for addition of a secondary and tertiary 

method of entry (detailed later).  Rigidity of the habitable volume is provided by 

the internal semi-flexible structure rings and the inflatable rib system.  

 

5. Habitable Volume (Main Envelope) 

The habitable volume is the primary component aside from the life-support 

system.  It is akin to a ‘one-size-fits-all’ spacesuit.  This volume can be operated at: 

1) Equal to ambient pressure wherein the structural system keeps the habitable 

volume from collapsing and airflow in and out are equal, 2) Positive to ambient 

pressure wherein the pressure and life support system operate with a higher inflow 

rate than outflow rate but must maintain CO2 washout requirements, and C) 

Negative to ambient pressure wherein the structural system keeps the habitable 
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volume from collapsing and air inflow rate is lower than outflow rate while 

maintaining both CO2 washout requirements and decontaminate exhaust airflow 

through methods currently to be determined.  Needs Addressing for Iteration 2: 

 

5.1 – Material Mass 

5.1.1 Iteration 1 habitable volume comprised of 6mil construction grade pe film 

5.1.1.1 6mil pe film has high mass 

5.1.1.2 6mil pe film has high opacity which prevents seeing into or out of the 

habitable volume 

5.1.1.3 6mil pe film stiffness inhibits alignment during installation and is difficult to 

compress for the stowed configuration 

5.1.1.3.1 Due to difficulty of alignment, 6mil pe film has a high seepage rate 

5.1.2 Iteration 2 habitable volume comprised of fabric within the same class as 

other space-rated materials for IVA suit fabrication with a large 4mil 0% opacity 

panel (see Figure 33 MCS Iteration 2 Materials Change). 

5.1.2.1 Fabric and 4mil panel have low mass compared to Iteration 1 

5.1.2.2 4mil 0% opacity panel allows allow for sight into and out of the habitable 

volume 

5.1.2.3 Fabric and 4mil panel have high compressibility for stowed configuration 
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5.1.2.4 Fabric and 4mil panel are integrated with seam adhesive and standard 

sewing with high tensile strength thread 

5.1.2.4.1 This method significantly decreased seepage rates.  Future iterations will 

benefit from chemical and high frequency radio welding of space-rated materials 

 

 

Figure 33 MCS Iteration 2 Materials Change 

 

6. Other Components 

6.1 Entry Methods (see Figure 34 MCS Entry Methods) 

6.1.1 Longitudinal Zipper 
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6.1.1.1 Iteration 1 utilized a construction grade “airtight” zipper as the only entry 

method 

6.1.1.1.1 The longitudinal zipper for Iteration 1 had the highest air loss rate 

6.1.1.2 Iteration 2 utilized a YKK Aquaseal zipper 

6.1.1.2.1 The longitudinal zipper for iteration 2 had zero noticeable air loss even 

when not fully secured 

6.1.2 Circumferential Zipper  

6.1.2.1 The circumferential zipper for iteration 2 was a YKK Aquaseal zipper 

6.1.2.1.1 The circumferential zipper for iteration 2 had zero noticeable air loss 

even when not fully secured 

6.1.3 Tie Entry Method 

6.1.3.1 This method was utilized only in iteration 2 and is similar in methods used 

to seal the Russian Sokol IVA suit 

6.1.3.1.1 This method, when performed properly, has zero noticeable air loss 
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Figure 34 MCS Entry Methods 

 

6.2 – Handles 

6.2.1 Bulkhead (head) Handles 

6.2.1.1 1 large manipulation handle is integrated onto the operations end of the 

bulkhead in a position in which was used often to swing the system into place for 

deployment.  Future iterations beyond current will utilize NASA 3001 standard 

handles in locations to be determined 

6.2.2 Bulkhead (foot) Handles (only iteration 1) 

6.2.2.1 1 large manipulation handle was positioned in a location found to be 

convenient to position the foot end bulkhead through HITL 

6.2.3 Fabric Counterforce Handles 
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6.2.3.1 Both iteration 1 and 2 have fabric counterforce handles which run parallel 

to the longitudinal zipper to allow a point of counterforce to operate the zipper in 

microgravity. 

6.2.3.2 These handles could also be utilized as anchor points for operators while 

manipulating/providing medical or other care of the casualty/MCS occupant 

 

6.3 Stowing Configuration Hardware 

6.3.1 Iteration 1 utilized a single Velcro strap which held the foot end bulkhead 

against the head end bulkhead 

6.3.2 Iteration 2 utilized a safety cover 

6.3.2.1 This cover protects the habitable volume fabric 

6.3.2.2 The Velcro strap that holds this cover to the bulkhead acts as the activation 

strap once the system is in place and ready for deployment 

6.3.2.3 This cover provides a surface for operation instructions pertaining to the 

first steps of MCS operation 

 

Shift from iteration 1 to iteration 2 occurred with concurrent HITL simulations and 

testing of individual components as well as fabrication methods.  The result of 

which led to fabrication of Iteration 2. 



 170 

 

MCS Iteration 2 

As previously stated, the creation of the second iteration of MCS was driven by 

the congruent HITL testing accomplished during the building phase of Iteration 1.  

The first step after summarizing the changes required between the iteration 

changes was to further organize the MCS systems.  This was accomplished through 

use of a system flowchart (Figure 35 MCS Systems Flowchart).   

 

 

Figure 35 MCS Systems Flowchart 

 

The changes between the iterations were many.  Many were made directly to 

iteration 1 during the fabrication process.  A prime example of this is the 
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longitudinal zipper counterforce handles.  The first iteration, as shown in Figure 31 

MCS Iteration 1, was comprised of the wood form head-end bulkhead that was 

wrapped circumferentially in translucent, construction-grade polyethylene plastic.  

As shown, the foot-end bulkhead was comprised of extruded polystyrene also 

wrapped circumferentially with the construction plastic.  A single longitudinal 

zipper was the access point for don/doff.  During initial pressure testing (which 

determined the original “airtight zipper” was less than airtight) attempts were 

made by available laboratory personnel and two requirements were derived.  1, it 

was observed that nearly all persons grasped or attempted to grasp an area on 

each bulkhead when manipulating the main envelope or when attempting to 

zip/unzip the longitudinal entry point.  This determined that a secure handle 

should be placed at each location.  Focus on system use was supplemented by 

personal experience as a scuba diver, having familiarity with neutral buoyancy.  2, 

this unique perspective made apparent an issue that would affect the system in 

microgravity, there were no counterforce points for the longitudinal zipper.  What 

this means is that attempting to operate the zipper would likely either move the 

entire envelope, or the crewmember trying to move the zipper would move 

instead. 
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The greatest changes were materials changes.  Although the construction poly 

worked well enough for initial testing, it was quickly found that a) the translucency 

was not enough to prevent psychological isolation of the occupant, b) medical 

operators would be unable to see an occupant, and c) the longitudinal zipper 

(which was not airtight) did not open in a way that permitted the inflated IVA suit 

from being placed into the habitable volume.  First and foremost, new materials 

were chosen along with a new configuration.  The main envelop would now be 

comprised of heat-sealable urethane coated nylon.  This material is ripstop 

(meaning small tears do not become larger tears and can be fixed with less effort), 

coated to give air and watertight properties, and heat sealable to assist in 

strengthening seams.  Within the main envelope, a visually clear panel was 

integrated so that occupants can see out and others can see in as needed.  

