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Advancement in technology drives our future. Moreover, the successful implementation of 
a technology drives its possibilities. The National Aeronautics and Space Administration 
(NASA) has invested in numerous technologies over the decades. A quote from NASA’s Space 
Technology Mission Directorate indicates the importance of technology: “Historically, 
technology has driven humanity’s progress and will continue to define our future. Our nation 
chooses to invest in new technology not only to maintain our edge in the global economy but 
also because technology helps us: Redefine the possible; Create a technologically advanced 
future; and Drive economic growth.” It is difficult for a technology to satisfy these goals unless 
it has a success-oriented route into an integrated system. This success-oriented route in this 
paper is referred to as the infusion path. For a technology to continue to evolve and become a 
reality into NASA’s missions, there must be an infusion path for the technology to reach 
fruition and ultimately integrate into a complex system. Understanding that infusion path 
along with the associated success factors and processes could help decrease the complexity and 
bridge the gap between technology developers and system integrators. The knowledge gained 
could facilitate the design, development, and integration of a technology to be more effective 
and efficient. A successful technology infusion path can be complex and circuitous. It can be 
even more daunting when advanced technologies need a success-oriented infusion path into a 
complex system such as a spacesuit portable life support system (PLSS). This paper focuses 
on a PLSS schematic study performed and documented in 2007 which was instrumental in 
influencing and shaping the design of the Exploration PLSS (xPLSS) prototype. The factors 
considered in this schematic study and the processes used for evaluation of those technologies 
facilitated an infusion path for certain technologies to be integrated into the xPLSS prototype. 
Overall, there is a need to understand infusion paths and the factors and processes that lead 
to successful integration of advanced technologies into complex systems. The information 
presented herein should help NASA, academia, and industry along with their project and 
system managers and researchers integrate advanced technologies more effectively and 
efficiently into flight hardware efforts. 

Nomenclature 
 
AES  = Advanced Exploration Systems 
CO2 = carbon dioxide 
CSSS = Constellation Space Suit System 
DVT = Design, Verification, and Testing 
EMU = Extravehicular Mobility Unit 
xEMU = Exploration EMU 
EVA = extravehicular activity 
GOX  = gaseous oxygen 
ISS = International Space Station 
JSC  = Johnson Space Center 
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LCVG  = liquid cooling and ventilation garment 
LEO  = Low Earth Orbit 
Li-ion  = Lithium-ion 
LOX  =  liquid oxygen 
NASA = National Aeronautics and Space Administration 
PLSS  = portable life support system 
xPLSS = exploration portable life support system 
RCA = Rapid Cycle Amine  
RCRS = Regenerable Carbon Dioxide Removal System 
SERFE = SWME Express Rack Flight Experiment 
SWME  = suit water membrane evaporator 
TRL  = Technology Readiness Level 
xEVAS = Exploration Extravehicular Activity Services 

I. Introduction 
NE of the most fascinating and complex systems in existence today is the United States Extravehicular 

Mobility Unit (EMU). The EMU was the spacesuit used for the Space Shuttle program and was enhanced to 
effectively use it on the International Space Station (ISS). What makes it complex is that it is essentially a spacecraft 
with very specific technologies to survive and protect the crew member. The EMU has essentially become an icon for 
NASA. Over nearly four decades, there has been a steady progression of spacesuits to serve specific programs. The 
various programs include Mercury, Gemini, Apollo, Shuttle, and the ISS. The historical accomplishments are evident 
in NASA’s spacesuits throughout the various programs as reflected in the image shown in Figure 1.1  

Although the predecessor suits laid the foundation for crew survival and the Apollo suit enabled man to walk on 
the Moon, it would be the EMU that would become the true workhorse. The EMU is the spacesuit currently worn by 
a crew member during spacewalks on the ISS. The EMU has been in operation for almost four decades. It was designed 
to operate in the weightlessness of Low Earth Orbit (LEO) and to be robust. It was the EMU that constructed the ISS 
and maintained and upgraded the Hubble Space Telescope. Figure 2 depicts NASA astronaut Andrew Morgan posed 
in the EMU in 2019.2  

