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1 Introduction

The Space Exploration Vehicle (SEV) is regarded by the Exploration Systems Mission
Directorate (ESMD) as an integral part of the current exploration architectures under consid-
eration. The SEV offers numerous health and safety advantages that accrue from having a pres-
surized safe haven/radiation shelter in close proximity to the crew at all times during exploration
operations. It also combines a comfortable shirtsleeve, sensor-augmented environment for gross
translations and geological/mapping observations with the ability to rapidly place suited astronauts
outside of the vehicle using suitports to take full advantage of the unique human talents of per-
ception, judgment, and dexterity. Data from the Desert Research and Technology Studies (DRATS)
2008 field test demonstrated that this combination of features and capabilities increases the pro-
ductivity of suited crew time by an average of 370% during exploration/mapping/geological
operations using an SEV compared to suited crew time with an unpressurized rover.

The SEV concept is being developed through an aggressive process of designing, prototyping,
and testing in close coordination with the development of other exploration systems including
the extravehicular activity (EVA) suit. Different test objectives necessitate different test sites,
and the objectives of the NASA Extreme Environment Mission Operations (NEEMO) 14 test
required a simulated reduced-gravity environment. The ability to simulate microgravity and
reduced gravity for extended durations during EVA tasks means that NEEMO missions represent
a cost-effective opportunity to understand the operation and interaction of hardware and humans
in these environments. The ultimate success of future exploration missions is dependent on the
ability to perform EV A tasks efficiently and safely, whether those tasks represent a nominal mode
of operation or a contingency capability; all systems must therefore be designed with EVA acces-
sibility and operability as important considerations. During the 2-week NEEMO 14 mission, four
crew members performed a series of EVA tasks under different simulated EV A-suit configura-
tions and gravity levels and used full-scale mock-ups of an SEV and a cargo lander. Quantitative
and qualitative data collected during NEEMO 14 will be used to directly inform ongoing hardware
and operations concept development of the SEV, exploration EVA systems, and future EVA suits.

The next iteration of the SEV-rover development process was the conceptual design of a
Generation II (Gen II) SEV rover, which began in early fiscal year (FY) 2010. The size of the
SEV side-hatches was one of the most significant drivers for the cabin geometry; and a primary
driver for the hatch dimensions is the ability to transfer an incapacitated EVA crew member into
the SEV. Data regarding the adequacy of a 101.6 cm wide by 101.6 cm high (40 in. wide by 40 in.
high) side-hatch for transferring an incapacitated EVA crew member into the SEV, described in
this report, was used by the SEV team to finalize the SEV side-hatch dimensions.

EVA interfaces, task design, suit weight and suit center of gravity (CG), and hardware acces-
sibility and operability were quantitatively and qualitatively evaluated in simulated reduced
gravity during the following EVA tasks at NEEMO 14:

1. Unloading an SEV mock-up from the deck of a cargo-lander mock-up

2. Off-loading small payloads from the deck of a cargo-lander mock-up

3. Transferring small payloads from the surface onto the deck of a cargo-lander mock-up

4. Transferring an incapacitated crew member from the surface onto the deck of a crew-

lander mock-up



5. Transferring an incapacitated crew member from the surface into an SEV-rover mock-up
via a:
a. mock-up suitport
b. 101.6 cm wide by 101.6 cm high (40 in. wide by 40 in. high) side-hatch
c. 101.6 cm wide by 152.4 cm high (40 in. wide by 60 in. high) side-hatch
6. Crew member translation through hatchways:
a. 101.6 cm wide by 101.6 cm high (40 in. wide by 40 in. high) hatch
b. 101.6 cm wide by 152.4 cm high (40 in. wide by 60 in. high) hatch
7. Transferring an incapacitated crew member from the crew-lander deck into an airlock and
ascent module
8. Crew member translation into an airlock and ascent module

Each of the EVA tasks was performed a total of nine times by each of the four crew members to
enable the combined effects of three different simulated suit weights and three different suit CG
locations to be evaluated and compared. Data regarding the effects of suit weight and CG on task
performance were systematically analyzed and will ensure that the implications of suit weight and
CG location on EVA performance are adequately understood and considered during the develop-
ment of exploration EVA suits. In addition to the EVA tasks listed above, crew members also
completed a standard exploration EVA task protocol used during all EVA Physiology, Systems,
and Performance (EPSP) Project tests, including previous NEEMO missions. The protocol con-
sisted of ambulation, kneel/recover, fall/recover, shoveling, rock pick-up, and ladder climbing
tasks, each of which was performed according to the EPSP protocol under each of the nine
weight/CG configurations.

In addition to the EVA tasks performed outside the habitat, a number of other Human Research
Program (HRP) objectives were assessed during the mission that relate to Behavioral Health and
Performance (BHP) and Human Health and Countermeasures (HHC). All of these studies were
approved through HRP merit review and by the NASA Johnson Space Center (JSC) Committee
for Protection of Human Subjects (CPHS). The full titles and the study investigators are shown
in Table 1. Additional detail on the objectives/hypotheses and results can be found in individual
protocols and final reports for each study and are not further discussed in this report.

Table 1. Additional HRP Studies that Took Place During the Mission

Study Title Investigators ‘

Advanced Extravehicular Activity (EVA) Exploration Activities PI* — Michael L. Gernhardt

Study to Assess Human Performance Responses in Partial Gravity Co-I** — Steven P. Chappell

Environments Co-I — Nickolas Skytland

Evaluation of Astronaut-SEV Interactions During Incapacitated PI —Michael L. Gernhardt

Crew Ingress Tasks in Simulated Lunar Gravity Co-I - Steven P. Chappell
Co-I — Andrew Abercromby

Cognitive Performance and Stress in a Simulated Space PI - David Dinges

Environment Co-1 — Daniel Mollicone

A Scheduling and Planning Tool in NEEMO 14 — A Simulated PI — Kathryn Keeton

Space Environment

Measures of Team Cohesion, Team Dynamics, and Leadership ina | PI—Kathryn Keeton

Simulated Environment




Study Title Investigators ‘

Immune Assessment during a Short-Duration Spaceflight Analog PI — Brian Crucian
Undersea Mission Co-I — Clarence Sams

Co-I — Raymond Stowe
Co-I — Alexander Chouker
Co-I — Satish Mehta

Co-I — Heather Quiriarte
Characterization of Oxidative Damage during a Saturation Dive PI — Sara Zwart

Co-I — Scott Smith

Co-I - J. Millborne Jessup
Co-I — Joseph Tomaszewski
Co-I — Juiping Ji

Cardiac Adapted Sleep Parameters Electrocardiogram Recorder PI — Marc O Griofa
Monitoring During NEEMO Expedition Aboard Aquarius Undersea | Co-I—Kenneth Cohen
Habitat Co-I — Rebecca Blue

Co-I — Derek O’Keefe
Co-I — Don Doerr
Co-I — Robert Thomas

Continuous Real-Time Hemodynamic Non-Invasive Monitoring PI —Marc O Griofa

During NEEMO Expedition Aboard Aguarius Undersea Habitat Co-I - Kenneth Cohen
Co-I — Rebecca Blue

Co-I — Luis Moreno
Co-I — Kevin Ferguson

*PI = principal investigator; **Co-I = co-investigator.

