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As human exploration of space expands past low earth orbit and into cislunar space and 
beyond, NASA’s next generation Extra-Vehicular Activity (EVA) system will need 
technologies exceeding the performance of today’s state-of-the-art system that has served the 
Space Shuttle and the International Space Station (ISS) well.  The responsibility of the EVA 
System Maturation Team (SMT) is to maintain awareness of contemplated future missions 
and the resulting requirements of an EVA system, and to identify and prioritize the 
technology capabilities required to enable the EVA system to perform the proposed 
missions.  Success is measured as all of the identified technologies being ready for flight 
system implementation by that system’s Preliminary Design Review (PDR).  This paper 
discusses the methodology employed by the EVA SMT to identify, prioritize, and implement 
technologies for this purpose.  It also includes a discussion of the current state of technology 
maturation and some key priorities for ensuring 1) the successful sustaining of the ISS EMU 
until the ISS end of life, including where ISS has and will be used as a testbed for exploration 
space suit technologies, 2) the completion of the Orion Crew Survival System (OCSS) for 
Orion missions, 3) the enabling of an exploration space suit for cis-lunar missions, and lastly 
4) the enabling of the Mars exploration space suit for future envisioned surface operations. 

Nomenclature 
ARCM = Asteroid Retrieval Crewed Mission 
DRM = Design Reference Mission 
ECLSS = Environmental Control and Life Support System 
EMU = Extravehicular Mobility Unit 
EDaR = EVA Data Recorder 
EEWG = Exploration EVA Working Group 
EVA = Extra-Vehicular Activity 
GCD = Game Changing Development 
HEOMD = Human Exploration and Operations Mission Directorate 
HRP = Human Research Program 
ISS = International Space Station 
LEA = Launch, Entry, Abort 
LEO = Low Earth Orbit 
mEMU = Mars Extravehicular Mobility Unit 
PDR = Preliminary Design Review 
PPBE = Program Planning, Budgeting, and Execution 
PLSS = Portable Life Support Subsystem 
SMT = System Maturation Team 
OCSS = Orion Crew Survival System 
PDR = Preliminary Design Review 
SBIR = Small Business Innovative Research 
SERFE = SWME EXPRESS Rack Flight Experiment 
SSA - Space Suit Assembly 
SWME = Suit Water Membrane Evaporator 
                                                           
1 EVA SMT Lead and Chief, Space Suit and Crew Survival Systems Branch, NASA-JSC/EC5. 
2 EVA SMT SE&I Lead, Space Suit and Crew Survival Systems Branch, NASA-JSC/EC5. 
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TRL = Technology readiness Level 
xEMU = Exploration Extravehicular Mobility Unit 

I. Background 
In the Fall of 2013, the NASA Human Exploration and Operations Mission Directorate (HEOMD), as part of their 
implementation of a capability driven approach to future missions, established System Maturation Teams (SMT).  

The stated purpose of the SMTs was to “fully develop a roadmap that defines the activities required to advance 
critical capabilities, the means of demonstrating system performance, and the implementation planning to achieve 
the steps of the roadmap.”   There were initially fourteen SMTs formed across the agency and included areas such as 
extra-vehicular activity (EVA), Environmental Control and Life Support Systems (ECLSS), Thermal, Radiation, 
Crew Health & Performance, and others.   

The EVA SMT is led by the hardware development organization within NASA’s Crew and Thermal Systems 
Division with a representative from the EVA Management Office serving as deputy.  The core team further includes 
a senior systems engineer as the integrator, the system managers from current EVA and Launch, Entry, Abort (LEA) 
flight systems, project managers for current EVA and LEA development projects, and the implementing technology 
team leads.  To address the needs of the complete EVA system, which includes both EVA and LEA subsystems, the 
team aims to: 

 Identify, champion and mature technology as to support, enable, and enhance current and future missions. 
 Prioritize investments given the current hardware status and anticipated mission scope and schedule 
 Communicate plans and needs with projects, stakeholders, and funding sources 

To achieve these aims, the EVA SMT has systematically developed a capability driven approach for the full 
spectrum of mission scenarios that identifies technology gaps and allows for their team level assessment and 
prioritization.  As to identify, prioritize, and communicate gaps effectively, a repeatable process is used.  The goal is 
to implement this process at an annual cadence to prepare for annual program funding calls.   