O 

Figure 1.  Mercury, Gemini, Apollo, Shuttle, and ISS (Image created by 
Jeannie Corte) 
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As NASA plans for missions to the Moon and 
Mars, a different kind of spacesuit will be 
needed—one that will be tolerable of gravity and 
dust. The new spacesuit will need to have 
increased mobility as well as sustainability. For 
the last 15 years, NASA has been developing the 
next generation spacesuit which has led to the 
Exploration EMU (xEMU) design. A rendition of 
the xEMU is shown in Figure 3.3 This is the first 
new NASA extravehicular activity (EVA) 
spacesuit designed in over 40 years. The xEMU 
prototype is currently being assembled and tested 
at the Johnson Space Center (JSC) in Houston, 
Texas as a Design, Verification, and Testing 
(DVT) unit. The xEMU was the culmination of 
decades of lessons learned, a comprehensive and 

far-reaching schematic study along with decades of technology development. In the schematic study, NASA engineers 
meticulously evaluated the portable life support system (PLSS) schematics and technology options employing detailed 
design and operational data as inputs to a painstaking formal design engineering process known as the Robust Decision 
Making Process, originated by Dr. David Ullman.4 This study was an infusion path for certain technologies. It was 
facilitated by design engineers, crew members, flight operations, and management. Thereafter, many years of 
technology development ensued to reach a point whereby the technologies in the study were integrated into the 
Exploration (xPLSS) prototype. The development was facilitated by multiple programs over the years including 
Constellation, Exploration Technology Development Program, Advanced Exploration Systems (AES), and ISS. It is 
important to note that the programs that fund the technology development have a large say in the development 
direction. The schematic chosen as a result of the schematic study mentioned above was influential because it could 
support several mission architectures.5 Although it has not been easy to align technology development toward the 
different EVA architectures, technology priorities, and the design reference missions for the programs, the entire 
technology progression has led to the formulation of the xEMU design. This paper focuses on the PLSS schematic 
study, the recommended schematic, the selected technologies, and the infusion path of these technologies which was 
instrumental in influencing and shaping the design of the xPLSS protype.  

II. Background 
Many spacesuits have been designed and built to meet NASA’s various needs for human space flight. The EMU 

design was initiated in the early 1970’s and progressed through development at the same time as the Space Shuttle 
was developed. The EMU’s baseline design was targeted for the purpose of performing EVAs or space walks for the 
Space Shuttle Program. The EMU was later enhanced for the purpose of performing EVAs on the ISS. Although 
NASA is working on the xEMU, the EMU remains the only operational pressurized flight suit in the United States to 
contain a PLSS and a spacesuit assembly to enable space walks in zero gravity.6 The EMU provided environmental 
protection, mobility, life support and communication for the Space Shuttle crewmembers and continues to provide the 
same for ISS crewmembers to perform EVAs in Earth orbit.7 The EMU was not intended for lunar surface exploration. 
However, it is a highly complex system utilizing many sophisticated technologies, especially those within the PLSS. 
The EMU’s PLSS was based heavily on spacesuit technologies used to explore the surface of the Moon in the late 
1960s and early 1970s.8 Figure 4 identifies the EMU along with several pertinent components including the PLSS and 

 
Figure 3.  Exploration 
EMU 

 
Figure 2.  NASA astronaut 
Andrew Morgan in the EMU 
spacesuit montage. 
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the liquid cooling and ventilation garment (LCVG) that enable a crewmember to perform EVAs and survive the harsh 
environments of space.9 

EVA spacesuits have met the needs for human space flight by facilitating crewmembers to walk on the surface of 
the moon, save Skylab, inspect critical components outside the Space Shuttle, build the ISS, capture satellites, repair 
the Hubble Space Telescope, and perform many other critical jobs during the history of human space flight.10 In 
particular, the EMU has met the needs of the Space Shuttle and the ISS for over 40 years.  

As in the past with EVA spacesuits, the xEMU must continue to be safe, reliable, and must provide a high degree 
of performance capabilities. The xEMU incorporates the lessons learned from the previous EVA spacesuits and 
incorporates an array of new technologies to accomplish its mission on the lunar surface as well as in microgravity 
environments. The xEMU is unlike the EMU as it is a rear entry spacesuit which will have more mobility and 
flexibility of movement. The xEMU pressure garment will incorporate innovations to allow for more natural 
movement, more diverse and improved sizing for the crewmember, and the ability to complete more diverse tasks on 
the lunar surface. Likewise, innovations are incorporated in the xPLSS. One of the more significant innovations is the 
regenerative carbon dioxide (CO2) removal system which eliminates the need to logistically change out the CO2 
collection canisters as was the case in the EMU. Another one in the xPLSS is a heat rejection capability with hollow-
fiber membranes that when exposed to vacuum provide cooling for the crewmember. Others include a backplate, an 
upgraded communication system, a redesigned display and control system, and cameras with better data transmission. 
The xEMU marks a new era in spacesuits incorporating technology advancements as well as lessons learned from the 
past. Figure 5 provides a glimpse of the innovations in an xEMU infographic.11 

