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BACKGROUND & OVERVIEW
Operational Field Testing and NEEMO 21
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ü Overview
Å Successful 16 day mission living and working from Aquarius 

Reef Base
Å Completed a combination of Exploration EVA and ISS/Orion 

related objectives
Å International crew with partial crew rotation mid-mission
Å Numerous participating organizations across NASA, JSC, ESA, 

DoD, Research Institutions, Universities, and Industry Partners

ü Key Dates
Å Engineering Week:  May 16-21
Å JSC Crew Training Week:  June 6-10
Å Test Readiness Review:  June 24
Å Aquarius Reef Base Training Week:  July 10-15
Å NEEMO 21 Mission:  July 21-Aug 5  

ü Crew Members

NASA Extreme Environment Mission Operations - NEEMO 21

Megan Behnken*

MatthiasMaurer

Reid Wiseman* Dawn Kernagis

Marc O Griofa Noel Du Toit

*Mission Commander (Change of Command conducted mid-mission)
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Partners / Collaborators

ü NASA
Á JSC

Å XX:  Investigating partial gravity EVA operations, tools development
Å XM:  Leadership, EVA tools and techniques, (esp. related to Mars moon)
Å XI:  Science Team leadership, consulting for tools development
Å EA (EC, ER):  PI for multiple evaluation objectives, building EVA tools
Å CB:  Crewmembers
Å SK:  Co-investigator on some mission objectives
Å PAO:  Public Affairs activities

Á ARC:  Mission planners and timeline tool 
Á JPL:  Co-investigator on some mission objectives
Á KSC:  Communications, data management, and logistics support
Á GSFC:Science team support

ü IPs:  Crewmembers, research objectives, funding

ü Academia
Á Embry-Riddle Aeronautical University (ERAU): Research objectives, funding
Á Naval Postgraduate School (NPS):  Synergistic robotic objectives (ROV & AUV), crewmember, funding
Á Johns Hopkins University:  Research objectives, funding
Á Florida International University (FIU):  Aquarius owner and operator, marine science support
Á Georgia Institute of Technology:  EVA Cognitive Work Analysis graduate study

ü Institutions
Á Florida Institute for Human & Machine Cognition:  Research (epigenetics), crewmember, funding

Á Coral Restoration Foundation:research and mission objectives

ü Military
Á ±ŜǘŜǊŀƴΩǎ !ŘƳƛƴƛǎǘǊŀǘƛƻƴ ǿκ bƻƴ-invasive Medical Technologies:  Research, crewmember, funding

ü Industry
Á Preferred Medical Solutions/VEGA Telehealth:  Research, crewmember, funding
Á Teloregen:  Funding, mission objectives
Á Microspace Solutions:  PI for research objective with ERAU
Á SubGravity:  Providing diver propulsion system
Á Shark Marine:  Providing a navigation system, in-kind contribution

EVA Strategic
Planning & 

Architecture

XX

Mission Planning, 
Develop & Integration

XM

Crew & Thermal
Systems - Tools

EC
Astromaterials Research &
Exploration Science (ARES)

XI
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Heritage & Background

NASA Extreme Environment Mission Operations
- Utilizes unique facility & environment; rapid prototyping; Evaluations of both IVA and EVA objectives

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Research and Technology Studies
- Utilizes terrain appropriate for geo-science tasks; Suit and robotic tested-bed

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
1997 1998 1999

2000

Apollo Surface Operations
- Exploration traverses were planned in advance using imagery gathered from precursor satellites
- Crews had significant training in geology and science tasks
- An Earth-based science team (ST) supported EVAs (Precursor plans, Feedback during EVA, and changes between EVAs)

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 20121997 1998 1999 2000 2013 2014 2015 2016

MER A - Spirit

MER B - Opportunity  

MSL - Curiosity

Other NASA Analog Programs
- Each exploring various aspects of exploration
- Funded though grant programs
- Science focused

ISRU

Low communication latency (~1.25 sec OWLT) 

High communication latency for Mars (~4-22 min OWLT)

Tested-bed for a variety of communication latency for detailed EVA/Science evaluations