The high-fidelity EVA and intravehicular activity (IVA) mission operations during NEEMO 14
provided an opportunity to evaluate the extent to which continuous real-time voice communica-
tions between Earth (topside) and an exploration objective (e.g., the moon) (NEEMO crew) is
necessary to maintain crew productivity. Objective data on the effects of noncontinuous voice
communications coverage on productivity and performance were needed to help inform decisions
regarding how many communications relay satellites — if any — are necessary to support a chosen
exploration architecture.

A combination of objective and subjective crew productivity metrics was used during the
NEEMO 14 mission to compare crew productivity under the continuous and twice-per-day
communications modes. The first half of the NEEMO 14 mission used continuous real-time
voice communications with the topside, and the topside provided crew members on EVA with
procedural guidance as needed. The second half of the mission had the NEEMO crew performing
activities in a self-guided manner in accordance with the timeline and the procedures; during this
time communications with the topside was limited to twice a day. For safety reasons, continuous
real-time communications were always available between the crew and the topside; the different
communications modes were emulated procedurally. Crew performance and productivity under
these varied voice communications conditions were quantified and compared using predefined
metrics. These NEEMO 14 mission data were supplemented with data from preceding DRATS
2009 and 2010 studies in which the collected crew productivity data were quantitatively com-
pared between continuous real-time “Earth-moon” communications and intermittent “Earth-
moon” communications (8 hours real-time Earth-moon communications followed by 4 hours
without Earth-moon communications), and between continuous communications and twice-per-
day communications, respectively. In the DRATS 2009 study that emulated a single elliptical
relay satellite, the small differences in measured crew productivity realized through quantitative



comparison of productivity data collected during continuous real-time “Earth-moon” commun-
ications with productivity data collected during intermittent “Earth-moon” communications
(8 hours real-time Earth-moon communications followed by 4 hours without Earth-moon com-
munications) did not meet the prospectively defined level of practical significance. NEEMO 14
productivity and data quality findings were expected to mirror analysis results of DRATS 2010
productivity data, which revealed that significantly more time was spent on science activities
during twice-per-day communications than during continuous communications. Analysis on the
effect of communications modes on data quality data collected during DRATS 2010 is under
way at the time of this writing.

Finally, the NEEMO analog provides an ideal environment in which to investigate techniques
and equipment that may be used in the exploration of objects with very-low-gravity fields, such
as near-Earth objects (NEOs) or asteroids, or the martian moon Phobos. Unique challenges exist
as humans in spacesuits consider exploring these types of environments, such as the ability to an-
chor oneself to the surface in a way that allows meaningful work to be accomplished without
drifting away from the area of interest. Time limitations precluded these exploration techniques
being evaluated during NEEMO 14, but they are planned for future NEEMO missions.

The hypotheses of this study were tested with a combination of objective and subjective
productivity and performance and human factors metrics, which are detailed in section 8.4 of
this protocol. Where small sample sizes precluded the use of inferential statistics in the testing of
hypotheses, practically significant differences in the relevant metrics were prospectively defined
and used.



2 Hypotheses

Hypotheses for this study are detailed below. The statistical analysis and specific metrics
associated with each hypothesis are detailed in section 8.4.

Hypothesis 1:

Hypothesis 2:

Hypothesis 3:

Hypothesis 4:

Hypothesis 5:

Hypothesis 6:

Hypothesis 7:

Hypothesis 8:

Hypothesis 9:

Hypothesis 10:

Hypothesis 11:

A volumetric rover mock-up will be successfully unloaded from a full-scale
cargo lander mock-up using a davit with EVA support in simulated lunar gravity.

EVA astronauts in simulated lunar gravity will successfully translate with small
payloads between the surface and the deck of a full-scale cargo-lander mock-up
in simulated lunar gravity.

A simulated incapacitated crew member will be successfully transferred from
the surface to the deck of a full-scale cargo-lander mock-up in simulated lunar
gravity.

A simulated incapacitated crew member will be successfully transferred in
simulated lunar gravity from the surface into an SEV mock-up via:
a. the mock-up suitport.
b. a101.6 cm wide by 101.6 cm high (40 in. wide by 40 in. high) side-hatch.
c. al101.6 cm wide by 152.4 cm high (40 in. wide by 60 in. high) side-hatch.

Varying simulated EVA suit weight and CG location (based on suitport-
compatible Portable Life Support System [PLSS] packaging) will affect the
performance of exploration EVA tasks.

Crew productivity will not be significantly affected by a communications mode
in which real-time habitat-ground communications are available only twice per
day as compared with continuous real-time communications.

A crew member will successfully translate through a hatchway in simulated
lunar gravity, weighed out to IVA weight, via:
a. a101.6 cm wide by 101.6 cm high (40 in. wide by 40 in. high) side-hatch
with no tunnel.
b. a101.6 cm wide by 152.4 cm high (40 in. wide by 60 in. high) side-hatch
with no tunnel.

A simulated incapacitated crew member will be successfully transferred from
the crew-lander deck into an airlock and ascent module in simulated lunar gravity.

A crew member will successfully translate into an airlock and ascent module in
simulated lunar gravity.

A crew member will successfully establish anchors and will translate and
perform tasks in a simulated microgravity field.

Crew members will find it acceptable to translate through a 101.6 cm wide
by 101.6 cm high (40 in. wide by 40 in. high) hatchway in 1g over a 14-day
mission.



3 Background and Significance
Table 2 details the relevance, products, and impacts of testing of specified hypotheses.

Table 2. Relevance and Significance of Hypotheses

Hypothesis/Objective

A volumetric SEV mock-up will
be successfully unloaded from a
full-scale cargo-lander mock-up
using a davit with EVA support in
simulated lunar gravity

ESMD/HRP
Relevance

EVA will be required
for nominal and/or
contingency unloading
of all critical lander
payloads; implications
of these EVA tasks on
lander, EVA, and sur-

Products

Recommendations
for lander and
payload EVA
support hardware
(e.g., arrestors vs.
belays vs. safety
tethers) and for

Results Utility

Lander, EVA, and surface
systems design teams will be
provided with data and
recommendations early
enough to make necessary
design decisions that will
ensure safe and efficient

face systems designs lander off-loading unloading of lander payloads
and operations are not | system in nominal and/or contin-
yet understood gency scenarios
EVA astronauts in simulated lunar | EVA will be required Recommendations Lander, EVA, and surface
gravity will successfully translate | for nominal and/or for lander and small | systems design teams will be
with small payloads between the contingency transfer payload EVA provided with data and

surface and the deck of a full-
scale cargo-lander mock-up in
simulated lunar gravity

of small payloads such
as geological sample
boxes between the
surface and lander
deck; implications of
these EVA tasks on

support hardware
and for lander off-
loading system;
outfitting of the
payloads with crew
aids; standard

recommendations early
enough to make necessary
design decisions that will
ensure safe and efficient
transfer of small payloads in
nominal and/or contingency

lander, EVA and sur- interfaces scenarios, thus informing the
face systems designs designs for outfitting of
and operations are not payloads with crew aids,
yet understood handling provisions, and
standard interfaces
A simulated incapacitated crew EVA may be required | Recommendations Lander, EVA, and surface
member will be successfully for transfer of incapac- | for lander EVA systems design teams will be
transferred from the surface to the | itated crew members support hardware provided with data and
deck of a full-scale cargo-lander from the surface to the | and lander off- recommendations early

mock-up in simulated lunar
gravity

lander deck; implica-
tions of these EVA
tasks on lander, EVA,
and surface systems
designs and operations
are not yet understood

loading system

enough to make necessary
design decisions that will
ensure safe and efficient
transfer of incapacitated crew
members from surface to
lander deck