 
Figure 4.  Extravehicular Mobility Unit with components. 
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III. The Schematic Study 
To understand the progression in innovations from the EMU to the xEMU, it is important to understand the origin 

of how the advanced technology selection process took place and the rationale used for infusing those technologies 
into the xEMU PLSS. The xEMU PLSS is also referred to as the xPLSS in this paper. Many of the advanced 
technologies selected for the xEMU PLSS stemmed from a schematic study titled, “Constellation Space Suit System 
Portable Life Support System (PLSS) Schematic Selection Study” initiated in 2005 culminating in a final report in 
2007.4 This extensive 18 month schematic study was performed to identify technologies and an associated technology 
roadmap for the development of the Constellation Space Suit System (CSSS) PLSS. The study consisted of two phases, 
Phase I and II. 

Phase I of the  comprehensive study conducted in the first year involved two separate and independent assessments, 
one from industry and one from academia, resulting in the evaluation of 36 independent PLSS schematics from more 
than 500 function-satisfying ideas. Of these 36, the four highest rated PLSS schematics were selected for further 
review.  

Phase II of the study was conducted by the CSSS PLSS Team over a 6-month period. During Phase II, a total of 
six schematics (4 from Phase I and 2 added by the CSSS PLSS Team) were technically evaluated. The four highest 
rated schematics from Phase I included two from the industry assessment and two from the academic assessment. 
Additionally, the CSSS PLSS Team selected two additional schematics to evaluate which were combinations of the 
original highest rated schematics.  

Evaluators were selected based on their expertise in the EVA and engineering disciplines. However, the Phase I 
assessment emphasized a large group of participants to generate many creative solutions whereas the Phase II 
assessment emphasized a small group (7 experts) to specifically aim at arriving at a final schematic selection for the 
CSSS PLSS. In the Phase II, NASA engineers evaluated the six schematics with technology options by implementing 
a formal design engineering process described in the introduction section of this paper.11  

Ultimately, the study was completed, culminating in technologies recommended as the baseline architecture for 
the CSSS PLSS which has influenced the technologies selected for the xEMU. The focus of this paper is to emphasize 
the selected technologies and the parameters used for the technical evaluation of those technologies. The approach to 
evaluating the schematics, the criteria used in the evaluation process, the final recommended technologies, and how it 
relates to the xEMU PLSS are discussed. 

 
Figure 5.  Exploration Extravehicular Mobility Unit (xEMU) 
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A. Robust Decision Making Process 
Dr. David Ullman is a well-known product designer, researcher, and instructor on product design and decision-

making best practices. In his book, The Mechanical Design Process, Dr. Ullman discusses that there are many 
solutions for design problems. In particular, he advises that the goal in design is to find a good solution that leads to a 
quality product with the least amount of time and resources.12 Ultimately, the goal of the CSSS PLSS Team was to 
make knowledgeable decisions about the technologies that met the specified criteria and fit within the projected 
schedule. Finally, the success is also governed by the resources needed to facilitate the development over time. The 
first step in this pursuit is to evaluate the technologies that meet the criteria. That is exactly what the CSSS PLSS team 
set out to do and accomplished.  

Traditional decision-making methods do not do a good job of helping to manage risk and uncertainty. Dr. Ullman 
presents several approaches to evaluate technologies. The CSSS PLSS team reviewed those approaches and selected 
a methodology for Robust Decision Making. Dr. Ullman derived a formal methodology for making superior choices 
among various options. He recommends a method of evaluation known as the decision-matrix method or Pugh’s 
method.13 This is a method to handle complexity including qualitative and quantitative evaluations. It is a means of 
scoring alternative concepts in their ability to meet criteria. It can also be used to develop the strongest alternatives 
rapidly. This methodology guides its users in a clear manner through the decision-making process. The CSSS PLSS 
Team used this methodology in a manner to evaluate six schematics with technology options. The steps of this 
methodology used by the CSSS PLSS include the following:  