Mars Robotic Missions
- Remote science operations
- Instrumentation / sample selection 

Tested a variety of communication latencies for geo-science operations

Test a variety of communication latencies

Science

Science
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EVA Goals for Operational Field Tests

EVA Goals
Å Advance the future of the EVA system and operations

Å Understand EVA gaps and concepts of operations for a wide range of Exploration destinations being 
considered by NASA

Å Determine and document closures to gaps in EVA capabilities for Exploration missions and inform the 
EVA Systems Maturation Team (SMT) 

Å Develop and document concepts of operations for EVA at the Exploration destinations

Å Realize the needs of EVA tools and hardware and enable the development of requirements and 
designs

Benefits of Operational Field Testing
Å Evaluates objectives mapped to specific needs and knowledge/technology gaps

Å Concepts of operations can be accurately tested to determine their viability and changes

Å Utilization of real science allows for investigation of end-to-end concepts of operations, from both an 
Earth-based Science Team and the in-situ EVA crew

Å Provides an understanding of system and architectural interactions between Operations, Engineering, 
and Science

Å Drives out results not found in standalone testing

Å Able to understand in a mission environment what systems and technologies are and are not required

Å Understand how the use and interactions of those systems and technologies affects their requirements and 
subsequent development

Å Purpose-built prototype hardware can be evaluated in a field test to provide data for design 
maturation

Å Communication latencies can be simulated in an operational environment in order to assess the con 
ops and needs associated with EVAs

Å Benefits programs from ISS to Exploration
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Mission Program Relevancy

Category Gap/Risk Experiment Sponsor Beneficiary

Technology Maturation for Ops

Planetary Protection EVA Swab Tool HAT/JPL Exploration

Exercise Countermeasures MED ER ISS, Orion

Telemedicine
VEGA Corp/Vet Adm. ISS    ------>    Exploration

AirDocs Corp/Vet Adm. ISS    ------>    Exploration

Ops Tools Maturation

Mobile Crew Planning Tool Playbook ARC ISS    ------>    Exploration

Crew Task Efficiency
MobiPV (ESA) ESA ISS    ------>    Exploration

HoloLens Cargo Transfer Ops CO/ER/SF ISS    ------>    Exploration

ISS Water Sampling Aquapad ESA ISS

ISS nutritional tracking Nutritional Assessment ESA ISS

Sensorimotor degradation PSAP Johns Hopkins ISS    ------>    Exploration

in situ DNA sequencing mini DNA Sequencer SF ISS    ------>    Exploration

Ops Concept Maturation Exploration Surface Ops w/ Comm Delay

Crew Self Scheduling XX/ARC ISS    ------>    Exploration

Integrated Science Team XI/XX Exploration

Man-machine work systems XX/NPS Exploration

Electronic EVA cue cards XI/XX Exploration

IV Support Tools XI/XX Exploration

Navigation Tool needs XI/XX Exploration

Pure Science

Oxidative Stress Multi-Omics study IHMC ISS    ------>    Exploration

Telomere damage Telomere Regeneration study Teloregen ISS    ------>    Exploration

Reef mortality Coral Science FIU, CRF N/A

Crew Preparation Expeditionary Training
CDR upgrade CB (+IPs) ISS    ------>    Exploration

Rookie mission experience CB (+IPs) ISS    ------>    Exploration

Outreach Opportunities N/A
PAO events PAO ISS    ------>    Exploration

Educational Outreach PAO ISS    ------>    Exploration

V
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EVA OBJECTIVES
Science, Operations, and Equipment
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XX ςExploration EVA Objectives & Gaps for NEEMO 21
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The primary objective for EVA at this operational field test was to explore the combined aspects of Science, Operations, and Equipmentin a mission-like 
environment in order to evaluate:

Å Concepts of operations on a natural surface

Å Hardware and tools for pioneering and science tasks

Å Tools and techniques that enable effective and efficient communication between the ground (MCC and Science Team) and the crew(IV and EVA) during an EVA 
over an appropriate communication latency utilizing a flexible execution methodology in order to enable successful science