II. Mission Scenario and System Definition 
During the initial iteration of this process in 2012, the mission that NASA was working to enable was the 

Asteroid Redirection and Utilization Mission.  In 2014, the design reference missions (DRM) were expanded by the 
Agency strategy teams to include Earth Reliant Missions, Cis-Lunar Space Proving Ground Missions, Lunar Surface 
Missions, Phobos/Mars Orbit, and Mars Surface missions.  The details of these DRMs required consideration of an 
Exploration Augmentation Module that would support ~10 microgravity EVAs, a Mars Transit Habitat that would 
require contingency EVA, milli-gravity EVA on the Mars moons of Phobos and Deimos, and Mars Surface EVAs.  
All of these options had greatly different EVA and space suit demands, but as the asteroid mission was the only 
officially sanctioned and funded effort, priority was placed upon enabling that mission.  Since the Agency level 
DRMs had been continually changing and evolving since the end of Constellation Program, in 2016, the EVA SMT 
elected to proactively develop generic mission scenarios that would be relevant to almost any contemplated DRM 
and then re-prioritized the gap list accordingly. 

The capability driven approach required that the SMTs understand the breadth of potential mission scenarios, 
and, in lieu of programmatic guidance, select the most likely options as a baseline for establishing capability needs 
between LEO and the Martian surface.  This has been a critical step since the Constellation Program due to many 
possible scenarios being evaluated- with many of them having significant impacts on suit capabilities.  For example, 
during the Constellation Program, the desire was to have a “suit system” that would be minimize the total number of 
parts for a system that would perform LEA, in-space EVA, and Lunar surface EVA.  Then the Asteroid Redirect 
Crewed Mission (ARCM) required a LEA suit for Orion and then a kit that would extend the LEA suit capabilities 
to include multiple short, non-complex EVAs for acquiring asteroid samples.  Other concepts developed during the 
recent past included scenarios for surface EVAs that would require the suit to be directly docked to the vehicle 
exterior via a suitport, which has many impacts on the EVA system including prolonged external environment 
exposure, vehicle pressure matching, exotic hatch to vehicle sealing methods, significant packaging constraints, and 
others.  Even further out scenarios evaluated for Mars’ moons included very long low gravity excursions.  To 
narrow the frame of possibilities, the EVA SMT reviewed the aims of the Human Exploration and Operations 
Exploration Objectives (NASA HEOMD-001)1 to understand high level Mission Directorate needs and current 
trends in the Mars Study Capabilities team outbriefs to formulate corresponding EVA planning operational concepts 
to aid SMT decision making. When there was no clear direction, the EVA SMT chose to pursue paths that best fit 
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HEOMD’s Strategic Principles of Sustainable Exploration2, with emphasis on fiscal realism, gradual build-up of 
capability, and architecture openness and resilience.  This process yielded a three phased approach aligned with 
HEOMD’s exploration roadmap, with an off-ramp opportunity for lunar surface excursions in the second phase, and 
a two-suit system to meet the full scope LEA and EVA suit system functions. 

The Phase 1 EVA Mission Scenario, as shown in Figure 1, meets the needs of the earliest human missions to cis-
lunar space.  The driving philosophy behind this phase is that crew will arrive via the Orion vehicle wearing their 
Orion Crew Survival Suits that will stay with each individual crew throughout their mission duration and be worn on 
the return to Earth.  EVA in Phase 1 is expected to be limited in nature and primarily to demonstrate EVA readiness 
for more complex mission tasks that may be required on a long duration transit to Mars or excursions on the lunar 
surface.  As such, not all crew will be assigned as EVA crew during this phase and a minimum of two complete 
EVA suit systems plus spares will likely be required.   
 