Hypothesis/Objective

A simulated incapacitated crew
member will be successfully
transferred in simulated lunar
gravity from surface into an SEV-
rover mock-up via:

ESMD/HRP
Relevance

EVA will be required
for transfer of inca-
pacitated EVA crew
members into the
SEV-rover cabin;

Products

Recommendations
for SEV suitport and
side-hatch EVA
support hardware
and side-hatch

Results Utility

SEV and EVA system design
teams will be provided with
data and recommendations
early enough to make neces-
sary design decisions that

a.  the mock-up suitport implications of these dimensions will ensure safe and efficient
b. a101.6 cm wide by 101.6 cm | EVA tasks on SEV transfer of incapacitated crew
high (40 in. wide by 40 in. and EVA systems members from surface to

high) side-hatch with no designs and operations SEV cabin; hatch dimension
tunnel are not yet understood; recommendations have the
¢. al0l.6cmwideby 101.6 cm | the going-in plan is to potential to impact all pres-
high (40 in. wide by 40 in. transfer incapacitated surized surface system
high) side-hatch with tunnel | crew members via the designs
d. a101.6 cm wide by 152.4 cm | suitport; transfer of
high (40 in. wide by 60 in. suited crew members
high) side-hatch with no via side-hatch is also
tunnel being considered,
e. al0l.6 cmwideby 152.4 cm | which may drive side-
hlgh (40 in. wide by 60 in. hatch dimensions
high) side-hatch with tunnel
Varying simulated EVA suit EVA will be required | Recommendations SEV and EVA system design
weight and CG location (based on | for transfer of inca- for SEV suitport and | teams will be provided with
suitport-compatible PLSS pack- pacitated EVA crew side-hatch EVA data and recommendations

aging) will affect performance of
the following exploration EVA
tasks:

SEV unloading from cargo
lander (i.e., Hypothesis 1
task)

Small payload transfer
between lander and surface
(i.e., Hypothesis 2 task)
Incapacitated crew member
transfer from surface to
lander deck (i.e., Hypothesis
3 task)

Incapacitated crew member
transfer from surface to SEV
cabin (i.e., Hypothesis 4 task)
EVA EPSP Project explor-
ation EVA task protocol (i.e.,
ambulation, kneel/recover,
fall/ recover, shoveling, rock
pick up, ladder climbing)

members into the
SEV-rover cabin;
implications of these
EVA tasks on SEV
and EVA systems
designs and operations
are not yet understood;
nominal plan is to
transfer incapacitated
crew members via the
suitport; transfer of
suited crew members
via side-hatch is also
being considered,
which may drive side-
hatch dimensions

support hardware
and side-hatch
dimensions

early enough to make neces-
sary design decisions that
will ensure safe and efficient
transfer of incapacitated crew
members from surface to
SEV-rover cabin; hatch
dimension recommendations
potentially impact all pres-
surized surface systems




Hypothesis/Objective

ESMD/HRP
Relevance

Products

Results Utility

Crew productivity will not be
significantly affected by a voice
communications mode in which
real-time habitat-ground
communications are available
only twice per day as compared
with continuous real-time voice
communications

Significant cost
savings can be realized
if continuous moon-
Earth voice communi-
cation is not required;
little data exist on the
impact of reduced
voice communication
coverage on crew
productivity during
lunar-like mission
operations

Quantitative
evaluation of crew
productivity during
NEEMO mission
operations with and
without reduced
ground voice
communications

Recommendations for lunar
surface communications
requirements

A crew member will successfully
translate through a hatchway in
simulated lunar gravity, weighed
out to IVA weight, via:

a. a101.6 cm wide by 101.6 cm
high (40 in. wide by 40 in.
high) side-hatch with no tunnel

b. a101.6 cm wide by 152.4 cm
high (40 in. wide by 60 in.
high) side-hatch with no tunnel

IVA crew members
will have the need to
translate through
hatchways between
vehicles and habitats;
implications of these
tasks on SEV-rover
and exploration
systems designs and
operations are not yet
understood; translation
of IVA crew members
may drive side-hatch
dimensions

Recommendations
for SEV-rover side-
hatch dimensions

SEV-rover and lunar surface
system design teams will be
provided with data and
recommendations early
enough to make necessary
design decisions that will
ensure safe and efficient
translation of incapacitated
crew members from between
vehicles and habitats; hatch
dimension recommendations
potentially impact all pres-
surized surface systems

A simulated incapacitated crew
member will be successfully
transferred from the crew-lander
deck into an airlock and ascent
module in simulated lunar gravity

EVA will be required
for transfer of inca-
pacitated EVA crew
members into an
airlock and ascent
module; implications
of these EVA tasks on
systems designs and
operations are not yet
understood; transfer of
suited crew members
through airlock may
drive hatch and airlock
dimensions

Recommendations
for hatch and airlock
dimension as well as
for EVA support
hardware

EVA system design teams
will be provided with data
and recommendations early
enough to make necessary
design decisions that will
ensure safe and efficient
transfer of incapacitated crew
members from the lander
deck into the ascent module
through the airlock




Hypothesis/Objective

ESMD/HRP
Relevance

Products

Results Utility

A crew member will successfully | EVA crew members Recommendations Lunar surface system design
translate into an airlock and ascent | may have the need to | for hatch and airlock | teams will be provided with
module in simulated lunar gravity | translate an airlock on | dimensions data and recommendations
entering and exiting an early enough to make
ascent module; impli- necessary design decisions
cations of these tasks that will ensure safe and
on exploration systems efficient translation of crew
designs and operations members through airlocks
are not yet understood;
translation of EVA
crew members may
drive hatch and airlock
dimensions
A crew member will successfully | NEOs and low-gravity | Recommendations EVA and surface systems

establish anchors, translate, and
perform tasks in a simulated very-
low-gravity field.

moons are potential
targets for human
exploration

for techniques and
equipment that will
be necessary to
work on NEOs and
low-gravity moons

design teams will be
provided with data and
recommendations early
enough to make necessary
design decisions that will
ensure safe and efficient
operations in a nominal
and/or contingency scenario

A crew member will find it
acceptable to translate through a
101.6 cm wide by 101.6 cm high
(40 in. wide by 40 in. high)
hatchway in 1g

IVA crew members
will have the need to
translate through
hatchways between
vehicles and habitats;
implications of these
tasks on SEV-rover
and exploration
systems designs and
operations are not yet
understood; translation
of IVA crew members
may drive side-hatch
dimensions

Recommendations
for SEV side-hatch
dimensions

SEV and lunar surface
system design teams will be
provided with data and
recommendations early
enough to make necessary
design decisions that will
ensure safe and efficient
translation of incapacitated
crew members from between
vehicles and habitats; hatch
dimension recommendations
potentially impact all pres-
surized surface systems




Hypothesis/Objective

ESMD/HRP
Relevance

Products

Results Utility

Cognitive performance and stress

in a simulated space environment:

1. To determine the best
measures and tools to use for
assessing decrements in
cognitive function due to
fatigue and other aspects of
space flight

2. To provide data collected to
other BHP investigators to
fulfill their research objective

3. To build a normative
database for astronaut
populations

4. To characterize astronauts’
sleep duration in analogs and
under normal conditions

BHP associated with
space exploration

Objective and
subjective data
products and anal-
ysis (see section 4
for further details)

Insight on objectives relevant
to the advancement of BHP
research and knowledge

A scheduling and planning tool in
NEEMO 14 — a simulated space
environment in which:

1. NEEMO 14 mission will
serve as a test bed (proof of
concept) for development,
deployment, and evaluation
of the scheduling and
planning tool

2. Overarching goal is to
develop a technology to assist
with scheduling, planning,
and training of astronauts
when they are working and
living during long-duration
space flight missions.