• A group of evaluators selected and established numerical weights for evaluation criteria. 
• The individual evaluators assessed knowledge, confidence, and belief for each combination of criterion 

and option. 
•  The group of evaluators established a consensus belief score for each combination of criterion and option 

in a face-to-face meeting and selected the option to pursue.4 
The criteria and weighting used for Phase II to evaluate the options were determined by starting with the Phase I 

criteria. Thirteen Phase I criteria were developed by the PLSS schematic study participants to evaluate the PLSS 
schematics generated for the study. The evaluation criteria formed a standardized way in which the schematics could 
be compared. The criteria were created and scrutinized over several rounds with all parties. A weighting factor was 
determined for each criterion by averaging the rankings of all PLSS schematic study participants and the PLSS 
community. Table 1 identifies the thirteen weighted criteria. Seven criteria were considered as non-discriminatory 
between the schematics. Therefore, those criteria were eliminated in Phase I. They are as follows: 

• Reliability – The probability that a system will be operable 
when needed to perform its given function with a minimum of 
maintenance and redundancy. 
• Robustness – A measure of how well a component or system 
performs under harsh or unexpected conditions, under failure 
conditions, and in degraded performance modes. 
• Safety – All aspects of concept safety including fire, 
explosion, heat, biological hazards (e. g. hearing, respiratory, 
radiation protection), materials and human factors 
(ergonomic) hazards. 
• Commonality – Ability of components or subsystems to be 
interchangeable within the PLSS or used or adapted in other 
systems other than the PLSS. 
• Life Cycle Cost – This cost should include the development 
costs to TRL 6, cost per flight unit, ground processing and 
maintenance costs including specialized ground facilities, and 
cost to upgrade technologies or adapt from Lunar use to Mars 
use. 
• Effort to TRL 6 – An assessment of the schedule, time, and 
cost required to develop the concept to TRL 6.  

The thirteen Phase I criteria were pared down to seven criteria since the schematics in the final running met the 
other six criteria. For example, Safety was eliminated as it was not a discriminator of the top six schematic options. 

Table 1.  Phase I Weighted Criteria 
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Seven criteria remained (four quantitative and three qualitative) that were still discriminators. These seven criteria 
were chosen, ranked, and weighted by group consensus. Table 2 identifies the seven weighted criteria.4 

Four of the seven criteria were objective criteria and include the following: 
• PLSS mass - On-suit mass based on system components, 

including consumables at the beginning of the EVA. 
Consumables include the water and oxygen needed for an 
EVA.  

• PLSS volume - On-suit volume based on system 
components. 

• System mass - Total gross liftoff mass needed to fully 
support the PLSS no matter where it is used in the 
Constellation vehicle architecture. This would include four 
nominal PLSS’s and two spare PLSS’s. However, this does 
not include EVA tools nor the Space Suit Assembly (also 
call the Pressure Garment System). Since this is a PLSS 
evaluation, tools and suit mass are not included in this 
system mass. 

• System volume - Total gross liftoff volume required to fully 
support the PLSS no matter where it is used in the Constellation vehicle architecture.  

The three criteria considered qualitative in nature and treated subjectively by each evaluator included the following:  
• Operability – Ease of system operation when the system functions as designed. 
• Maintainability – Activities required to prevent or correct any failure of the PLSS to function as designed. 
• Multimission use – Ability to function in various environments. 

The evaluators assessment employed the Robust Decision Making Process with the decision-matrix methodology 
as an improved approach by Dr. Ullman that indicated what was meant by believing a concept met a criterion. 
Therefore, in the Phase II study, the team used the definition by Dr. Ullman for “belief” as meaning “confidence 
placed on an alternative’s ability to meet a target set by a criterion, requirement, or specification, based on current 

knowledge.” They also looked at the probability of complete 
“knowledge” meaning “a measure of the information held 
by a decision maker about a feature of an alternative defined 
by a criterion.” As well, “confidence” was employed as the 
probability the criterion was fully met. Ullman’s definition 
of “confidence” means “the evaluation of the alternative 
compared to the criteria targets.” Each option would receive 
a belief score for each evaluation criteria calculated using a 
Bayesian method. Ultimately, a Belief Map as shown in 
Figure 6 would be created and multiplied by the criteria 
weight to determine the weighted belief. Then, the 
satisfaction is the sum of the weighted belief scores.  