  

 
 
 
 
 

The Phase 2 EVA Mission Scenario builds upon the Phase 1 scenario and extends EVA capability to Mars transit 
stowage/quiescence durations and increased complexity microgravity EVAs.  Additionally, the EVA SMT elected to 
develop a Phase 2' (Figure 2) scenario to include the additional functionality required for moderate duration lunar 
surface stays.  For the Phase 2' scenario, the crew would again have dedicated LEA suits that stayed with each 
individual throughout the mission, but it was assumed that the EVA suit system would be augmented such that all 
crewmembers are “EVA crew” on the lunar surface and, as such, need their own surface EVA suits.  A minimum of 
two additional EVA suits will remain with the stack in cis-lunar orbit at all times to support unscheduled EVAs in 
microgravity.  To assist in dust management and reduce ascent mass, the LEA suits are worn to and from the lunar 
surface.  It was assumed that the surface EVA suits are launched in a separate logistics flight and rendezvous with 
the Orion in Lunar orbit for system checkouts prior to being stowed in the lunar lander for descent.  The surface 
EVA suits remain on the surface at the end of the mission and may be used as supplemental hardware and spares for 
future crews.   

Figure 1. Phase 1 EVA Mission Scenario 
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The final mission developed by the EVA SMT for this exercise was the Phase 3 EVA Mission Scenario (Figure 
3) to define capabilities and suit sequencing for a Mars surface mission.  In an effort to promote gradual growth of 
capabilities, the Phase 3 scenario mirrors the Phase 2’ scenario in many ways even though system requirements 
become more challenging with extended mission durations and complex EVA environments. The crew would again 
have dedicated LEA suits that stayed with each individual throughout the mission, but it is assumed that the EVA 
suit system would be augmented such that all crewmembers are “EVA crew” on the Martian surface and, as such, 
need their own surface EVA suits.  A minimum of two additional EVA suits will remain with the stack in transit and 
in Mars orbit at all times to support unscheduled EVAs in microgravity.  To assist in dust management and reduce 
ascent mass, the LEA suits are worn to and from the Martian surface.  It was assumed that the surface EVA suits are 
launched in a separate logistics flight and rendezvous with the transit stack in Mars orbit for system checkouts prior 
to being stowed in the Mars lander for descent.  The surface EVA suits remain on the surface at the end of the 
mission and may be used as supplemental hardware and spares for future crews. 

 

 
 
 
 
The final product of this phase of evaluation was text that the team agreed upon that describes “what capability is 
required when”.  The capabilities are summarized in Table 1.   
 
 

Figure 2. Phase 2' EVA Mission Scenario 

Figure 3. Phase 3 EVA Mission Scenario 
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The most notable change in suit system capabilities from previous iterations is the removal of the suitport as a 
requirement for the EVA missions.  In evaluating the breadth of mission scenarios, the EVA SMT concluded that 
the desire for “rapid and frequent EVA access” often cited by NASA architecture study teams could be achieved 
through multiple ingress/egress approaches – not exclusively the suitport approach.  Again relying on the Strategic 
Principles for Sustainable Exploration, the EVA SMT opted to pursue a higher pressure suit with a minimum 
volume airlock because this suit system architecture is more resilient to change within the greater mission 
architecture, allows for the suit system to evolve from cis-lunar to Mars surface operations without major design 
disruption, and is attainable within anticipated budget horizons.  These mission scenarios and associated system 
capabilities are intended to be fluid and will be updated as Agency missions are identified/refined, including the re-
insertion of suitlock or suitport technologies, if driven by the mission architecture in response to scientific need. 