NEEMO 21 EVA Objectives EVA SMT Gap

Tools (software and hardware) and 
techniques needed to effectively 
communicate over a comm latency during an 
EVA
Å Integrated EVA Science Operations
Å EVA Digital Cue Cards
Å IV Support System

Examine how EVA operations will be directed/controlled at destinations with comm latencies, 
includingEVA interaction with a Science Team and crew-driven multi-day planning of EVAs

128:  EVA Integration
New:  Integrated EVA Flight Control Methodology

Evaluate the tools (hardwareand software) MCC, the IV, and the EVA crew will need in order to 
conduct operations at destinations with comm latencies;including texting, file transfer, audio, 
video, still imagery, suit data (placeholder), and an EVA tool for identifying and relaying 
information about samples

128:  EVA Integration
New:  Tools for Interacting with EVA Over a Comm Latency

92:  Avionics Systems for EVA Tasks
93:  Display (Integrated EVA Camera System)

Evaluate what kind of tools (support system) the IV crewmember will need in order to effectively 
handlethe amount of information and tasking the IV crewmember must contend with while 
actively directing the EVA

128:  EVA Integration
New:  IV Support System for EVA Operations

Flexible execution methodology for EVA 
ǎŎƛŜƴŎŜ ƻǇŜǊŀǘƛƻƴǎ όάŦƭŜȄŜŎǳǘƛƻƴέύ

5ŜǾŜƭƻǇ ŀ ŦƭŜȄƛōƭŜ ŜȄŜŎǳǘƛƻƴ ƳŜǘƘƻŘƻƭƻƎȅ όάŦƭŜȄŜŎǳǘƛƻƴέύ ŦƻǊ ǘƘŜ 9ȄǇƭƻǊŀǘƛƻƴ 9±! {ȅǎǘŜƳΣ /ǊŜǿΣ 
and Flight Control Team to operate in natural environments where things are not well defined and 
may require significant deviation from any plan

128:  EVA Integration
Flexible Execution Methodology for EVA Science Operations in 

Undefined Environments

EVA tools and hardware for science sampling 
Å Integrated Geology Sampling System
Å EVA Tool Caddy

EvaluateEVA hardware and operations for science sampling in a surface/partial-g environment
Å Loosely adhered particles (surface, float, soil)
Å Chip samples
Å Subsurface samples (core)

107:  Tools for Surface EVA
New:  Tools for Science Sampling on a Surface EVA

Evaluate EVA hardware and operations for transportingand stowing tools and samples 107:  Tools for Surface EVA
108:  Tools (Tool Carrier Device)

Hardware and tools to assist EVA operations
Å Joint Robotic-EVA Operations
Å EVA Navigation
Å Traverse Planning

Examine uses of robotic assets for EVA operations 128:  EVA Integration
New:  EVA-Robotic (Man-Machine) Work System 

Assesstool needs (hardware and software) for short distance navigation data to support rover 
based geology/science

92:  Avionics Systems for EVA Tasks
96:  Navigation (EVA Short Range Navigation)

V
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EQUIPMENT

SCIENCE
OPERATIONS

Florida International 
University Naval Postgraduate 

School
Embry Riddle

University

Integrated Science EVA Operations

Aquarius
Reef Base 

EVA Strategic Planning & 
Architecture

XX

Mission Planning, 
Develop & Integration

XM

Crew & Thermal
Systems - Tools

EC

Integrated EVA Science Operations

Astromaterials Research &
Exploration Science (ARES)

XI
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NURSERY CONSTRUCTION & SCIENCE

ü Constructed, populated, and conducted
initial scienceinvestigationon two long-term
coralnurseriesnearARB
Å 50Ωnursery
Å 90Ωnursery(deepestin the world)

ü Constructed5 tree-structures at each site;
emplaced600samplesfor scientificresearch

SCIENCE OVERVIEW AND RESULTS

REEF EXPLORATION SCIENCE

ü Exploredandexpandinto new sitesandnew
coralspecies; coralsciencewascorrelatedto
nurseriesasa naturalbaseline