Although the structural ribs remained the same material, primarily due to quantity 

on-hand, they were moved to external of the main envelope to allow for 

maintenance and to remove obstacles from inside the envelope.  Next, the 

addition of internal structural support rings (see Figure 36 MCS Iteration 2 

Architecture Sheet) allows the main envelope to remain in a semi-turbid state 

with minimal input from the structural ribs which gives greater affordance to 

placing a casualty into the habitable volume.  Further changes were to the entry 
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methods (and one of the primary foci of this research).  Two options were added 

to the foot-end of the habitable volume; a circumferential zipper (which utilizes 

the internal structure rings) and a ‘tie method’ which is comprised of a length of 

excess material which has an elastic band with an eyelet that allows the band to 

be wrapped round the bunched-up excess material to create a seal similar to the 

way the Russian Sokol IVA suit is sealed (Abramov & Skoog, 2003). 

 

 

Figure 36 MCS Iteration 2 Architecture Sheet 
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Overall, this iteration is much higher fidelity.  The system deploys and maintains 

pressure with little effort once inflated.  However, the system does have 

decrements that need to be addressed.  Primarily, fabrication had setbacks due to 

order of operations (internal structure was installed prior to YKK Aquaseal zippers 

were integrated which did cause a multitude of issues during install.  Similarly 

goes for the addition of the guide channels for the structural ribs.  However, the 

system worked exactly as needed to complete research to elicit data for the 

redesign to fabricate the next higher fidelity iteration. 

 

System Mock-Up as Simulation Tool: Virtual to Physical 

Since this project started with the broad overview of the Orbital Medical Facility, it 

would be prudent to start there.  The first RCS mockup was fabricated with 

materials readily available in the human spaceflight laboratory (Figure 37 Original 

RCS with Incorrect Radius).  However, during initial testing, it was determined that 

the radius of the curved section was incorrect and would therefore not be a viable 

test article for subsequent system research.  It was determined that a higher fidelity 

mockup would offer a better opportunity to perform subsystems (like MCS) 

research in higher fidelity environment that closely matches, in size at least, the 

Lunar Gateway Inflatable Habitat Rigid Core.  A digital model was created with the 



 175 

 

correct dimensions (particularly the radius) and fabricated in detachable sections 

for transportability (See Figure 38 2nd Iteration RCS Build Plan). 

 

 

Figure 37 Original RCS with Incorrect Radius 
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Figure 38 2nd Iteration RCS Build Plan 

 

This resulted in a mockup that would allow for better visualization of translation 

paths requirements and proved to be higher fidelity as a ¼ section of a 1:1mockup 

of the rigid core dimensions.  This meant that any subsystem designed could be 

placed within this simulator to derive sizing and procedural requirements.  The 

finished product (slightly modified) sits in the Human Spaceflight Laboratory at the 

Human Centered Design Institute at the Florida Institute of Technology (see Figure 

39 2nd Iteration RCS - Higher Fidelity). 
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Figure 39 2nd Iteration RCS - Higher Fidelity 

 

Now back to the MCS.  As previously stated, MCS started from system charts 

designed from scenario based human spaceflight risks analysis for the overall 

OMF.  For instance: 

 

In the event there is an emergency on the lunar surface, an SOS/Alert is 

dispatched.  This alert is received by Earth based capcom, lunar based command, 
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and an emergency management team.  These three entities decide together or 

based on procedural “lead” and dispatch an adhoc emergency medical team or a 

robotic means for casualty rescue and return to the lunar habitat medical facility.  

Simultaneously, the leadership team has to make the decision to treat locally or to 

contact Gateway command and stabilize the casualty for transport.  Two locations 

on this chart indicate a gap for a containment system (Figure 40 Lunar Surface 

MCS GAP Chart). 
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Figure 40 Lunar Surface MCS GAP Chart 

 

A second possibility is that of an injury or illness onboard a commercial spacecraft 

in orbit.  Given the rapid growth of the commercial space industry, this is not far 

off.  The same three entities receive an SOS / ALERT.  These entities decide on the 

next step, contact the emergency medical team and/or the spacecraft capture 

team.  In the meantime, the command team would oversee operations and 

Need for a 
containment 

system 
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preparations to stabilize for transport to the onboard OMF (See Figure 41 Lunar 

Orbit MCS GAP Chart).  Once again, there is a gap for a system such as MCS. 

 

 

Figure 41 Lunar Orbit MCS GAP Chart 

 

The scenarios led to the design of MCS as it is as of the writing of this document.  

In the images below are MCS in a fully deployed configuration (Figure 42 MCS 

Need for a 
containment 

system 
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Fully Deployed Configuration).  The three available entry methods (two of which 

were tested as a part of this dissertation) are labeled as well as the main structural 

components.  Lastly, MCS is designed to minimize its footprint when not in use.  

When fully inflated, MCS is approximately 200cm in length.  When stowed, the 

current mockup is capable of being compressed to approximately 45cm (Figure 43 

MCS in Stowed Configuration with Safety Cover). 

 

 

Figure 42 MCS Fully Deployed Configuration 
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Figure 43 MCS in Stowed Configuration with Safety Cover 
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Chapter 5 

Modeling and Simulation of System 

3D Use Cases 

The use case for MCS was derived from scenarios previously mentioned in this 

document.  Each of these scenarios can be broken down into a basic set of 

instructions for MCS use as a culmination of mockup interaction and HITL 

simulation sessions.  More detailed scenario use cases can be found in (System 

Concept).  What follows is the standard use case of casualty entry (see Figure 44 

MCS Entry Use Case) followed by a series of figures representing MCS operation 

from a stowed position to deployed and running. 