III. Gap List Definition 
After defining mission capability needs, the EVA SMT directed its effort to identifying the architecture gaps. A 

gap is defined as the difference in the identified state the art and the required capability to perform the desired 
mission.  The first gap list was developed in 2013 as part of a broad Agency action for all of the SMTs.  The original 
list was a spreadsheet which included information for each entry such as function, title, descriptions, discriminators 
for when or what scenario required closure, enabling or enhancing, closure methods, funding status, rough cost 
estimate per gap, partner opportunities and major facilities required.  This data was submitted by each SMT for their 
area of focus and then integrated across the Agency.  To create the approximately 120 EVA system gaps, EVA SMT 
leadership created a template for the data and then enlisted the help of the subsystem leads (LEA, PLSS, and PGS) 
to populate the candidate gaps through multiple iterations of discussions for clarifications and prioritization.   

In 2014, the EVA SMT refined the low-level gap list to summarize the data at a higher level to enable quicker 
responses to data calls from Agency strategic planning and architecture teams.  The approximately 120-item gap list 

Table 1. EVA Mission Scenario Derived Suit System Capabilities 
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was summarized to 30 higher level items that were categorized into the new Agency mission categorization that 
centered on the 2014 Exploration Mars Campaign, which included missions to cis-lunar space, the moons of Mars, 
and Mars surface.  This format and level of detail was maintained until the current EVA Mission Scenarios were 
defined and implemented in 2016.   

Given the realignment of EVA mission scenarios to better match with HEOMD-001, the EVA SMT first re-
mapped the existing gaps to the Phase 0-3 objectives with corresponding designations for “enabling” and enhancing 
to provide greater insight into how technologies could evolve from demonstration opportunity to implementation 
need.  For the progression, it was assumed that gaps spanning across multiple phases are solved at the first 
mandatory need date.  The gap list revision also included the introduction of new categories for unique identifier, 
closure criteria, current status, and priority.    The unique identifiers are intended to be assigned only once and stay 
with each individual gap through its life cycle and closure/retirement.  The closure criteria element is intended to 
provide specific discrete activities or deliverables that must occur to transition a gap through phases and to 
completion.  The gap current status is intended to assist in real-time tracking of gap closure progress against closure 
criteria to enable rapid state of EVA system assessments.  The priority category is a relative ranking of ‘high,’ 
‘medium,’ or ‘low,’ based on perceived need date versus investment duration; an additional column is provided for 
prioritization rationale. 

After reorganizing the list, the core team provided updates where investments in technologies had been made and 
statused the current states of the technologies.  Once the 2014 list had been updated, it was presented to the broader 
EVA community as part of the Exploration EVA Working Group (EEWG) led by the EVA Management Office.  
The EEWG membership is composed of representatives from across NASA, industry, and academia that represent 
technical disciplines of SSA and PLSS Engineering, Crew Training, Human Health and Performance, Safety and 
Mission Assurance, Science, Robotics, Avionics, and Flight Operations.  After being briefed on the intent and 
current content of the EVA SMT Gap List, the EEWG distribution was given three weeks to assess, provide updates 
to existing content, and propose new content.  The EVA SMT leadership reviewed all updates and new submissions 
to ensure that the new content in particular addressed a technical capability as opposed to a specific design solution 
and that the technical capability gaps aligned with the defined EVA SMT mission scenarios.  Upon reviewing the 
provided inputs, it became clear that there existed three distinct categories of gaps and that sorting by gap type 
would enable quicker response to data calls and provide a better apples-to-apples comparison when conducting gap 
prioritization. The three types of gaps identified by the EVA SMT are as follows: 

 
 Knowledge:  Unknown data or mission parameters that will ultimately drive hardware requirements.  Once 

these are identified, they are not worked by the Engineering team, but instead are transferred to the EVA 
Office to be work with the relevant architecture and requirements teams to resolve.  

o One example of an environmental knowledge gap is related to dust.  Before detailed hardware   
requirements are generated, an authoritative document that characterizes dust and dust storms is 
needed.  This document would discuss chemical and physical properties, particle size, shape, 
composition, toxicity, wind speeds, etc.  This data would be required to assess a Mars surface 
suit’s design, material selections, and even for the development of testing methods to evaluate the 
adequacy of current materials, bearings, and other mechanical features. 