BHP associated with
space exploration

Subjective data

products and anal-
ysis (see section 4
for further details)

Insight on objectives relevant
to the advancement of
scheduling and planning
tools for space exploration

Measures of team cohesion, team
dynamics, and leadership in a
simulated environment:

1. To assess crew performance,
crew cohesion, and crew-
ground interaction

2. To develop a normative
database of team measures
that may be generalizable to
space flight and the astronaut
population

BHP associated with
space exploration

Subjective data

products and anal-
ysis (see section 4
for further details)

Insight on objectives relevant
to the advancement of BHP
research and knowledge

10




Hypothesis/Objective

Immune assessment during a
short-duration space flight analog
undersea mission:

1.

To measure immune function
changes, physiological stress,
viral reactivation, and viral-
specific immunity

To further characterize any
aspects of SAID (space-
flight-associated immune
dysregulation)

To compare this ground-
based space flight analog to
actual flight data

ESMD/HRP
Relevance

HHC associated with
space exploration

Products

Objective and
subjective data
products and anal-
ysis (see section 4
for further details)

Results Utility

Insight on objectives relevant
to the advancement of BHP
research and knowledge

Characterization of oxidative
damage during a saturation dive:

1.

To expand measurements of
oxidative damage to include
more markers to better char-
acterize the type of damage
To measure markers of
hemolysis (haptoglobin and
hemopexin) to better under-
stand the increase in iron
storage during NEEMO
missions

To measure markers of folate
status to better understand the
effect of an oxidative stress
on folate metabolism

HHC associated with
space exploration

Objective data

products and anal-
ysis (see section 4
for further details)

Insight on objectives relevant
to the advancement of BHP
research and knowledge

Cardiac adapted sleep parameters
electrocardiogram recorder moni-
toring during NEEMO expedition
aboard Aquarius undersea habitat:

1.

To use cardiac autonomic
activity to detect sleep
instability and circadian
rhythm disruption in a space
analog extreme environment

HHC associated with
space exploration

Objective data

products and anal-
ysis (see section 4
for further details)

Insight on objectives relevant
to the advancement of BHP
research and knowledge
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Hypothesis/Objective

ESMD/HRP
Relevance

Products

Results Utility

Continuous real-time
hemodynamic noninvasive
monitoring during NEEMO
expedition aboard Aquarius
undersea habitat:

1. To obtain daily 15-min
“resting” hemodynamic data
on each crew member

2. To obtain real-time
transmission of hemodynamic
data from Aquarius to the
NASA Kennedy Space
Center (KSC) on two separate
occasions

HHC associated with
space exploration

Objective data

products and anal-
ysis (see section 4
for further details)

Insight on objectives relevant
to the advancement of BHP
research and knowledge

12




4 Methods

41 Crew subjects

Subjects were recruited from the active astronaut corps as well as through a space life sciences
selection process. Through this selection, 4 male astronaut subjects (Table 3), consisting of 2
active astronauts and 2 space life sciences investigators, participated in the mission.

Table 3. Subject Characteristics

n=4 Height Body Mass (kg Age
(cm [in.]) [1bs]) (years)

Average 181.5 (71.5) 77.0 (169.8) 423

SD* 0.8 (0.3) 5.1(11.2) 9.3

Max 182.4 (71.8) 82.6 (182.1) 50.0

Min 180.3 (71.0) 70.3 (155.0) 30.0

*SD = standard deviation

All subjects successfully passed a modified Air Force Class III Physical or equivalent exam-
ination. Each subject was provided verbal and written explanations of the testing protocols and
the potential risks and hazards involved in the testing, and signed NASA JSC Human Research
documentation indicating his/her understanding and consent. All testing protocols were reviewed
and approved by the NASA JSC CPHS, and appropriate test readiness reviews were conducted
before testing began.

4.2 Crew subject training
Crew members were briefed on the objectives and methods of the study before departure for
the field test site, and participated in a comprehensive training program that included review and
practice of the following:

- Study hypotheses

- Metrics and data collection procedures

- Mission rules

- Task procedures

- CG rig familiarization

- Mock-up familiarization

- Agquarius familiarization

- Communications protocols

On deployment to the field test site, all crew members completed a brief refresher course before
the start of the mission.

4.3 Equipment

4.3.1 Aquarius Habitat

Aquarius is the only operational undersea research habitat in the world (Figure 1). It is operated
through the National Undersea Research Center (NURC) by the University of North Carolina at
Wilmington. It is highly sophisticated in its logistical infrastructure, and has not required major
modifications to support unique NASA needs.
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Figure 1. Location of Aquarius habitat off the coast of Key Largo, Fla.

Aquarius was built in the mid-1980s, and was previously located in Saint Croix (U.S. Virgin
Islands) before moving to the reef line 19.3 km (12 miles) off Key Largo, Fla, in 1990. In these
two locations, Aquarius has supported dozens of missions to study the undersea realm for several
hundred marine research scientists from around the world (Figure 2).

Figure 2. A diver descends to the world’s only undersea research habitat,
Aquarius, in 18.9 m (62 ft) of seawater off Key Largo, Fla.

14



Aquarius is similar in size to the U.S. Laboratory module on the International Space Station
(ISS) (~15 m [49.2 ft] long % 4.5 m [14.8 ft] diameter). It is firmly secured to a sand patch sur-
rounded by large spur and groove coral reefs on three sides. It sits in water that is 18.3 m (60 ft)
deep, but the entrance level is actually closer to 15.2 m (50 ft) deep, which corresponds to an in-
ternal pressure of approximately 2.5 atmospheres. At this depth, aquanauts living and working in
the habitat are exposed to excessive levels of nitrogen within the first few hours, and must commit
to staying in the habitat and undergoing “decompression” before returning to the surface. This
type of diving is called “saturation” diving, which refers to the complete saturation of the body
tissues by nitrogen. A diver in this condition will quickly experience the onset of the “bends”
if he or she returns to the surface without going through decompression, and would most likely
experience injury and even death if not treated. The danger is real and the environment is truly
extreme, which is one of the key reasons it makes such a good analog to living in space. Aqua-
nauts participating in these missions must use their training, skills, knowledge, and teamwork

to ensure their safety and mission success.