 

 

Figure 44 MCS Entry Use Case 
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Figure 45 MCS Stowed and Armed 

 

Figure 45 MCS Stowed and Armed, the left represents the MCS in the stowed 

configuration, mounted against the rigid core of the OMF.  To the right, the MCS 

has been moved into position to be deployed, automation would have armed the 

system as ready for deployment 
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Figure 46 MCS Activated and Structure Deployment 

 

Figure 46 MCS Activated and Structure Deployment, the left represents the lifting 

of the safety cover strap activating the automation which, on the left, inflates the 

structural components to hold the habitable volume open.  In this figure, the 

circumferential zipper is open for casualty placement 
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Figure 47 MCS Entry Sealed and Life Support Activation 

 

Figure 47 MCS Entry Sealed and Life Support Activation, the left is indicative of 

the entry method being sealed.  At this point, the casualty is connected to 

necessary medical monitoring equipment as necessary and secured in the 

habitable volume.  Once sealed, automation activates pressurization of the 

habitable volume and provides life-support. 
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Figure 48 MCS Views of Stowed Configuration 

 

Figure 48 MCS Views of Stowed Configuration, the images available here show 

the MCS in various angles in a stowed configuration with the safety cover on.  On 

the left is the front of the CS safety cover indicating the first few steps of MCS 

deployment and the activation strap (at the 12 o’clock position).  The center 

image indicates the depth of the stowed configuration and coverage of the safety 

cover.  The final image (right) presents the pneumatic controls and the 19cf ‘pony 

tank’.  Of note in this image is the orange circle which contains the regulator 

bypass and the “DCS automation switch”. 
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Experiment Design 

A significant section, approximately 480cm x 280cm, of the Human Spaceflight 

Laboratory at the Human-Centered Design Institute of the Florida Institute of 

Technology was dedicated to this research.  This area houses the Lunar Gateway 

Inflatable Habitat Rigid Core Simulator (RCS) which is a 1:1 mockup consisting of ¼ 

of the rigid core.  This allows for better visualization of translation path 

requirements and overall provides a higher fidelity environment for the MCS 

Iteration 2 to be tested.  This area has a tape line on the floor indicating the area 

(the action area).  Once in this area, participants will be asked to attempt to 

imagine that they are in a microgravity environment.  The experimental set-up in 

its entirety can be found in Figure 49 MCS Experimental Setup.  Seen in this image 

are the portable compressed air tanks (right), deployed and inflated MCS within 

the RCS (center), and the inflated IVA suit (left) which acted as the casualty for 

scenarios which will be discussed in entirety later in this section.  Note that the 

white hoses on the floor are from an air compressor and are only used to inflate 

the system for training purposes to conserve compressed air for simulation. 
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Figure 49 MCS Experimental Setup 

 

Experimental design followed four phases; phase one was to elicit what testing 

would be beneficial to the design, phase two was to elicit who would be asked to 

participate, phase three was to design the procedures, scenarios, and 

questionnaires to be used to accomplish the research all of which can be found in 

Appendix E IRB & Research Documents, and phase four is the execution of these 

plans. 

 

Phase 1 - Research: MCS is a conceptualization of a novel system designed for 

rapid deployment to prevent, mitigate, and/or treat several human spaceflight 

risks.  Both iterations indicate that the concept is sound in deployment but leave 
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questions which must be answered.  Particular to this system is a method of 

donning and doffing which not only allows for rapidity, which requires ergonomics 

and overall usability , but also maintains biological and environmental isolation as 

well as capability to maintain this barrier when the habitable volume of the 

system is in negative, nominal, and purposeful overpressure operation.  That issue 

was resolved, in portion, with the use of publicly YKK Aquaseal zippers which are 

designed to handle 4.3psi over ambient with alternate products that are rated for 

14.5psi over ambient (YKK Corporation, 2015; YKK Corporation, 2015).  Note that 

these pressures are not the failure point of the integrity of the zipper, but the point 

at which air seepage begins.  Further testing would be required to ascertain the 

failure pressure for DCS treatment. 

 

It was determined that the testing that would be most beneficial at this stage of 

design would be not only general usability, but to also focus on the entry method 

itself between two available options.  The research was designed with the primary 

function to elicit further design requirements through HITL.  Ultimately, the 

purpose of the study would be to explore the usability of MCS as a component of 

the OMF as well as to derive design requirements through HITL utilizing Subject 

Matter Experts (SMEs) to evaluate the performance of this novel system.  The SME 
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participants would be trained on the system and given scenarios for its use, which 

include both IPE and EPI principles, and then asked to follow predetermined 

procedures that would be timed and observed. 

 

The overarching questions would be: 

 

▪ What changes could/should be made to increase usability of MCS? 

▪ Is this system usable in concept, with necessary changes? 

▪ What are the primary operability challenges of MCS? 

▪ What are the measurable performance and/or time requirements for 

deploying and operating the MCS prototype? 

 

Phase 2 - Participants: It was decided that research participants would be 

required to be subject matter experts within their fields and those fields must be 

related to MCS such as human factors, psychology, systems engineering, user 

perception, communications, usability, space operations, design/engineering, and 

other engineering, space, and safety related fields..  SMEs that were selected must 

have, at a minimum, a Ph.D. in a related field and/or a master’s degree with a 

minimum of five years in the related field.  Overall, the plan for research provided 
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for eight to fourteen SMEs.  Participants were kept anonymous and each data 

packet is labeled with SME and a Roman numeral indicating their order of 

participation.  SMEs were not compensated for their participation. 

 

Phase 3 – Procedures, Scenarios, and Questionnaires: Procedures would need to 

be created to elicit answers to questions conceived in Phase 1.  This required 

taking currently proposed scenarios and designing procedures (described in the 

next section) for participants to follow. Whilst participants were following these 

procedures, observations were recorded as well as the time required for each 

participant to complete each phase of the procedures.  This data would be added 

to the questionnaires which consist of scored Likert Scale, NASA Task Load Index 

(National Aeronautics and Space Administration, 2019b), and open-ended 

questions.  Analysis of this data can be found in Chapter 6. 

 

Phase 4 - Execution: Emails were sent to qualified participants and those 

participants were asked, after participation, if they could suggest additional 

qualified SMEs.  This provided an extensive list of possible participants.  Research 

scheduling was open until 21 March and fourteen participants were scheduled or 
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awaiting scheduling.  However, research ceased after ten participants due to 

circumstances beyond the university’s control. 