B.  The Primary Schematic Selection 
 The PLSS is a self-contained, reliable, and maintainable on-back life support subsystem that can independently 
sustain a crew member inside a spacesuit without the reliance of an umbilical connected to the vehicle. A primary 
schematic was selected for further development of the PLSS. The schematic is a simplified diagram of the fluid and 
mechanical functions of a PLSS. The recommended technologies are listed on the schematic and are detailed in Section 
III C. The technologies include a 3000 psi gaseous oxygen component for the primary oxygen supply, one fan to 
provide the ventilation throughout the system, a Rapid Cycle Amine (RCA) component for CO2 removal and moisture 
removal, and a suit water membrane evaporator (SWME) component for thermal control along with a resistive heater 
for heat. A lithium-ion battery is used for the power supply. The academic study emphasized the need statement for 
the PLSS design as follows: “Design a maintainable, reliable, self-contained, and self-sustained system to provide all 
of the life support needs for a human working in a mobile anthropomorphic space suit, while allowing operator 
functionality in the expected space environment.”14 The PLSS schematic represents that functionally. The primary 
schematic recommended is shown in Figure 7.15  

 Table 2.  Phase II Weighted Criteria

 
 

 
Figure 6.  Belief Map 
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C. Technologies of Choice 
Based on the study results, a technology road map was created to further the recommended technologies with a 

goal of increasing Technology Readiness Level (TRL). The road map recommended timelines. However, the timelines 
are not addressed in this paper. The emphasis in this paper is to highlight the individual technologies as advanced 
technologies recommended for integration into the complex xPLSS prototype configuration.  

In the academic study, viable technologies were grouped into integrated schematics. The focus was on key 
functions of a PLSS which included oxygen supply, waste removal, thermal control, and power. In addition, one key 
criterion used for the technologies was that only technologies that were expected to be at or beyond the NASA TRL 
6 by the specified need dates were considered.14 Also, critical parameters used for technology selection and integration 
into a schematic was creating a PLSS schematic that was lighter and smaller than previous historical PLSS 
technologies. The target space 
environments included zero-g, lunar 
surface, and Martian surface with the goal 
to produce multiple systems that could 
function in their specific use 
environment. The Extravehicular 
Activity System Sizing Analysis Tool 
was developed by NASA and was used 
by both the industry and the academic 
teams to analyze mass and volume 
parameters and to balance power and 
thermal loads on the integrated PLSS 
system.14,15 Table 3 identifies the 
addressed functions and the technology 
of choice.   

 
1. High Pressure GOX Storage and Delivery 

The Apollo PLSS, the Shuttle PLSS, and the Russian PLSS all shared similar technologies which included high 
pressure oxygen storage, sublimator for heat rejection, batteries for power, lithium hydroxide for CO2 control, and 
charcoal for trace contaminant control. The schematic study recognized that the Apollo PLSS design was excellent. It 
created a low mass and low volume PLSS.14 

To maintain the crew member in space, the spacesuit via the PLSS primary oxygen loop provides oxygen for 
metabolic consumption. The primary oxygen loop also provides oxygen for pressurization and leakage make-up. The 

 
Figure 7.  Primary schematic recommended 

Table 3.  PLSS Functions, Recommended Technologies of Choice, 
Rationale, and Strengths & Weaknesses 

 

Functions Technology of Choice Rationale Strengths & 
Weaknesses

Oxygen Supply High Pressure Gaseous Oxygen Storage Rechargable on orbit, 
lighter & less parts

Thermal Control Suit Water Membrane Evaporator
Less water 
contamination & can 
operate on Mars

CO2 & Moisture 
Removal Rapid Cycle Amine Reduce logistics and 

resupply

Power Li-ion Polymer Batteries Increase battery life & 
higher energy density

Strengths
Reduced Volume
Reduced System Mass
Robustness
Operability
Reliability
Less logistics