Permanently anchored above Aquarius is a 10-m (32.8-ft) life support buoy (LSB) (Figure 3). On
board the LSB are redundant generators and compressors that provide electrical power and fresh
air to the habitat via umbilical. Separate umbilicals provide communications connectivity. The sig-
nal is relayed via microwave from the LSB to NURC headquarters in Key Largo, Fla. This allows
Aquarius to have real-time voice communication (radio and telephone) and internet connectivity.
It also allows the “watch desk at NURC to monitor video and systems telemetry in real time,
which they do 24 hours per day, 7 days per week during a mission.

Figure 3. The LSB moored directly above Aquarius provides electrical power and
communications to shore.

A simulated reduced-gravity environment was necessary for the ESMD and EPSP studies
to assess the ability of crew members to perform mission-critical tasks. The Aquarius facility
provided an isolated and confined environment from which realistic EVAs could be performed.
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With the addition of the SEV-rover and lander mock-ups near the habitat (see sections 4.3.2 and
4.3.3), EVAs could be performed to assess operations concepts in a way that will inform suit and
vehicle requirements to maximize crew performance. Since crew members on EVA can be out
for extended periods and weighed out to simulate reduced gravity, the Aquarius site was the
most effective way with which to accurately test these operations concepts.

4.3.2 Space Exploration Vehicle Mock-up

The SEV mock-up used in this study is based on the cabin 1B prototype that was developed as a
collaborative effort among JSC, NASA Langley Research Center (LaRC), NASA Ames Research
Center (ARC), and NASA
Glenn Research Center (GRC)
(Figure 4). The SEV mock-up
also incorporated the features
necessary to achieve mission
objectives, as shown in the de-
tailed mock-up development
drawings in section 8.1.

A full-scale mock-up of the

2 SEV (Figure 5) was constructed
near the Aquarius habitat to
achieve the rover-based test

~ objectives. This SEV mock-up
=« had side-hatches that were

101.6 cm (40 in.) wide and an

= . adjustable height from 101.6 cm
(40 in.) to 152.4 cm (60 in.).
The aft bulkhead of the mock-
up featured suitport simulators.
The height of the door thresh-
olds, suitport thresholds, and aft
deck accurately simulated the
expected lowest possible heights
based on prototypes. The SEV
interior was minimally simulated
by employing fold-up benches
and side-hatch doors.

Figure 5. Full-scale SEV mock-up on
seafloor during mission.
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4.3.3 Lander Mock-up

The cargo-lander mock-up used for this
study was based on the Design and Analysis
Cycle 3 (DAC3) Altair concepts that were
developed as a collaborative effort among
multiple NASA centers.

A full-scale mock-up of a lander (Figure 6)
was constructed next to the Aquarius habitat
so that simulated EVAs could be performed
to achieve the lander-based objectives of the
test. There were two configurations for the
lander: as a cargo lander designed to test
on/off load of small and large payloads, and
as a crew lander with an airlock and ascent
module. The objectives were: off-loading of
the SEV mock-up, on/off load of a small
payload, on load of a simulated incapaci-
tated crew member to the deck and ingress
to the airlock, and airlock and ascent module
ingress/egress. The crew’s ability to safely,
effectively, and efficiently climb/descend a
full-scale ladder and move around the deck
while using tethers and arrestors was also
assessed. Further details of the lander mock-
ups can be found in the mock-up develop-
ment drawings in section 8.2.

Figure 6. Full-scale cargo lander with airlock and ascent
modaule in place on its deck and the SEV mock-up in the
foreground.

4.3.4 Center-of-gravity Rigs

The EPSP Project developed a custom rig to be worn by a diver to allow different CGs to
be simulated (Figure 7) while performing tasks underwater. These rigs were used to support
NEEMO missions 9-13 (Figure 8) in addition to support NEEMO 14 mission objectives.

The CG rig was used in conjunction with U.S. Navy Mark 12 (MK-12) dive suits that allowed the
subjects to be weighed out to 1/6g so that tasks could be performed in simulated reduced gravity.
Three different CGs were assessed during NEEMO 14. The mid-high/mid-aft (MHMA) CG
simulates wearing a PLSS that is consistent with the latest design concepts for use of a suitport.
The “0,0,0” CG was coincident with the location of the CG of a 81.6-kg (180-1b), 1.83-m (6-ft)
male (the standard subject used to calculate settings of the rig). The POGO CG, which was a high
and aft CG representing a CG consistent with the use of a suitport PLSS, also crosses over to tests
performed in the partial-gravity simulator (nicknamed POGO) at JSC so that cross-environmental
comparisons could be made. The CG rigs were worn for the EPSP and cargo lander-based
portions of the protocol (see section 4.6.1).
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Figure 7. CG rig showing major features of
design.

4.3.5 Mobile Mission Control Center
The Information Technology and Com-
munications Directorate (ITCD) at KSC
provided a Mobile Mission Control Center
(MMCC), which accommodated test support
personnel including the Science Backroom
Team, CAPCOM [capsule communicator]/
Test Director, and data collection personnel.
The MMCC is shown in Figure 9.

Figure 8. CG rig in use during previous NEEMO
missions.
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Figure 9. Interior of MMCC during mission, and the MMCC parked outside the Aquarius reef base.

4.3.6 Haul System

A haul system was designed to assist the crew in lifting and maneuvering the simulated
incapacitated crew member through hatchways and up to the SEV suitport. Figure 10 and Figure
11 show the haul system and a component diagram, respectively.

The system, which was designed to provide crew members
with a 4-to-1 mechanical advantage, was used during the
incapacitated crew member SEV-suitport and side-hatch
ingress tasks as well as the incapacitated crew member
airlock/ascent module ingress task. Components for the haul
system included carabiners (OK screw-lock, Petzl, Crolles,
France), pulleys (Mini Double PMP, Seattle Manufacturing
Corporation, Ferndale, Wash), rope (BlueWater 11 Plus",
BlueWater Ropes, Carrollton, Ga), self-ratcheting pulley
(Mini Traxion self-ratcheting pulley, Petzl, Crolles, France),
and 8-mm (0.3-in.) nylon cord (Sterling Rope Company,
Inc, Biddeford, Me).

Figure 10. Haul system.
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Figure 11. Haul system with explanation of components.

4.3.7 Fall Protection

Fall protection was provided to crew members to mitigate the risk of injury due to a fall while
they were working on the lander ladder and upper deck of the lander. The ladder-fall protection
design used a rope that was fixed in place on the lander ladder and a rope-grab device (LadSaf”,

DBI-Sala, Red Wing); see Figure 12.

Figure 12. Lander ladder fall protection.

While working on the deck of the lander, the crew
members each carried two safety tether carabiners (MGO,
Petzl, Crolles, France) so that 100% connection could be
attained. All fall protection was provided to the crew
members by D-rings attached on their integrated dive
vests.

4.3.8 Rescue Manikin

An adult water rescue manikin (Simulaids, Saugerties,
NY) was used to simulate the incapacitated crew mem-
ber. The manikin was outfitted with a PLSS mock-up (see
section 4.3.9) to better simulate the volume of a suited,
incapacitated astronaut.

20



Figure 13. Crew member climbing onto

the lander deck wearing PLSS mock-up.

4.3.9 Portable Life Support System Mock-ups
PLSS mock-ups (Figure 13) were designed to match the
dimensions and volume of the Mark-III spacesuit technol-
ogy demonstrator (MK-III) PLSS. The PLSS mock-ups
were made of polyvinyl chloride (PVC) tubing covered
with PVC mesh and attached to the crew members via a
nylon webbing harness with quick-release buckles.