 

Methodology 

Participants were introduced to the system via email and scheduled in one-hour 

increments.  Upon arrival, participants were introduced to MCS in its deployed 

and inflated configuration.  Training on the system began with an overview and 

introduction to the system itself, the Lunar Gateway Inflatable Habitat Rigid Core 

Simulator, and provided information on how the system would be expected to 

work in a microgravity setting.  Due to the lack of microgravity in the Human 

Spaceflight Lab, participants were further introduced to a laboratory agent that 

would be acting as both automation and as microgravity assistance during the 

scenarios.  Once the system introduction was completed, participants were given 

brief training on the system for procedures they would be expected to perform.  A 

brief timeslot was available for questions and the participant was directed to the 

informed consent form to read over and sign while MCS was reconfigured to a 

stowed position and readied for deployment. 
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After signing the informed consent, participants were read the first scenario and 

given time to review the actions that were required to complete the procedure 

and time to ask questions.  Due that it would be expected that crewmembers in a 

microgravity environment would be trained on such equipment, participants were 

told that they would be prompted at each phase of the procedure during the 

scenario.  Those phases follow: 

 

Phase 0 – Training/Briefing:  This phase consists of the information above, 

encompassing the introduction, training, and setting the scenario for the actions 

asked of the participant to perform.  Participants were further informed that one 

of the methods of this research, aside from HITL, was the Wizard-of-Oz technique 

which is utilized when a mockup has components that are designed to work in a 

manner that is not possible with current parts.  This requires an ‘agent’ 

(laboratory assistant) to make physical changes or actions to indicate a change has 

been made by the participant.  For MCS, WOZ was utilized in place of automation 

and to assist the participant with lifting and manipulating the IVA suit, particularly 

when ‘sliding’ the suit into the habitable volume of MCS, something that would be 

facilitated by the microgravity environment. 
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Phase 1 – Acknowledgement: This phase begins the timing process.  It begins 

after the participant crosses the taped Action Zone and acknowledges the casualty 

(the inflated IVA suit placed in a seated position) by touching their shoulder/arm 

and asking, “Are you okay?”. 

 

Phase 2 – System Unstow: This phase is timed. Please note that in the primary 

document, Appendix E IRB & Research Documents, phases 2 and 3 are switched, 

this is due to operational requirements.  In this phase, time is recorded once they 

approach MCS and swing the system from a stowed position perpendicular to the 

length of the RCS 90 degrees to a position that is parallel to the length of the RCS 

and a ‘CLICK’ is heard.  This activates the MCS automation and readies it for use. 

 

Phase 3 – System Arm: This phase is timed. In this phase time is recorded after 

the participant has pulled on the system arming tab, a Velcro strap affixed to the 

safety cover that MCS is stowed in, and then lifts the tab up.  Once the tab is 

lifted, the safety cover falls away and MCS automation activates the three-rib 

structure which pulls the envelope to an open and ready for donning position. 
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Phase 4 – Casualty Placement: This phase is timed.  In this phase time is recorded 

once the feet of the casualty have crossed the foot-end structural rings (the rings 

that provides support for the circumferential zipper and maintains the habitable 

volume in an open position).  The participant, after phase 3, attends to the 

casualty by disconnecting a pneumatic quick coupling and lifting the casualty up 

into a headfirst entry position into the foot-end opening of MCS.  The WOZ agent 

assists the participant (by reaching through the open, longitudinal zipper) by 

supporting the casualty as they are slid through the opening and into the 

habitable volume. 

 

Phase 5 – MCS Entry Closure: This phase is timed.  Time is collected at the 

moment the end-entry closure system is completed.  In one scenario, the method 

of closure utilized was the ‘Tie’ method which consists of a secured elastic cord 

with a knot on one end and a loop on the opposite.  The participant was 

instructed to bring the excess material (external to the foot-end structural rings) 

together, bunch it tightly, and wind the cord in a counter-clockwise manner 2 to 3 

times, the place the knotted end through the loop end which seals the entry.  In 

the alternate scenario, a circumferential YKK Aquaseal zipper, which consists of 

approximately 4/5 of the circumferential distance of the foot-end structural rings, 
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is used.  The participant is instructed to close the zipper by utilizing the foot-end 

structural rings for counterforce.  Once the zipper is fully closed the entry is 

sealed.   

 

Phase 6 – MCS Activation: This phase is timed.  Time is recorded once the phase is 

complete, which is dependent on which scenario is being performed.  In the first 

scenario, once phase 5 is complete, the participant must reach through the open 

longitudinal zipper and connect the internal air supply quick-connect line to the 

IVA suit quick-connect port (this is done for consistent timing, since it is not 

required by the scenario).  Next, they must attach a large Velcro cuff over the left 

arm.  This is to simulate both the attachment of biometrics monitoring 

sensors/systems for medical assessment and as a method of securing the casualty 

to an anchor point within the habitable volume so that they remain in place.  Once 

these two steps are complete, the participant will then close the longitudinal 

zipper by utilizing the foot-end structural rings as a counterforce to start the 

zipper and then utilizing the parallel fabric handles to finish closure of the zipper 

past the head-end structural ring.  Once complete, the participant was instructed 

to move to the control panel on the bulkhead and press the ‘DCS Mode’ switch 

which changes automation from standard life support to the 100% O2 and 
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increased pressure thresholds to accommodate DCS treatment.  This ends the first 

scenario timing.  For the second scenario, the only change to this phase is that 

timing stops once the zipper has been closed past the head-end structural ring.  

Automation begins life support supply to the habitable volume of MCS. 

 

Between scenario one and scenario two, the participant was asked to complete 

the questionnaire related to scenario one while MCS was reconfigured to a 

stowed position.  The second scenario began after the participant was briefed on 

the new scenario and, again, given time to ask questions on both the scenario and 

the procedures required to complete.  After completion of the second scenario, 

which was alternated for some participants to determine if familiarity or learning 

bias was affecting results, the participant was asked to complete the second 

scenario questionnaire, followed by the open-ended questions.  Once completed, 

the participant was asked if they had any input that was outside the scope of the 

questionnaires or any questions or suggestions they might have.  This data 

collected can be found in Chapter 6. 

 

On average, participation took less than an hour with each scenario taking less 

than 5 minutes each.  It should be noted that participants had access to action 
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cards within the Scenario Operations Manual which pictographically indicated the 

steps of each phase as well as describes the scenario.  Further, participants had 

access to the Simulation Manual which outlines the MCS system architecture, 

components, operation (automated), and additional scenarios.  These manuals are 

located in Appendix E IRB & Research Documents.  
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Chapter 6 

Experiment Data Analysis and Synthesis 

Likert 

Data collected from the Likert portion of the questionnaires (Appendix E IRB & 

Research Documents) were broken down into a 5-option scale and entered into 

an Excel spreadsheet for analysis.  The answers were translated from text to 

number of responses per question by the respondents.  Blank answers were 

accounted for during this analysis and each option was accounted for by 

percentage of answer type selected by the respondents (e.g., on Q2.1 80% of the 

selections from SMEs were ‘Strongly Agree’).  The raw data can be found in 

Appendix F Questionnaire Data.  Overall, responses to the Likert scaled 

questionnaires was overtly positive. 

 

Overall, respondents had favored Strongly Agree with a range between 70 and 

100 percent on all questions (excluding Q2.4, 3.4, 4.4, and 5.4 which will be 

discussed later), then Agree with a range of 10 to 20 percent on all but Q3.1, 4.1, 

and 5.2., followed by disagree comprising 10 percent of the answers for questions 
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Q21.-2.3 and Q3.1-3.3, and finally Neutral at ten percent for questions Q3.3 and 

Q5.3. (See Figure 50 Percentage of Answers Selected by SMEs). 