ü Described,documented,and sampledover
80additionalsamples

Agaricia Orbicella

REEF FOLLOW-UP SCIENCE

ü Continuedresearchandsamplingconducted
duringNEEMO20

ü Crew successfully navigated to, located,
documentedandre-sampledcolonies

ü Science team developed the overall
samplingstrategyandtraverseplans

Siderastrea

This document does not contain any export control information (#20205009467)

Authentic science now fully integrated into NEEMO EVA operations
Successfully completed all science objectives during 60+ hours of science driven EVA operations
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SCIENCE NURSERY CONSTRUCTION & SCIENCE

Prepare, 
Process, and 

Train

Transport and 
Build

Science and 
Operations
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NEEMO 21 
EXPLORATION

SCIENCE 

SCIENCE MARINE EXPLORATION SCIENCE

ü Laboratory of Integrative Marine 
Genomics and Symbiosis (IMaGeS) 

ü Focuses on the study of the symbiotic 
interactions between microbial 
organisms and cnidarian hosts, in 
particular reef-building corals, from 
different perspectives, including cell 
biology, eco-physiology and ecology.

ü /ǊŜǿ ŎƻƳƳŜƴǘΥ άIŀǾŜ ǘƻ ǎǳǎǘŀƛƴ ǊŜŀƭ 
ǎŎƛŜƴŎŜ ƻƴ ŀƴ ŀƴŀƭƻƎΦέ

ü /ǊŜǿ ŎƻƳƳŜƴǘΥ άVERY cool to revisit 
NEEMO 20 site. Definitely keep that. 
Going back to previous work ties it all 
together and gives feeling of cool 
ongoing ǎŎƛŜƴŎŜΦέ

Siderastrea

Agaricia

Orbicella

NEEMO 20 
RESULTS AND
FOLLOW UP

Ultimately inform ongoing coral 
restoration efforts & 

understanding of the changing 
reef environment

Provide time & depth components

Provide a natural baseline for coral 
restoration efforts

Genetically characterize the coral 
symbiotic community
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XI ςPlanetary Science Relevance

üSampling Procedures
üSampling Techniques
üCollection Tools
üContamination
üStorage & Transport 

Curation

Research

Exploration

A
st

ro
m

a
te

ri
a

ls
 

üRemote Sensing
üIn-situ Instrumentation
üHigh-grading Samples 
üContext Descriptions
üDocumentation

üScience Operations
üTraverse Planning
üOperational Flexibility
üHuman-Robot Ops
üCrew Science Training

üNEEMO EVA science activities 
included deployment of 
handheld instrumentation, 
context descriptions, imaging, 
and sampling
üThe marine science activities 

and associated research 
objectivesserve as a 
appropriate proxy for planetary 
surface exploration activities

üIntegration, coordination, and 
education from diverse 
disciplines and organizations

Astromaterials Research &
Exploration Science (ARES)

Marine science proved to be an excellent analog for planetary science operations

SCIENCE PLANETARY SCIENCE RELEVANCE
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SCIENCE SCIENCE PRESAMPLING

Key Take-Aways
Å Crew science training is crucial
Å Science Team input over 15 min com latency was successfully 

conducted during a single 4hr EVA
Å Science planning/re-planning was required frequently in order 

to respond to operational changes and science discoveries    
Å Digital cue card interface was successful for increasing EVA and 

crew autonomy
Å Gap closures addressed

Å Integrated EVA Flight Control
Å Tools for Interacting with EVA Over a Comm Latency
Å Flexible Execution Methodology for EVA Science Operations in 

Undefined Environments
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SCIENCE SCIENCE SAMPLING

Key Take-Aways
Å Efficient transportation, access, and stowage of tools, 

instruments, and sampling equipment is critical for 
increased science sampling; numerous lessons learned 
were documented

Å Detailed imaging of sampling process is crucial for 
proper documentation and resulting science        

Å Continue to develop and evaluate methods to 
minimize sample contamination

Å Gap closures addressed
Å Tools for Interacting with EVA Over a Comm Latency
Å Tools for Science Sampling on a Surface EVA
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INTEGRATED EVA SCIENCE 
OPERATIONS