 Development:  At least one potential solution has been identified but additional work is required to ensure the 
feasibility of the options. (TRL 3-5)   

o This is currently the most prevalent type of gap as the OCSS is nearing CDR and the xEMU ISS 
Demonstrator is nearing PDR.  An example of this type of gap is the PLSS thermal loop pump.  
The PLSS system analysis and integrated testing data have resulted in mature pump component 
level specifications.  While much technology development has been performed to field multiple 
candidate pump designs, there are none yet that have been delivered that meet all of the 
requirements, thus more development engineering is required. 

 Technology:  No known viable solution exists therefore a new technology must be developed (TRL 0-3). In 
some cases, the existence of a hardware/technology gap cannot be determined until a preceding knowledge 
gap is answered.  

o  An example of a technology gap for Mars surface EVA is the need for hardware that would 
remove heat and reject to the partial atmosphere – without venting as to not contaminate the 
planet.  This is the type of gap that is ideal for the EVA SBIR subtopic area.   
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The final categorization required in the gap list update was to sort the list by open, closed, transfer, or hold.  The 
majority of the EVA SMT gaps are currently classified as ‘open’ and will be reviewed and updated on a recurring 
basis.  The gaps on the ‘closed’ tab have either met their closure criteria or been retired due to major changes in 
baseline EVA system architecture.  In both cases closure rationale is provided that links to either a specific 
verification document or event.  The ‘transfer’ category resulted from the initiation of a space suit demonstration 
project, Exploration Extravehicular Mobility Unit Demo (xEMU Demo) that requires many of the ‘development’ 
gaps to be resolved to achieve project success.  Instead of double tracking those technologies as both gaps and risks, 
the EVA SMT separated them out to be formally transferred to the xEMU Demo Project’s risk database.  It is the 
goal of the EVA SMT to revisit the list annually with the Exploration EVA Working Group forum to provide current 
status for each gap; transition gaps between knowledge, technology, and development states; and update and assess 
the EVA SMT mission scenarios to reflect prevailing assumptions. 

IV.Gap List Implementation 
By maintaining currency of the EVA SMT Gap List, the NASA EVA community is able to quickly respond to 

customers across the Agency to support architecture studies and link EVA needs to funding opportunities.  
Additionally, the gap list is used to support the annual Planning, Programming, Budgeting, and Execution (PPBE) 
cycle.  The highest priority gaps are grouped by Technology Readiness Level (TRL) and mapped to programmatic 
needs, then proposed as work packages to specific programs.  The primary programs of interest are the International 
Space Station (ISS) Program, Orion Program, Human Research Program (HRP), Game Changing Development 
(GCD) Program, and the Small Business Independent Research (SBIR) Program.  Within those programs of interest, 
highest priority is bridging technology gaps to support ISS EMU until ISS end of life, development of OCSS in time 
to support Exploration Mission 2, high TRL technology development for Deep Space Gateway, mid-TRL 
technology development for lunar surface missions, and lower TRL technology development for a Mars surface 
mission.  
 The EVA SMT has been working with the assumption that the ISS EMU could be required to support ISS 
operations until the end of 2028 with an EVA rate similar to that of recent years (~10 per year) and with a goal of 
US EVA capability always being ready if needed (e.g. 100% EVA availability).  Consequently, the goals for 
technology development in this area are, in priority order:  

1) ISS EMU risk mitigation,  
2) ISS EMU enhancements that also mature advanced EVA technologies 
3) ISS EMU as a testbed for advanced EVA technologies.   