Weaknesses
Poor on-suit Mass
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secondary oxygen loop provides redundancy for all oxygen and ventilation loop life support functions. The schematic 
recommended in Figure 7 employs a high pressure (3000 psia) primary gaseous oxygen (GOX) system. Also, it was 
recommended that a continuously variable suit pressure set point be considered for the regulator. The pressure in the 
Shuttle/ISS EMU primary oxygen vessel is 950 psia and the secondary oxygen vessel is 6000 psia. Both the primary 
and secondary oxygen vessels are recommended to be 3000 psia. The same pressure for both the primary and 
secondary loops is recommended because it enables the common, in-situ recharge of both the primary and secondary 
oxygen vessels via umbilical from the vehicle. The Apollo PLSS secondary loop was not rechargeable from the vehicle 
during a mission, and neither was the Shuttle PLSS nor was the ISS PLSS. There are several advantages to having a 
lower storage pressure of 3000 psia over the 6000 psia including the following:16  

• Although it is not currently performed on ISS, the capability exists to recharge the 3000 psia oxygen system. 
The compressor on ISS is the Oxygen Recharge Compressor Assembly.16 

• Although the ignition in pure oxygen systems exists at 3000 psia, it is a higher risk at 6000 psia.16  
• Avoid having to mitigate the risk of gas expanding through the regulator drop to the frost point of the supply 

gas when operating at the 3000 psia. This was an issue for Apollo EMU operations known as the Joule-
Thompson expansion cooling issue. For the Shuttle/ISS EMU, the Joule-Thompson posed a different 
problem, but it still had to be mitigated. One of the contamination mechanisms for collecting hydrocarbon 
oil in the regulator seat area was theorized to be vapor condensation from the -60F temperatures achieved 
during expansion across the seat when fed with oxygen per SE-S-0073 which allowed for 55 ppm total 
hydrocarbons counted as methane. Under this scenario, the several hundred pounds of nitrogen and then 
oxygen flowed through the regulator during acceptance testing yielded a risk of contamination. To correct 
for this situation, liquid nitrogen cold traps were installed in front of the Secondary Oxygen Pack regulator 
during ground processing. This would be another mitigating issue for the vehicle if attempting to provide a 
6000 psi gas supply.16 

Although the high pressure GOX system would require higher level of cleaning, it has less parts than the liquid 
oxygen system (LOX) alternative. In addition, the high pressure GOX in combination with the fan rated slightly better 
than the liquid oxygen system masked based systems. LOX masked based systems are like those that provide breathing 
oxygen for masked pilots in fighter aircraft. The goal was to use lightweight 3000 psi bottles of oxygen. However, it 
would require a primary stage regulator to reduce the second stage regulator inlet pressure to approximately 200 psi. 
Therefore, a redesign or recertification of the regulators would be necessary so that they could operate at a wider 
regulation band should the first stage regulator fail open. Additionally, a pressure gage would be needed to alert the 
crew and ground should a fail-open situation occur. Also, the amount of oxygen needed may increase slightly due to 
loss of some oxygen overboard during the RCA regeneration and venting to vacuum.   

 
2. Suit Water Membrane Evaporator 

The SWME was concepted, designed, built, and tested by engineers at NASA Johnson Space Center. The testing 
of a SWME occurred as early as 1999. A SWME is similar to a sublimator. However, it uses evaporative cooling to 
cool the crew member instead of sublimination. One reason the SWME was selected is that it was projected to be less 
sensitive to water contamination than sublimination. In 
the PLSS schematic recommended, the SWME provides 
gas venting capability to the PLSS thermal loop and 
permits control of heat transfer rate via back pressure 
regulation. The testing in 1999 served as a technology 
demonstration of SWME performance in a concentric, 
dual sided design and proved the feasibility of SWME for 
heat rejection and back pressure regulation. At the time, 
hollow fiber membranes were not tested. However, they 
were considered as a promising alternative that could 
offer reliability and robustness over a single flow through 
annulus using a fragile flat-sheet membrane. Another 
advantage of the SWME is that it could operate on Mars 
to some degree whereby the sublimator would not work 
due to the atmosphere on Mars. Figure 8 is a rendition of 
the SWME test article in 1999. 