ü Examinedcon ops that enable
interaction between the MCC&
the crew over a long comm
latencyincluding:
Å Interaction with an 

integrated Science Team
Å Authentic scientific 

objectives  and hypothesis
Å Flexecutionmethodology

NAVIGATION,  MAP, & 
TRAVERSE PLANNING

ü Assessed tool needs for
navigation

ü Traverse plan and map on cue 
cards showed crew regions and 
paths, and tasks to complete

ü Utilized Doppler relative nav 
system for crew to find 
ROI/zones

COMM STUDY DESIGN & 
ASSESSMENT

ü Assessed the effects of 
communication latencies on 
operations concepts, timelines, 
and tasks

ü Collected operational 
acceptability ratings for the 
overall operations concepts, as 
well as various components 

ü Data is being evaluated and will 
be incorporated into a 2017 IEEE 
conference presentation 

OPERATIONSOVERVIEW AND RESULTS

ST

IV

EV

IV

= voice
= text
= data

OPTICAL COMMUNICATIONS

ü Successfully deployed, tested,
and evaluated a prototype
opticalcommunicationssystem

JOINT ROBOTIC-EVA 
OPERATIONS

ü Utilized an ROV as a robotic
asset for IV and ST situational
awarenessof the EVA

This document does not contain any export control information (#20205009467)
WITH LONG (15 MIN) COMMUNICATION LATENCY CON OPS
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OPERATIONSINTEGRATED EVA SCIENCE OPS

Key Take-Aways
ÅEvaluated integrating ST feedback during an EVA, between EVAs, and sampling without direct ST 

input
ÅPre-sampling followed by sampling with ST feedback during the same EVA was borderline 

acceptable
Note: Minimal training was available for the NEEMO crew, which contributed to the challenge of 
this con op

ÅPre-sampling in one EVA and sampling in a subsequent EVA, with ST feedback between the EVAs 
was acceptable

ÅSampling only with pre-sampling completed on the previous mission was acceptable/borderline
ÅFlexecution was not specifically rated, but was found by EVA & ST to be a good model for 

operations

ÅEVA crew is capable of operating more autonomously than on ISS while simultaneously 
incorporating input from an Earth-based ST

ÅScience Team can effectively communicate critical data and direction over a 15-min com latency 
to execute science sampling operations during a 4-hr EVA

ÅScience planning/re-planning may be required frequently in order to respond to operational 
changes and science discoveries

ÅCrew science training is crucial, and detailed geoscience knowledge will be required
ÅFlexecution flight rules will be critical for addressing the decision making authority for 

dynamically changing plans in a natural environment (crew versus MCC/ST)
ÅNew paradigm for EVA flight control
ÅCrew training and geoscience knowledge will be crucial for operating in a flexecution 

environment  
ÅProvided critical input for updates to the Exploration EVA Concepts of Operationsdocument
ÅGap closures addressed

Å Integrated EVA Flight Control
ÅTools for Interacting with EVA Over a Comm Latency
ÅFlexible Execution Methodology for EVA Science Operations in Undefined Environments

ST

IV

EV

IV

= voice

= text

= data
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Objectives
ÅDevelop techniques and determine what 

functions/capabilities are needed to enable an 
MCC integrated Science Team to effectively 
operate and actively direct EVA science 
operations over a long comm latency

ÅDetermine what functions/capabilities and 
techniques are needed to enable the EVA crew 
to effectively operate and communicate 
information to the Science Team over a long 
comm latency

ÅEvaluate flexible execution methodology for EVA 
science operations
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OPERATIONSSYSTEMS FOR INTEGRATED EVA SCI OPS

Key Take-Aways
ÅVideo from EVA helmet cams is required for the Science Team

ÅWarranted improvements are higher resolution video to enable more accurate/reliable 
candidate sample identification

ÅHigh resolution imagery (photos) will be need to be transmitted during an EVA to 
enable the ST to make informed decisions

ÅNeed ability to precisely locate the specimens to be re-sampled, including imagery of 
the targeted samples and overall area

ÅEVA digital cue cards enabled EV crew to conduct general navigation, identify specimens 
to sample, and guide themselves through procedures, permitting increasing EVA and 
crew autonomy

ÅIV support system will be key for Exploration EVA operations with comm latencies to 
address the challenges facing future IV crewmembers with a high workload and to allow 
for management of the large task volume

ÅFor recording science data, warranted improvements are an integrated system that IV 
and ST can both view and edit for tracking/recording of presampling and sampling tags, 
PAM data, etc.