When not wearing the CG rig, subjects wore a mock-up
that simulated the volume of a PLSS. The PLSS mock-up
volume and dimensions were based on those of the MK-
1.

44 Equipment layout

Figure 15 (shown on the following page) displays the
layout of the Aquarius habitat, vehicle mock-ups, and
exploration task area.

4.5 Test conditions

Three different 1g suit weights (90.7, 136.1, and 181.4 kg
[200, 300, and 400 Ibs]) were evaluated for each of the three
CGs (Figure 14). To simulate these different suit weights,
each subject was first weighed out in the water with his
or her dive helmet and all dive equipment so that he or she

was neutrally buoyant. The additional weight necessary was then computed by adding the
subject weight to the CG-rig weight and multiplying by the 1/6g of lunar gravity. This weight
was then added to the MK-12 dive suit or integrated-dive vest that supported the emergency gas
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Figure 14. CG rig showing different positions of weights and arms to achieve the three CGs to be
used for NEEMO 14.

supply system for each diver.
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Figure 15. To-scale overhead layout of Aquarius habitat,
vehicle mock-ups, and exploration task area.

While wearing the PLSS mock-ups (Figure 16), crew members performed weigh outs that are
similar to those described for use of the CG rig, but simulated only the 1g suit weight of 136.1 kg
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(300 Ibs). The PLSS mock-ups were worn during the SEV and crew lander-based portions of the
protocol (see section 4.5.2).

Figure 16. Crew members on lander deck wearing volumetric PLSS mock-ups.

4.6 Test protocols

The study hypotheses (section 2) were tested by planning and performing a 14-day mission at
the Aquarius habitat during which productivity, human factors, and performance metrics for
crew members and hardware were collected.

Preliminary data reduction and analysis began during the field test to enable verification of data
quality. Comprehensive reduction and analysis of data, evaluating each study hypothesis, began
immediately following completion of the field test.

An overview of the timeline showing the overall execution schedule for the protocol is included
in section 8.3 (Figure 85 and Figure 86).

4.6.1 Extravehicular Activity Physiology Systems and Performance and Cargo
Lander-based Center-of-gravity Test Protfoco/

Hypotheses 1, 2, 3, and 5, described in section 2, were evaluated during this portion of the
test protocol. For this study, the purpose was to compare three different suitport-relevant CGs
at three different suit weights while crew member teams performed a variety of tasks similar to
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those anticipated on lunar and/or Mars exploration missions. Measurements for this study were
taken on a person wearing a wet suit with a PLSS-rig apparatus and a weighted overall suit, and
performing a set of exploration and construction tasks to determine: (1) the best CG location for
each task performance, (2) the EVA suit weight that best enables the subject to complete each of
the tasks, and to collect, and (3) additional metrics as detailed in section 8.4. Exploration tasks
took place on the seafloor outside the habitat and on or around the nearby mock-ups (i.e., cargo
lander, SEV). Figure 14 shows a representation of the tasks and the physical layout of the test
area around the habitat where the protocol was executed.

Fall protection equipment and methods were tested during the tasks that took place on the cargo-
lander mock-up or its ladder. A rope-grab device to stop falls was used on ascent and descent of
the ladder. While crew members were working on the cargo deck, tether systems, in combination
with a safety rail system, were used that provided for 100% tie-off when a crew member was in
danger of falling.

4.6.1.1 Extravehicular activity physiology systems and performance circuit protocol

The EPSP circuit consisted of the following exploration tasks: ambulation, incline ambulation,
decline ambulation, kneel/recover, fall/recover, shoveling, rock pickup/transfer, and EPSP-ladder
climb. The layout and order of the tasks are shown in Figure 14.

Ambulation consisted of a 6.1-m (20-ft) ambulation path on a level portion of seafloor over
which the crew members took four passes at each test condition. The ramped incline/decline
ambulation was performed on a 6.1-m (20-ft) ramp attached between the seafloor and the deck

of Aquarius. One pass in each direction was performed. Kneel/recover consisted of the crew
member performing one repetition of dropping to one knee and returning to a standing position.
Fall/recover was similar to kneel/recover, with one repetition of falling to a prone position and
returning to a standing position. Shoveling required placing 15 shovels of seafloor sand into a
bucket using a standard, long-handled garden shovel. The rock pickup and transfer task used dive
weights of differing sizes/weights that had to be transferred from one location to another location
3.05 m (10 ft) away, one at a time. The EPSP-ladder task had a single ascent and descent off a
3.05-m (10-ft) ladder placed at an approximately 10-deg incline. All tasks were performed once
per CG and suit weight simulated.

4.6.2 Space Exploration Vehicle and Crew Lander-based Test Profoco/

Hypotheses 4, 7, and 8, described in section 2, were evaluated during this portion of the test
protocol. In dealing with the possibility of an incapacitated crew member on the lunar surface,
EVA will be required to transfer that crew member to the ascent module for evacuation. If the
crew is out on traverse in the SEV when the incapacitation occurs, methods for ingressing the
SEV need to be developed and validated. This portion of the protocol compared the nominal plan
of ingressing a simulated incapacitated crew member via a suitport with transfer via a side-hatch
of differing sizes. A water rescue manikin, which was used to simulate an incapacitated crew
member, was weighed out to approximate the weight of a suited astronaut on the moon (~36.3 kg
[80 1bs]). To assist in lifting and manipulating the rescue manikin, the rescue manikin was outfitted
with a harness to which a 4-to-1 mechanical advantage haul system was attached with the ability
to capture the hauling progress. The haul system allowed crew member teams to move more easily
and position the manikin properly in the suitport or through the side-hatch. Attachment points on
the SEV mock-up assisted in using the haul system to maneuver the crew member either through
the side-hatch or up to the suitport, as depicted in Figure 17 through Figure 21. Hypothesis 8 was
tested similarly except with ingress of an incapacitated crew member through an airlock and
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ascent module hatch. Section 11.3 provides details on tasks performed in this portion of the pro-
tocol. A limitation of these evaluations was that the volume associated with the crew wearing a
pressurized spacesuit was not in place; thus, additional fidelity testing may be needed beyond

this study before finalizing design recommendations.

Hypothesis 7 was tested by weighing out the EVA crew members to the lunar weight they
would have if they were performing an IVA (i.e., without a suit) inside the SEV. The crew
members then translated through hatchways of different sizes to simulate moving between
vehicles and habitats. Metrics were collected to inform vehicle and habitat hatchway require-
ments. A limitation of these evaluations was that the volume associated with the crew wearing
a pressurized spacesuit was not in place; additional fidelity testing may therefore be needed
beyond this study before finalizing design recommendations.

4.6.3 Lander and Space Exploration Vehicle Reduced Communication Operations
Test Protocol
Hypothesis 6, described in section 2, was evaluated during this portion of the test protocol. Crew
members were able to communicate with the test safety and support personnel as well as with
each other during all test operations. However, the effect of reduced voice communications on
crew productivity and performance was evaluated by intentionally varying voice communica-
tions capabilities between the crew members and the support team in the MMCC (see section
8.3.5).
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Figure 17. Suitport rescue protocol — crew member in initial position.
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Figure 18. Suitport rescue protocol — crew member lifted to suitport.
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Figure 19. Side-hatch rescue protocol — crew member in initial position.
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Figure 20. Side-hatch rescue protocol — crew member lifted to entryway of hatch.
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Figure 21. Side-hatch rescue protocol — crew member ingressed through hatch.