By 2011, the SWME continued to be a viable technology for PLSS component development. It was evident that 
the SWME provided several advantages over the current state-of-the-art sublimination. The SWME offered the ability 

 
    Figure 8.  SWME test article in 1999 
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to perform in a Martian atmosphere, provided 
decreased sensitivity to water quality, provided 
increased operational life, and simplified the PLSS 
schematic, because it had the ability to vent 
entrained gas from the water loop to the atmosphere, 
which eliminated the need for a separate gas 
separator. Also, the sublimator only has a life 
certification for 25 EVAs whereas the SWME had a 
goal of 100 EVAs. The SWME was tested 
(performance mapping and life tests), analyzed, and 
the design was refined. The new design decreased 
mass and volume, refined the fidelity of the 
packaging, and had a higher fidelity back pressure 
valve. Thereafter, there were still optimizations and 
advancements to be achieved including evaluating 
performance in low pressure environments, control 
value technology development, physical interfaces 
refined, electronics upgraded, and integrated testing 

with other PLSS components. Figure 9 depicts several generations of the SWME hardware at that time.10 
By 2018, the SWME was well on its way in development as a game-changing technology. However, it was identified 
as having the highest amount of uncertainty of the xEMU technologies for operation in microgravity. Therefore, a 
flight experiment was proposed to the ISS Program and was accepted. The experiment was identified as the SWME 
Express Rack Flight Experiment (SERFE). Figure 10 depicts the SWME and the SERFE and how the SWME maps 
into the SERFE. The plan for the project was to gather data for at least one year for the xEMU team.17 The SERFE 
became a flight experiment after being launched on NG-14 in October 202018 and began operations on orbit in the ISS 
in November 2020 when the crew started reviewing procedures for the SERFE installation.19 The SERFE goals 
included evaluation of the SWME heat rejection performance, degassing performance in microgravity, and for 
extended mission duration; demonstration of material interactions between the thermal loop, feedwater, microbial 
activity, and biocide impacts over an extended period of time and with intermittent operation; and requirement 
verification of xEMU components.18,20 

3. Rapid Cycle Amine Carbon Dioxide and Moisture Removal 
 The RCA is a vacuum-regenerable technology for CO2 and humidity control. It employs a solid amine sorbent in 
an alternating 2-bed configuration. While one bed adsorbs CO2, the other bed desorbs the CO2 to vacuum. The RCA 

 
  Figure 9.  Multiple generations of SWME hardware 

 
     Figure 10.  SERFE Testing on ISS 
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technology has long been a capability desired for EVA operations. The current EMU technology uses “single use” 
adsorbent (lithium hydroxide or metal oxide) which increases operational logistics and costs. At the time of the study, 
the RCA appeared to be developed sufficiently enough to offer significant advantages over lithium hydroxide for CO2 
control. It was assumed that the crewmember’s humidity levels would be controlled with the RCA.14  
 At the time of the schematic study, the RCA technology was at a TRL 5. This level was based on the Regenerable 
CO2 Removal System (RCRS) developed at JSC for the Shuttle Orbiter as part of the Extended Duration Orbiter 
program. The regenerable amine sorbent used in the RCRS was a solid, porous, and inert substrate coated with 
polyethyeneimine designated as HS-C.21 The HS-C amine was a different amine than used in the RCA (SA9T). An 
early RCA concept was configured with a pneumatically actuated spool valve to direct the ventilation flow and vacuum 
porting to the appropriate bed. 
 It was indicated at the time of the schematic study that the development difficulties of the RCA were well 
understood. This was mainly due to the benefits gained from existing NASA research efforts and past experimental 
and flight programs. For the PLSS, the technical development of the RCA entailed the buildup and testing of an actual 
to-scale RCA. The size and geometry of the beds were deemed important in the operation of the RCA.  
 The RCA canister is designed as a two-bed system that is constructed such that the bed exposed to ventilation loop 
conditions is in thermal contact with the bed exposed to the vacuum regeneration path. Exothermic heat in the 
adsorption bed is thereby moderated and cooled by the regenerating bed undergoing the reverse endothermic 
desorption cycle. Thus, areas of concern include the cycle time, adsorption rate, and regeneration efficiency which are 
highly dependent on the geometry of the RCA amine beds and the flow through the beds. Performance can be driven 
by issues with particulate contamination, channeling, and bed poisoning. Another area of concern is packing issues 
which may be impacted by movement and vibration during an EVA. The possible variability in performance warrants 
testing at various metabolic profiles and environmental conditions to assess issues such as over drying, under 
adsorbing, and operational concerns. Thus, testing the RCA would become essential to the technology’s 
maturation.15,23 
 The recommendation from the study was instrumental in setting the course of action for the RCA development.  
The RCA proceeded to be developed to a point whereby it was a candidate for the xEMU PLSS. The progression of 
the RCA prototypes is shown in Figure 11.22,23   