 

 

Figure 50 Percentage of Answers Selected by SMEs 

 

Questions Q2.4, 3.4, 4.4, and 5.4 were scaled differently, rather than Strongly 

Agree to Strongly Disagree on a five-option scale, the options for these questions 

consisted of time increments of 30 minutes, 1 hour, 3 hours, 5 hours, and 

indefinitely.  The percentage of responses for Indefinitely was at 50 percent for 
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Q2.4-4.4 and 40 percent for Q5.4.  20 percent of responses were on questions 

Q2.4 with 3 hours and 30 minutes, Qe.4 with1 hour, and Q5.4 with 6 hours.  The 

remaining ten percent answers were on questions Q3.4 with 30 minutes,3 hours, 

and 6 hours (Figure 51 Percentage of Answers Selected by SMEs, Time Scale).  

Responses in this section indicate general trust in utilizing MCS for isolation of an 

individual or self within either of the provided scenarios (IPE/EPI). 

 

 

Figure 51 Percentage of Answers Selected by SMEs, Time Scale 
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NASA TLX 

The NASA TLX was given after each of the two scenarios was completed by the 

SME.  This data was combined from each respondent and placed into an Excel 

sheet.  The first step of analysis of this data was to translate the raw TLX score (21-

point scale) to the 100 point scale through the equation [(input-1)5], wherein the 

original score is reduced by one and then multiplied by five (Hart, 1986).  This 

creates a midpoint of 50.  Values above 50 indicate higher to unacceptable 

workload whereas values below 50 indicate low to no workloads. (see Table 8 

Scenario 1 NASA TLX 100-Score & Table 9 Scenario 2 NASA TLX 100 Score).  The 

tables of the 100-point scale have been colorized to provide rapid assessment, 

indicating an overall lower workload for Scenario 2.  Lastly, the mean score was 

calculated for each of the six portions of the TLX and placed in a comparison table, 

(Figure 52 NASA TLX Comparison between Scenario 1 & Scenario 2).  This 

indicates that Scenario 2 induced a lower workload than Scenario 1. 
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Table 8 Scenario 1 NASA TLX 100-Score 

 

 

Table 9 Scenario 2 NASA TLX 100 Score 

 

RESPONDANT MD1 PD1 TD1 P1 E1 F1

I 15 10 35 10 15 15

II 85 75 95 0 50 0

III 5 20 50 5 20 20

IV 25 25 40 0 40 0

V 0 0 0 0 0 0

VI 50 50 60 20 15 25

VII 65 50 50 50 50 65

VIII 5 5 15 5 15 5

IX 5 25 35 15 55 50

X 15 35 10 15 15 0

SCENARIO 1

Scale 100 NASA TLX  Score [(Input-1)5]

RESPONDANT MD2 PD2 TD2 P2 E2 F2

I 10 10 20 5 5 5

II 90 75 90 0 90 10

III 5 15 55 5 30 45

IV 5 10 20 0 15 5

V 0 0 0 0 0 0

VI 45 45 45 15 15 10

VII 15 10 10 25 50 10

VIII 5 5 10 10 5 10

IX 0 10 20 5 20 5

X 0 0 0 5 0 0

SCENARIO 2

Scale 100 NASA TLX  Score [(Input-1)5]
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Figure 52 NASA TLX Comparison between Scenario 1 & Scenario 2 

 

*Note that scenario order was mixed when given to the SMEs in order to mitigate 

familiarity and learning bias. 

  



 206 

 

Open Ended Questionnaires 

The final portion of SME participation was completion of the open-ended 

questionnaires (see Appendix E IRB & Research Documents).  This data was 

collected and will be used to make design changes and add to the requirements of 

MCS.  The answers received tended to be quite similar and will be synthesized 

below. 

 

The overarching theme in the questionnaires was that the circumferential zipper 

method was far preferred over the tie method.  Of note, suggestions for this 

preference were based on inability to operate the intricate loop in an emergency, 

and anticipated inability to operate this method with IVA or EVA gloves on.  

Further noted for this preference was that the zipper method gave affordance to 

completion of sealing the entry method which allowed for less chance of error. 

However, if the tie method were to remain, increasing the end entry excess 

material would allow for easier ‘bunching’ and ability to double cinch the fabric 

and increase airtightness.  Though, one issue mentioned by SMEs was that the 

current amount of excess material could get in the way of casualty placement into 

the habitable volume which was observed on two occasions.  Returning to the 

zipper method, SMEs did suggest a few changes pertaining to the ‘hatch’ created 
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when the circumferential zipper is in the open position.  Suggestions were to 

move the hinge from the bottom to a side as they had an issue with the hatch 

sitting upwards at a slight angle in the way of placing the casualty into the 

habitable volume, though this was due primarily to the horizontal support that 

MCS is situated on to assist in simulation of microgravity.  The second suggestion 

by more than one SME was to add a method of securing the hatch in an open 

position by means of Velcro or magnetism.  Also derived from the questionnaires 

and verbal communication with SMEs was the suggestion of maintaining a 

longitudinal entry which eliminates the possible failure points of the rear entry 

having only the side zipper since the longitudinal zipper is utilized to access the 

casualty to connect medical assessment tools and life-support.  This would also 

decrease steps in the procedure to place a casualty in the system and may 

decrease overall time from acknowledgement to life support activation.  A 

suggested change to accommodate this change is magnetic securing mounts and a 

zipper layout that affords a larger opening and creates a ‘flap’ that can be secured 

in an open position.  It is noted, however, that the current zippers were too stiff.  

This is likely due to the fact that the YKK Aquaseal zippers have less than 20 

operating cycles prior to use by SMEs.  Finally, SME responses indicate the 

question of alternate entry methods such as a ‘fold and secure’ method similar to 
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scuba drybags, though this method is known to be watertight and not known to 

be airtight, particularly at pressured higher than ambient. 

 

The next highest theme from the questionnaires was a request for system 

feedback during operation.  Primarily, affordances to indicate if the system is 

operating properly and sealed successfully.  One such suggestion was to utilize a 

digital screen to provide this confirmation feedback.  Further, this monitor could 

act as a method of training for operation and as a call-out directive system similar 

to automated external defibrillators which “read out” directions to connect and 

use the system.  This suggestion was supplemented with a request that the 

procedures be printed directly on the main envelop in locations close to the action 

being performed, which is already in place on the safety cover (the first step, 

swing MCS into position, and second step, lift to activate, are printed on the safety 

cover. 