ÅA tool to record, track, and communicate science data is essential
ÅFor modifying the plan during an EVA, warranted improvements are a system to allow 

ST to modify a traverse real-time and have that sent to the crew for use during the EVA
ÅTemporary sample markers were critical for allowing the ST to review the crew inputs 

over the delay and still get the species required
ÅGap closures addressed

Å Integrated EVA Flight Control
ÅTools for Interacting with EVA Over a Comm Latency
ÅFlexible Execution Methodology for EVA Science Operations in Undefined Environments
Å IV Support System for EVA Operations
ÅDisplay (EVA Integrated Camera)
ÅNavigation (EVA Short Distance Navigation)

ST

IV

EV

IV

= voice

= text

= data
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Objectives
ÅDevelop techniques and determine what 

functions/capabilities are needed to enable an MCC 
integrated Science Team to effectively operate and 
actively direct EVA science operations over a long comm 
latency

ÅDetermine what functions/capabilities and techniques 
are needed to enable the EVA crew to effectively 
operate and communicate information to the Science 
Team over a long comm latency

ÅEvaluate flexible execution methodology for EVA 
science operations
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OPERATIONSNAVIGATION & TRAVERSE PLANNING

Key Take-Aways
ÅA combination of digital maps, a traverse plan, and an active navigation 

system will allow an EV crew to locate the pertinent sampling zones

ÅEVA digital cue cards enable EV crew to conduct general navigation, 
identify specimens to sample, and guide themselves through procedures
ÅDigital maps with timeline assist EV crew in efficiently understanding 

exploration area and tasks

ÅRelative navigation system enables crew to reliably find sampling zones 
and relocate marked samples, which will be critical on Exploration 
missions

ÅKey lessons learned for MCC ST on the time-latent planning cycle and 
developing a process for updating the plan in timely manner under time 
pressure and in a manner that the crew can effectively utilize

ÅFor creating planned traverses, desired improvements are a Google Earth 
type mapping capabilities integrated w/ better a traverse planning tool to 
show remaining consumables, traverse time and distance, etc.

ÅGap closures addressed
ÅIntegrated EVA Flight Control

ÅNavigation (EVA Short Distance Navigation)

20

Objective
ÅAssess tool needs (hardware and software) for short distance 

navigation data to support rover based geology/science
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DIGITAL CUE CARDS

ü Evaluated digital cue cards for
EVAcrew that allowed crew to
operate more effectively and
offloadIVtasks

ü Additional crew autonomy
requires further access to
informationin their hands

ü Potential άƻƴŜ-ŘŜǾƛŎŜέfor cue
cards/procedures,images/video,
instrumentcontrol,etc.

SCIENCE SAMPLING TOOLS 
& GEOLOGY SAMPLING KIT

ü Evaluated EVA tools and
hardwarefor sciencesampling

ü Evaluated Integrated Geology
Sampling System for collecting
geology& astrobiologysamples

ü SampleBriefcasehousedvarious
end effectors with two different
drivers(manualandpowered)

ü Analyzed methods to minimize
contamination of sample and
area

IV SUPPORT SYSTEM

ü Evaluatedtypes of tools the IV
crewmemberneedsto effectively
handle the large amount of EVA
informationwhile directingEVA

ü Evaluated effective setup in a
constrainedlocation

ü Multiple displays included
camera feeds, timeline,
nav/comm/sub systems,
procedures,logs,etc.

EQUIPMENTHARDWARE & TOOL EVALUATIONS

TRANSPORTATION &     
STOWAGE OF TOOLS

ü Evaluated EVA hardware and
operations for transporting and
stowingtoolsandsamples

ü Initial look at sled/cart options
for largeequipmenttransport

ü Evaluatedsling bag options for
small items & easy access
(sample markers, hand tools,
electronics,etc.)
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