 
4. LI-Ion Polymer Batteries 
 The NASA Shuttle EMU was used as the baseline technology for the batteries. The technology for batteries was 
limited life silver zinc. The goal was to aim for a higher energy density and longer life. Lithium-ion (Li-ion) batteries 
were recommended because they can accommodate many recharge cycles. Li-ion polymer batteries at the time of the 

 
    Figure 11.  RCA Units 1.0, 2.0, & 3.0 
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schematic study were estimated to have a specific energy density of 90 Wh/kg. At the time of the study Li-ion polymer 
batteries had a TRL of 5. Additionally, the batteries could recharge in minutes from a source such as the habitat or 
rover. At the time of the study, Li-ion batteries were being used in unmanned subsea vehicles. Only recently had they 
been used on a manned submersible. There was a lot of interest in the technology at the time and it was being closely 
monitored by the subsea industry.14 
 Since 2002, Li-ion batteries were being developed by Glenn Research Center. These were high power density 
(kW-hr/kg) rechargeable battery systems. At the time of the study, it was believed that NASA could benefit in 
postponing development as industry was interested in developing the technology as well. However, if the Li-ion 
batteries were pursued, it was thought to be considered a risk until the technology for long-duration flight qualified 
units had been proven to be reliable and rechargeable in space with minimal hazard.15 Enhancing battery performance 
could reduce PLSS mass and volume, or allow for additional power capability.  

IV. Future Research 
In September 2021, NASA released a solicitation for Exploration Extravehicular Activity Services (xEVAS). The 

resulting contract will leverage government and/or commercial investments to provide an EVA system (space suit, 
associated hardware, and services) for a successful demonstration in a relevant environment and initial certification 
for first use by NASA crew members. The xEVAS effort will leverage the progression of the technologies since the 
PLSS schematic study was completed. NASA and industry will ultimately benefit from the decades of spacesuit 
technology development as they continue to pursue the ability to successfully operate within a spacesuit on the lunar 
and Martian surfaces. 

V. Conclusion 
Over nearly four decades, there has been a steady progression of spacesuits to serve specific programs. The various 

programs include Mercury, Gemini, Apollo, Shuttle, and the ISS. The first suit with a PLSS design was the Apollo 
Suit. The schematic study recognized that the Apollo PLSS design was excellent as it created a low mass and low 
volume PLSS. However, the EMU became the true workhorse. The EMU has been in operation for almost four 
decades. At the onset of the Constellation program in 2007, it was decided that a PLSS schematic study was necessary 
to consider a spacesuit that could operate on the lunar and Martian surfaces. These forecasted extended operations 
posed many challenges. These challenges continued to be a priority as different programs over the last 15 years 
advanced the development of the spacesuit including the Constellation, Exploration Technology Development, AES, 
and the Exploration Programs. The ISS also contributed as it was planned as a demonstration platform for the xEMU 
prototype.  

The investment into the PLSS schematic study has proven worthwhile. The study became the infusion path that 
was pivotal in continuing the development of technologies recommended for a baseline architecture for the xPLSS 
prototype as it is today. The study provided the foundation in which decisions were made to recommend the candidate 
technologies. The PLSS schematic study was an 18-month 2-phase effort that included an industry study and an 
academic study culminating in the Phase I and lasted approximately one year. The Phase II was a 6-month effort to 
assess the results of the Phase I by a small group of experts with a goal to down select the technologies. The Phase I 
was based on a set of 13 criteria which was weighted, ranked, and use to evaluate each technology as a candidate for 
the PLSS schematic using robust decision-making methodology. The Phase II took the results of Phase I and used a 
set of 7 criteria to further evaluate each technology as a candidate to infuse into a PLSS schematic. A recommended 
success oriented PLSS schematic surfaced with candidate advanced technologies. These technologies included a high 
pressure (3000 psia) GOX system, SWME, RCA, and Li-ion polymer batteries. These technologies have been funded 
by various programs which catapulted them into an infusion path of development for over 15 years resulting in being 
integrated into the xPLSS prototype which is being tested at JSC at the writing of this paper. Overall, there is a need 
to understand infusion paths, factors, and processes such as those that have influenced the xPLSS prototype leading 
to the successful integration of advanced technologies into a complex system. The information presented herein can 
be used to help guide NASA, academia, and industry with the knowledge to facilitate them in integrating their own 
advanced technologies more effectively and efficiently into flight hardware efforts.  
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