 

Another area that was well represented in the questionnaires was the life support 

and pneumatic system with an interesting ideology from several of the SMEs.  It 

was suggested that the internal life support quick connect was difficult to access 

at times (it tended to slide under the casualty as they were placed in the system).  
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A fix for this would be a ‘coil style’ air hose that is attached to the side or top of 

the internal material.  Further, it was suggested that procedurally, if an astronaut 

requires being attached to the internal life support connection (an astronaut 

already in an IVA or EVA suit when placed in the system), that life support be 

connected to the suit prior to other steps rather than as a last step prior to sealing 

the main envelope.  The interesting ideology mentioned was the analogy that 

several SMEs made that MCS is or should act as a lifeboat.  One, that the 

structural system could operate similarly to an emergency life raft wherein one 

action (pulling the ‘lift to activate’ tab would nearly instantly inflate the structural 

ribs (which actually is the concept of the structural system).  Two, that the system 

should be able to operate completely self-sufficient manner and that the life 

support should be sufficient enough to allow time for help to arrive, as in, the 

system could act as a single person life-pod in the event of catastrophic failure of 

the spacecraft. 

 

Finally, the remaining suggestions and notes dealt with the main envelope.  That 

is, that the envelope should be large enough to: accommodate the tallest of 

astronauts (something already in the concept), have excess room to allow the 

casualty to move within the envelope (or escape if allowed/necessary), to 
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accommodate dislocation injuries, allow room for first aid and support supplies 

such as an immobilization board (already planned for) and intravenous, water, and 

food supply, and ultimately contain subsystems to allow for interaction on both 

ends (e.g., the casualty can interact outside MCS and crewmembers can interact 

with the casualty).  This last portion is planned in the conceptualization through 

the addition of glove ports (in both directions, which would accommodate the 

casualty, if able, to move MCS through the spacecraft to mitigate psychological 

isolation), passthrough ports (for medical necessities such as food, water, vacuum, 

IV fluids, and gas mixtures), and two-way communications. 

 

Parting suggestions for the system were simple; it was suggested that a better 

idea of usability would be obtained with a full habitat rigid core mockup as 

opposed to the ¼ section and a quote from an SME in Design/Engineering: 

“Willingness, confidence, and comfort are too contextual.  In an emergency I would 

do anything if I thought it would help, even minimally.” 

 

Time 

As outlined in CHAPTER 5, each of the 6 phases of simulation were timed.  This 

allows for visualized data as to duration of time between each phase which is used 
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to indicate what phases may need procedural changes or may indicate, in the case 

between Scenario 1 and Scenario 2, which entry method was fastest which can be 

critical in an emergency (see Figure 53 Between Phase Time Comparison of 

Scenario 1 & Scenario 2).  When the data is analyzed from this set, it is evident 

that time between Phase 1 – Phase 2 and Phase 2 – Phase 3 are equal across 

scenarios as expected as these phases do not differ across scenarios.  Time 

between Phase 3 – Phase 4 is placing the casualty in the system which is scenario 

dependent between entry methods (tie and circumferential zipper) and indicates 

Scenario 2 as being 16 seconds faster which may be due to the issues with the 

excess fabric that was mentioned by SMEs in the section above.  Time between 

Phase 4 and Phase 5 is closure of the entry method and is expected to have the 

highest differential.  This phase timing indicates that Scenario 2 is superior as 

there is a 44 second difference with the tie method requiring, on average one 

minute, whereas circumferential zipper method takes, on average fifteen seconds.  

Phase timing between Phase 4 – Phase 5 was expected to be similar and indicates 

a difference of 11 seconds.  The final time metric averaged was total scenario time 

which also indicates a definitive difference between the scenarios of 1minute 11 

seconds.  
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Figure 53 Between Phase Time Comparison of Scenario 1 & Scenario 2 
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Chapter 7 

Conclusions and Future Work 

One of the benefits of the human centered design method of HITL loop cycling 

with design, mockup, HITL testing, and redesign, is that design requirements are 

derived from each cycle until the finished product is complete.  There is no claim 

that the system represented at this stage is the finished product and, as such, has 

several elements to be changed for the next iteration and testing cycle.  These 

next iteration changes would elevate MCS to a higher fidelity model and, ideally, 

fully functional system to be tested in microgravity (simulated and otherwise) 

environments.  What follows are changes that must be made to the system to 

achieve this. 

 

Concept Requirements with Future Changes 

Maintaining Biological Isolation, but not Psychological Isolation 

The required changes to meet this requirement include inclusion of glove ports 

and passthrough ports on the Maine envelope of the system.  This would allow for 

materials to be passed in either direction (when allowable) and will also be 

designed to allow the occupant of the system to reach outwards to allow for 
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translation throughout certain areas of the spacecraft.  Glove ports will be 

designed to be sealed to pressure unless needed for crewmembers to manipulate 

the occupant as well.  Further, the addition of communications equipment (two-

way radio), interior lighting (with internal controls), and access to some form of 

entertainment (e.g., a view screen). 

 

Casualty Functionality as a Crewmember 

This relates directly to the previous point.  Having systems in place such as those 

above would allow the occupant to, at a minimum if able, to communicate with 

the remaining crewmembers and others as needed.  This could potentially allow 

for an isolated crewmember to maintain some level of function to mitigate their 

workload from being placed onto the remaining crewmembers. 

 

Maintaining Normal or PRN Nutritional/Medicinal Intake and Waste 

Management 

Related to the first item, the inclusion of passthroughs designed to allow materials 

to enter or leave the habitable volume of MCS without breaking containment (a 

system yet to be designed) would be highly desirable, especially for long-term 

isolation.  This would allow nutrients, medical supplies, water, and waste to be 

transferred. 
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Access to Casualty through Sealed Glove Ports and/or Possible Robotic 

Entry Points 

A high priority is to have glove ports and other equipment/locking ports installed 

on the main envelope and/or head-end bulkhead which may include future access 

by robotic actuated surgical procedures.  As mentioned previously, a certain 

number of these glove ports shall be designed to operate ‘in reverse’ to allow the 

occupant to reach outwards for locomotion, interaction, and activities related to 

crew functionality and mitigation of psychological isolation. 

 

Handling of Casualty if Palliative Care is Required or Casualty becomes 

Terminal  

Not as high of a priority, but should not go unresearched as, of the time of this 

writing, NASA has no written procedure to handle a death in microgravity (such as 

how to handle, store, dispose, or return the corpse).  MCS, being an airtight 

system could be utilized to store a deceased crewmember until such a plan could 

be made.  Considered conceptualizations for MCS would include a method of 

sealing the main envelope from the bulkhead (and life support system) in a 

manner that allows the contact area between the envelop and bulkhead to be 

decontaminated.  The airtight envelope and deceased crewmember could be, if 

circumstances permit, placed outside of and secured to the spacecraft, exposed to 
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the well below frozen environment of space utilized as a mortuary freezer until 

such a time that plans could be made. 