The hypothesis was evaluated by using measures of crew performance and productivity (section
8.4) that were previously used during DRATS and Pavilion Lake Research Program field tests.
Metrics were collected during operations performed under at least two different voice commun-

ications conditions. As indicated in the summary mission timeline (Figure 85 and Figure 86),
half of the 14-day mission was conducted with continuous real-time voice communications
available between the crew members and the Test Director/CAPCOM and Science Team
personnel in the MMCC.
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During the last half of the mission, the communications philosophy was intentionally modified so
that voice communications between the crew members and the MMCC were only available twice
per day. Crew performance and productivity under these varied communications conditions were
quantified and compared using the metrics described in section 8.4.

4.7 Timelines and procedures

4.7.1 Timelines

The 14-day mission had a detailed timeline that balanced the capabilities of the facility with the
mission objectives. This timeline shows the objectives detailed or referred to in this protocol. Each
task in the timeline was further detailed in task-specific timelines/procedures, as appropriate (see
section 8.4). “Get-ahead” tasks were also included that were secondary tasks to be accomplished
if the nominal tasks were completed and the crew members were ahead of the timeline by a
predefined amount of time.

The overall mission timeline was managed using the Scheduling and Planning Interface for
Exploration (SPIFe) mission operations planning software (ARC); examples of the overall
timeline in the SPIFe software are shown in section 8.4.1. For the full pre-mission detailed
timeline, see section 8.4.2 in which Figure 87 shows an example of a detailed task timeline for
CG studies. These timelines were based on those under development for use as reference tasks by
the EAMD team, an example of which is shown in section 8.4.2 (Figure 88) for SEV off-loading.

4.7.2 Procedures

Detailed procedures, which were developed for this study based on EAMD timeline develop-
ment, are included in section 8.5. These procedures detailed the tasks to be performed by both
the IVA and the EVA crew members to achieve each portion of the timeline. Additionally, cue
cards were developed for use by the topside support divers to assist in guiding the test activities;
the cue cards can be found in section 8.6.

4.8 Data collection and analysis

4.8.1 Study Metrics

The specific metrics used to test each of the study hypotheses are described in this section. For
comparative hypotheses, the difference value for each metric that is considered practically signif-
icant is defined and the rationale explained. the absolute value of each metric that accepts or rejects
each hypothesis is defined and the rationale explained for non-comparative hypotheses. Table 4
provides an overview of the study metrics.

Table 4. Summary of NEEMO 14 Metrics

EVA Performance and Human Factors Metrics

Gravity Compensation and Performance Scale
Ratings of Perceived Exertion

EVA Task Acceptabilit
Weighted Sum of Completed Tasks
Task Completion Times

Subjective Crew Health Metrics (for crew health purposes only) ‘

Bedford Thermal Scale
Corlett and Bishop Discomfort Scale




4.8.2 Gravity Compensation and Performance Scale Ratings
The degree of operator compensation required to operate certain tasks was quantified. The
Gravity Compensation and Performance Scale (GCPS) rating of operator compensation has been
successfully employed during multiple JSC Integrated Suit Testing protocols and was used in the
evaluation of EVA tasks during this study. Note that the ratings may not have been collected for
tasks in which crew members could not do a familiarization with the task in 1g. The modified

scale is shown in Figure 22.

ADEQUACY FOR SELECTED TASK
OR REQUIRED OPERATION*

CG Assessment
CHARACTERISTICS

DEMANDS ON OPERATOR IN SELECTED
TASK OR REQUIRED OPERATION*

Operator
RATING

Excellent
Highly desireable

Operator compensation not a factor for
desired performance- easier than 1G activity

Good
MNegligible deficiencies

Operator compensation not a factor for
desired performance- equivalent to 1G activity

Fair-some mildly
unpleasant deficiencies

Minimal operator compensation required for
desired performance

Minor but annoying
deficiencies

Desired performance requires moderate operator
compensation

Maoderately objectionable
deficiencies

Adequate performance requires
considerable operator compensation

Very objectionable but
tolerable deficiencies

Adequate performance requires extensive operator
compensation

Major Deficiencies

Considerable operator compensation is required
for control, and performance compromised.

|

Major Deficiencies
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Unable to perform task

Operator decisions

Figure 22. GCPS rating of operator compensation.

* Definition of required operation involves designation of fight phase

Cooper-Harper  Ref NASA TND-5153 - modifed for EPSP CG assessment 2-1-08  anglor subphasss wi accompanying conditions .

The study hypotheses require that the acceptability of human factors be assessed. For this pur-
pose, a GCPS rating of < 3 will be considered acceptable. As Figure 22 shows, a GCPS rating of
3 corresponds to “Satisfactory without improvements” with “minimal compensation required for
desired performance.” The full flow chart shown in Figure 22 was used to develop an abbrevi-
ated version for cue cards (see section 8.9) that was used by crew members in the field during

the mission.

4.8.3 Ratings of Perceived Exertion
For each task, ratings based on the Borg Perceived Exertion Scale' were collected in lieu of

direct metabolic energy expenditure, as measurement of direct metabolic energy expenditure in
the marine environment is impossible. The rating of perceived exertion (RPE) scale is shown in

section 8.9.

29




4.8.4 Extravehicular Activity Task Acceptability Ratings

Hypotheses 1 through 4 were tested using the following Likert scale, previously employed
during DRATS field tests, to evaluate the acceptability of all aspects of the EVA tasks:

Tata.lly Acceptable-no Acceptable-minor Borderline-improvements Unacceptable- Tata.lly .Unacceptable—
improvements ' . . ' major improvemnents
improvements desired warranted improvements required .
necessary required
1 | 2 3 | 4 5 | 6 7 | 8 g | 10

Crew members had the opportunity to evaluate aspects of the EVA tasks, including:
1) Accessibility
2) Interfaces
3) Task Design
4) Fall Restraint System
5) Overall Task Acceptability

By definition, ratings of < 4 indicated acceptability. However, even where median values of <4
are measured, the reasons for any outlying data points > 4 (i.e., unacceptable EVA factors) will
be recorded to help inform the redesign of the EVA tasks.

4.8.5 Weighted Sum of Completed Tasks

The weighted sum of completed tasks (WSCT) metric enables quantitative comparison of the
crew productivity among different test conditions. This metric requires that all tasks performed
by the crew are assigned task values (TVs) in a consistent manner; i.e., the same task performed
on two different days should carry the same value. The extent to which crew members complete
each task is reflected as a percent complete (PC). When crews completed tasks ahead of schedule
get-ahead tasks were then performed, which will also have task values assigned.

WSCT =3 TV (n) x PC (n)
where: TV (n): Relative Value of Task n, on a 1 to 3 scale

1 =low value
2 = moderate value
3 = high value

PC (n): Percent Complete Quality of data collected at traverse waypoint objective n, from
0% to 100%.

Because the maximum achievable WSCT score often differs among mission days, a normalized
version of this metric may also be employed wherein the WSCT metric as defined above will be
divided by the sum of all p/anned task values.