For ISS EMU risk mitigation, the most significant gap being pursued for closure is CO2 sensor technology that has 
high reliability in moisture rich environments.  The timeline for this EMU-centric gap is aggressive because it must 
be developed on a schedule to support the current sensor’s end of life in 2019.  To enhance the value of this 
technology, there is a desire to ensure compatibility not only with the ISS EMU, but also on the Exploration EMU 
(xEMU).  For EMU enhancements that also mature advanced EVA technologies, the most significant gap being 
pursued is an EMU Data Recorder (EDaR).  This hardware, which has just been delivered for flight will provide 
early fault detection and more data to support root cause analysis when ISS EMU failures do occur.  While the exact 
part will not be the same on the xEMU, the technology and much of the software will be used.  In the area of EMU 
as a testbed for advanced EVA technologies (or ISS as a testbed), the Suit Water Membrane Evaporator (SWME) 
was identified as having the highest amount of uncertainty as to how it would behave in microgravity with possible 
differences from its lab performance.  Due to this, a flight experiment was proposed to the ISS Program.  The 
SWME Express Rack Flight Experiment (SERFE) will be flown in late calendar year 2018 and will gather data for 
at least one year as to inform the xEMU design team. 

The EVA SMT gap list identified two significant technology gaps to support the development of the Orion Crew 
Survival Suit (OCSS) for the Orion Program.  Materials and methods to reduce the weight of the life raft over those 
used in commercial and Department of Defense applications would save the Orion significant weight.  There was 
also no solution ready for in-suit waste management when crew are fully suited up to 144 hours in an unpressurized 
cabin.  The EVA SMT raft gap description was used to populate an SBIR subtopic which was ultimately awarded 
and resulted the successful development of a lightweight and durable material that could be used for the life raft 
application.  Further work within the OCSS project has resulted in multiple feasible prototypes.  The more complex 
waste management gap was also converted into an SBIR subtopic with great success. The EVA SMT is currently 
working with the ISS program for an ISS DTO of this system in 2019. 
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For future missions such as Deep Space Gateway and lunar and Mars surface exploration, the EVA SMT has 
prioritized the gaps based on time to development for technologies and potential impacts of closing the knowledge 
gaps.  The lowest TRL items (TRL 0-3) with longer lead times are converted into SBIR and STTR subtopic 
descriptions, with successful technologies progressing to Phase II and Phase III awards.  The mid-TRL technologies 
are typically submitted as either unsolicited proposals to the ISS Program, like the EMU/xEMU CO2 sensor system 
prototype, or to GCD annual calls, like the Variable Oxygen Regulator, Rapid Cycle Amine carbon dioxide 
scrubber, and composite upper torso technologies.  The highest TRL components and sub-assemblies are proposed 
to the flight programs for demonstration prior to larger system integration.  For the knowledge gaps, the EVA SMT 
works directly with the EVA Office and the science research team to provide proposal responses to the Human 
Research Program to close gaps.  Examples include allowable carbon dioxide limits, boundaries for suit system 
center or gravity, and maximum allowable on-back loads.  Many of these efforts are expected to result in new 
requirements that will either refine or re-define the EVA system architecture and ultimately lead to new technology 
gaps. 

 

V. Conclusion 
The EVA SMT has been key to identifying and prioritizing funding that has enabled the successful flight 

development projects for ISS EMU upgrades, the OCSS for the Orion Program and the xEMU ISS Demonstrator for 
the ISS Program.  The EVA SMT will continue to work with NASA programs and architecture teams as to ensure 
that the EVA component of DRMs are technically feasible and will continue to update funding priorities as NASA’s 
exploration plans beyond LEO mature.  As the EVA SMT’s products are continuously evolving, there is a desire for 
community engagement and feedback.  The EVA SMT will continue the goal of updating products annually and will 
also strive to share products with the broader EVA community via planned updates to the website, 
https://www.nasa.gov/suitup , the EVA Workshop, and other means.   
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