 

Utilization of Minimal Footprint within the Habitat either in Use or 

Stowed Configurations 

The size difference between Iteration 1 and Iteration 2 was significant.  Continued 

materials research and development, as well as inclusion of a proposed, but not 

yet designed, habitable volume adjustment system could well allow for a smaller 

footprint in use (as well as allow for an expanded volume beyond the translation 

requirements of 80cm2 for temporary needs).  Further, redesign and development 

of a lighter weight and more compact pneumatic system comprised of stainless-

steel components rather than the current copper and cast components will save 

space and mass.  The redesigned pneumatic system shall also incorporate 

automation controls to allow for increased autonomy of the system and make 

operation of MCS simple.  Not to mention, making these changes to the 

pneumatic system would eliminate several of the issues current to the system 

(e.g., gauges not being on the same plane as the operator, one regulator operating 

two separate circuits, etc.).  This redesign will also allow for the bulkhead to be 

minimized, combined with appropriate materials for the structural inflatable, if 

available. 
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Future Architecture 

The MCS to this point has been designed as a proof of concept and framework for 

future iterations in the principle of human centered design.  As such there are 

known knowledge gaps to be answered in future iterations through the HCD 

iterative cycle.  What follows are future architecture points.  First up is the future 

pneumatic flowchart Figure 54 MCS Future Pneumatics Flowchart.  There are 

several points that differentiate between the current and future pneumatics 

system.  These changes are to meet both requirements set forth in the design 

requirements and those derived from HITL simulation.  Of significant note on this 

flowchart are the air source changes from scuba (representing internal life 

support) and air compressor (representing spacecraft systems) to integrated PLSS 

(portable Life Support System) and connectivity for spacecraft resources.  This 

diagram outlines several points of automation and includes a higher level of 

complexity with air pressure and flow regulation and isolation circuits.  An 

example thereof is the pressurized section of the structural circuit.  Future 

iterations of the MCS should incorporate materials that support rapid inflation.  To 

accommodate this, each structural rib shall have an over pressure valve and an 

isolation valve in the event that the component begins to leak or needs changed 

(this necessitates air flow sensing to indicate unpanned changes in component 
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pressure.  Other changes include the addition of an air muffler/diverter to diffuse 

exhaust flow from the clean-side pressure circuits to mitigate noise and prevent 

locomotion from directed airflow.  The last major addition is the HEPA/UV 

filtration unit.  This system is to be determined but will be required to filter and 

disinfect air from inside the habitable volume (outside of the clean air circuit).   

 

 

Figure 54 MCS Future Pneumatics Flowchart 
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One indication of the increased complexity expected in future iterations is the 

differentiation between the current (20 items) and future system flowchart (41 

items) shown in Figure 55 MCS Future Systems Flowchart.  Of note here are the 

inclusion of changes derived from HITL during iteration 2 such as repair and 

replace quick connect/disconnect for the structural ribs and habitable volume.  

Second is the inclusion of automaton elements and proper PLSS.  For instance, the 

current system diagram contains one element within the Power and Thermal 

section which includes the power lead for internal lighting whereas the future 

system complexity calls for six elements to allow for PLSS and other system 

complexities. 



 220 

 

 

Figure 55 MCS Future Systems Flowchart 

 

The final section before the remarks and notes hereafter pertains to the remaining 

gaps from the DRD that must be accounted for in future iterations.  
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To start, there are known gaps of knowledge for this system and these should be 

mitigated prior to start of the next level iteration: 

 

▪ Determination for which MCS Phases during use case would benefit from 

decision aides (similar to the pictorial / short direction text placed on the 

safety cover of the MCS) 

▪ Consideration of the design and fabrication of a volume adjustment system 

for the habitable volume (this allows for a smaller footprint while in a 

deployed configuration and also utilizes less consumables) 

▪ Derive best case for location of multiport(s) on the habitable volume (this 

is a singular connection method for multiple tools (e.g., bi-directional 

gloves, passthrough boxes, waste managements, etc.) 

▪ Determination of available life support systems that could be acquired and 

integrated into the MCS 

▪ Determine or design and fabricate the HEPA/UV air filtration device 

▪ Determine fabrication methods that will enhance the structural soundness 

of the MCS and mitigate air loss 

▪ Determine manipulation handle placement for next level iteration article 

of the MCS within HCD principles  
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Other Remarks & Change Notes 

One of the primary issues with this current iteration of MCS is, although minimal 

compared to Iteration 1, air loss, and structure inflate speed/rigidity.  Material 

changes, particularly to the structural ribs, combined with alternate fabrication 

strategies could produce a product that not only maintains a constant held 

pressure (with exception of required but not yet designed air filtration and 

scrubbing system) and a structural pneumatic system that can withstand high 

pressure, sudden inflation rates that would not only decrease ECS activation 

times, but also hold the habitable volume open in a more rigid manner to facilitate 

donning of the system.  One area that needs focus for air loss is the structural rib 

to bulkhead mating cup.  Design changes and fabrication methods of the coupling 

of the rib to the cup will need to be altered. 

 

Other system notes include redesign of a more encompassing system safety cover 

with integrated sensors (necessary for the automation concept).  Further, along 

with the bulkhead changes, system handles shall meet NASA 3001 standards for 

EVA required shape and all hardware components will have filleted edges and 

assure that no sharp hardware is exposed.  Consider also the idea of allowing for 

habitable volume configuration changes which may allow for enhanced movement 
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of the casualty in cases where casualty immobilization is not required.  This will 

further mitigate psychological isolation and assist in allowing the casualty to take 

part in crew activities and workload to a lesser extent.  Automation requirements 

must also be considered for future iterations to become fully functional. 

 

Further considerations should look into far future changes with the addition of 

Carcinogenesis as a human spaceflight risk that MCS could mitigate.  This would 

require a higher level of materials science beyond the scope of current research 

and time requirements than is currently accessible to this project.  However, MCS 

has always been conceptualized as a multi environment multimodal system that 

consists of modular components that could be changed depending on MCS 

environment which would allow the system to operate in terrestrial, microgravity, 

and variable gravity environments and still meet the requirements of the system. 

 

Ultimately, the final consideration for future iterations must anticipate and take 

into account requirements for testing in microgravity analog environments 

(parabolic flight and neutral buoyancy facilities) before testing within space-flown 

systems are permitted. 
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Overall, MCS is a novel system with potential to become an integral part of 

emergency contingency planning, procedural planning for beyond earth orbit 

habitation, and a step towards a fully functional microgravity medical center as a 

critical component. 
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Appendix A 

MCS Preliminary Design Requirements Table 
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Appendix B 

IAC DC Conference Proceedings 
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Appendix C 

MCS Iteration 1 Procedural Testing Scenario 

 
 
 
 
 
 
 
 
 
 
 
 
 

BEGINS ON NEXT PAGE 
 



 255 

   



 256 

 

Appendix D 

FIT TV Video 

 

https://adastra.fit.edu/blog/research/space-hospital-prototype-may-be-part-of-

future-design/ 

  

https://adastra.fit.edu/blog/research/space-hospital-prototype-may-be-part-of-future-design/
https://adastra.fit.edu/blog/research/space-hospital-prototype-may-be-part-of-future-design/
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Appendix E 

IRB & Research Documents 

 
 
 
 
 
 
 
 
 
 
 
 
 

BEGINS ON NEXT PAGE 
  



 258 

 



 259 

 



 260 

 



 261 

 



 262 

 



 263 

 



 264 

 



 265 

 

 
  



 266 

 

 
  



 267 

 
 



 268 

 



 269 

 



 270 

 



 271 

 



 272 

 



 273 

 



 274 

 



 275 

 

 

 



 276 

 



 277 

 



 278 

 



 279 

 



 280 

 



 281 

 



 282 

 



 283 

 



 284 

 



 285 

 



 286 

 



 287 

 



 288 

 



 289 

 



 290 

 



 291 

 



 292 

 



 293 

 



 294 

 



 295 

 



 296 

 



 297 

 



 298 

 

 

 



 299 

 



 300 

 



 301 

 



 302 

 



 303 

 



 304 

 



 305 

 



 306 

 



 307 

 



 308 

 

 

 



 309 

 

Appendix F 

Questionnaire Data 
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Likert Scaled Questionnaire 

Likert Table Part A: This table represents data obtained from 
the Likert style questions answered by Subject Matter Experts.  
Each answer was coded: Strongly Agree (SA), Agree (A), Neutral 
(N), Disagree (D), and Strongly Disagree (SD) for questions 
ending in #.1, #.2, and #.3.  For questions ending in #.4, the 
scale is 30 minutes (30), 1 hour (1), 3 hours (3), 6 hours (6), and 
indefinitely (IND).  The latter questions were scored on a 
separate table (Likert Table Part C) that follows this table’s 
continuation.  Scoring is based on percentage of the selected 
answer and accounts for those questions that were left 
unanswered. 
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Likert Scaled Questionnaire 

Likert Table Part B: This table represents data obtained from the 
Likert style questions answered by Subject Matter Experts.  
Each answer was coded: Strongly Agree (SA), Agree (A), Neutral 
(N), Disagree (D), and Strongly Disagree (SD) for questions 
ending in #.1, #.2, and #.3.  For questions ending in #.4, the 
scale is 30 minutes (30), 1 hour (1), 3 hours (3), 6 hours (6), and 
indefinitely (IND).  The latter questions were scored on a 
separate table (Likert Table Part C) that follows this table’s 
continuation.  Scoring is based on percentage of the selected 
answer and accounts for those questions that were left 
unanswered. 
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Likert Scaled Questionnaire 

Likert Table Part C: This table represents data obtained from the 
Likert style questions answered by Subject Matter Experts.  
Each answer was coded: Strongly Agree (SA), Agree (A), Neutral 
(N), Disagree (D), and Strongly Disagree (SD) for questions 
ending in #.1, #.2, and #.3.  For questions ending in #.4, the 
scale is 30 minutes (30), 1 hour (1), 3 hours (3), 6 hours (6), and 
indefinitely (IND).  The latter questions were scored on a 
separate table (Likert Table Part C) that follows this table’s 
continuation.  Scoring is based on percentage of the selected 
answer and accounts for those questions that were left 
unanswered. 
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Between Phase Time Recording 

This table indicates the time recorded during SME Participation.  
Times in White are the EST local time.  Times in Green indicate the 
time taken to complete each phase with the Times in Blue are 
indicating the total time for the SME to complete the Scenario.  Time 
averages are below each Between Phase and Elapsed time. 
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NASA TLX 21 (raw) & 100-Scale Data 

This table indicates the raw and 100-scale NASA Task Load Index form 
completed for Scenario 1 by the Subject Matter Experts.  Scores 
below 50 are colored green and indicate low workload.  Scores above 
50 are colored red and indicate higher workload. 
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NASA TLX 21 (raw) & 100-Scale Data 

This table indicates the raw and 100-scale NASA Task Load Index form 
completed for Scenario 2 by the Subject Matter Experts.  Scores 
below 50 are colored green and indicate low workload.  Scores above 
50 are colored red and indicate higher workload.  The lower table 
indicates the overall scoring and is likewise color-coded.  Though 
averages are evident of low workload across the scenarios, Scenario 2 
scoring is lower overall. 
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Appendix G 

MCS Iteration 1 HITL Summary 
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 Description / Summary 

Objectives • Investigate critical MCS functions such as structural ribs & 
main envelope deployment and zipper opening & closing in 
1g environment 

• Check operational procedures of MCS 

• Obtain design considerations for the MCS prototype 

Date • June 27, 2019 

Location • Human Spaceflight Laboratory at FIT 

Experimente
rs 
(Subjects) 

• One operator (Keith Crisman) 

• One recorder (Kazuhiko Momose) 

• One mannequin as a subject 

• No Subject Matter Experts (SMEs) 

Methodolog
y 

• Mockup: MCS mockup & LIFE core Module 
See Deliverable P4.3 for more information about PECS mockup 
See Deliverable P2.3 for more information about LIFE core 
module 

• Test Procedure: Following 6 Steps: 
1. Deploy MCS 

  
The operator deployed the MCS mockup from stowed position. 
The MCS mockup was connected by hinge to LIFE core module. 
2. Open main pressure valve 

  
The operator opened main pressure valve. 
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3. Activate structure circuit 

  
The operator opened structural rib valve. In this testing, a chair 
supported the foot-side bulkhead as shown above. The internal 
pressure was maintained at approximately 3 psi. 
 
4. Casualty ingress 

  
The operator put the mannequin in the envelope. 
 
5. Close main envelope 

  
After completion of ingress, the operator closed the zipper. The 
mounted handles helped the operator close the zipper. 
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6. Activate life support circuit 

 

 

 

After closing the zipper, the operator activated life support 
circuit. The internal pressure was maintained at approximately 2 
psi. In this testing, a compressor was used to assist in inflating 
the main envelope as shown above. 
 
See Deliverable P.4.1 for more information about test procedure 
 

• Number of Iterations: 1 
Due to operational time limitation of the pony tank, the MCS 
mockup testing was performed just once 
 

• Data collection: Observing, photos, video recording 
Since there were no actual test subjects, the experimenters did 
not prepare any questionnaire. The recorder took photos of 
each step by iPhone. Additionally, the structural ribs & envelope 
deployment was recorded to evaluate the Deployability. 
 

• Evaluation method: Observing, video recording 
During the testing, the operator and recorder evaluated the MCS 
mockup focusing mainly on two factors; Deployability and air 
leak. 

 