The mean WSCT for each mission day under each communications condition may be calculated
and compared. A difference in average daily WSCT of three points would reflect completion of
one additional high value task per day and will be considered a practically significant difference
in productivity for the purposes of this test. A difference in normalized WSCT of > 10% will be
considered practically significant.

4.8.6 Task Completion Times

Crew members verbally communicated to the IVA crew members when tasks were started and
when they were finished. Times were recorded using data sheets, and the duration of each task
was calculated. Reasons for large deviations from normal completion times (defined as ~25% or
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more deviation from normal task completion times) were documented; this was consistent with
the procedures used during DRATS tests.

When comparing task completion times between communications conditions, a sustained
increase of at least 10% in any crew member’s average completion time for a series of EVA
tasks may be considered practically significant and a non-negligible decrement in crew
performance.

4.8.7 Subjective Crew Health Metrics

Crew members were prompted when warranted for subjective overall discomfort” and thermal
comfort, the latter on the Bedford Thermal Comfort Scale.’ The data were only used to ensure
the health and safety of the crew members throughout the test, to identify deficiencies in test
equipment, and as test termination criteria. The scales used are shown in section 8.9.

4.8.8 Statistical Analysis

Descriptive statistics were used to characterize the performance, productivity, and human factors
metrics under all test conditions. Inferential statistics were not employed to test study hypotheses;
however, practically significant differences in specific metrics were prospectively defined for the
testing of study hypotheses and were described in the study protocol. This process has been used
during previous EAMD protocols as well as during EVA suit testing protocols conducted by the
EPSP in which small sample sizes precluded the use of inferential statistics. For example, a prac-
tically significant difference in metabolic rate has been defined as > 3.5 mL/kg/min, which is
approximately equal to an individual’s resting metabolic rate and also corresponds to the
difference in metabolic rate that is perceptible by a person.
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5 Results

5.1 Center-of-gravity variation by subject

As was noted in the methods section, the settings for the CG rig to achieve the targeted CGs
were based on the use of a computer-aided design (CAD) model of a “standard man” of height
1.83 m (6 ft) and weight 81.6 kg (180 Ibs). Crew members posttest had anthropometric measures
taken of their bodies and additional CAD models were created that matched each crew member’s
anthropometric characteristics. The crew member CAD models were then used together with the
CG-rig settings used during the mission (based on the “standard man” model) to determine the
achieved CG locations. Posttest modeling also included the actual weight that was added to the
MK-12 dive suits or integrated diver vests (IDVs) on a subject-by-subject and condition-by-
condition basis. Figure 23 shows the results of this analysis. In the figure, the solid data points
are targeted CG locations based on the pretest, standard-man model. The open data points repre-
sent the achieved CG locations based on the posttest, improved modeling. Several clusters seen
in the figure represent differences in anthropometry and dive weights for different subjects and
suit weight conditions, respectively.
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NEEMO 14 Targeted vs. Achieved CGs by Condition & Subject
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Figure 23. NEEMO 14 targeted vs. achieved CGs by condition and subject.

The following sections use the pretest, standard-man model targeted CG names (i.e., 0/0,
MHMA, and POGO) when presenting results. In the 6 Discussion and Conclusions section,
the possible effects of subject-by-subject and condition-by-condition changes in CG are analyzed
further.

5.2 Space exploration vehicle off-load results

The SEV off-load task was performed by a pair of crew members who were working together
(Figure 24). As described in section 4.6.1.2, one crew member operates the large davit and one
crew member operates a tagline (Figure 25) to control the SEV rotation.
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Figure 24. Crew members performing SEV off-load trial.

Table 5 shows the mean and range of the GCPS
ratings collected from crew members immediately
following each test condition. GCPS ratings with
means higher than 3 are shaded in red, and ranges

. . . e Figure 25. Crew member using belay line while
(which denote the lowest and highest ratings given performing the sand role of the SEV off-load.

by crew members) are shown in orange if the upper
end of the range exceeds 3. From the table it can be seen the 0/0 CG shows the largest number of
acceptable conditions from a GCPS perspective for both roles.

Table 5. GCPS Means and Ranges for SEV Off-load Task

i GCPS
Suit
Weight 0/0 MHMA POGO
(kg [1bs]) Mean Range
90.8 (200) 23 23
SEV Off-load
(deck role) 136.1 (300) 2.5 2,3
181.4 (400) 25 23
90.8 (200) 2.7 1,4
SEV Off-load
(sand role) 136.1 (300) 2.5 2,3
181.4 (400)

Table 6 shows the mean and range of the RPE ratings collected from the crew members
immediately following each test condition. While no acceptability standards were set for RPE
ratings other than for test termination criteria, ratings greater than 13 (“somewhat hard” on the
RPE scale) are highlighted in red, and ranges with a maximum higher than 13 are highlighted in
orange. All means and most ranges had ratings less than or equal to 13.
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Table 6. RPE Means and Ranges for SEV Off-load Task

Suit LD
Weight 0/0 MHMA POGO
(kg [Ibs]) Mean Range Mean Range Mean Range
90.8 (200) 8.8 7,11 10.8 9,15 10.0 7,12
SEV Off-load 7757 30 10.3 9,12 10.3 8,11 11.3 11,12
(deck role)
181.4 (400) 9.8 8,12 9.5 8,11 10.8 10,12
90.8 (200) 11.0 9,13 8.5 7,10 8.5 7,10
SEV Off-load 773 77 300 9.0 711 11.8 11,13 78 79
(sand role)
181.4 (400) 9.3 8,11 8.8 8,9 9.5 8,11

Table 7 shows the mean and range of the task acceptability ratings collected from the crew
members immediately following each test condition. Task acceptability ratings with means
higher than 4 are shaded in red, and ranges (which denote the lowest and highest ratings given
by crew members) are shown in orange if the upper end of the range exceeds 4. Most conditions
show a mean task acceptability exceeding 4 for the deck portion of the task, and the sand portion
of the task shows that all conditions are acceptable.

Table 7. Task Acceptability Means and Ranges for SEV Off-load Task

Task Acceptability
0/0 MHMA POGO
Suit
Weight Mean Range Mean Range Mean Range
(kg [Ibs])

SEV Oft.load 90.8 (200) 2,7 3,6 2,7

-loa
(deck rolc) 136.1 (300) 4.0 3,5 1,7 4.0 2,7
181.4 (400) 3.8 3,8 5,8
SEV Off.load 90.8 (200) 2.7 2,4 3.3 24 4.0 2,7
~oa 136.1 (300) 2.5 1,5 3.8 2,7 2.5 1,5

(sand role)
181.4 (400) 33 2,6 2.3 2,3 2.3 2,3

5.2.1 Space Exploration Vehicle Off-load Deck Role Crew Comments

A major contributor to high ratings for task acceptability for the deck role of SEV off-load were
due to the large, davit-winch handle being too high as the crew members felt it was quite difficult
to keep their arms raised and work above shoulder level; this would be made even more difficult if
the task were to be performed in a spacesuit. Crew members noted that heavier suit weights seemed
better as they seemed to provide stability on the platform and allow them to generate more force
on the winch handle. It was noted that handrails and/or footholds next to the winch might be help-
ful to generate more force on the winch handle and help with the stability. The crew consensus
seemed to be that lowering the crank would make the task acceptability ratings lower. A crew
member said that he felt as though he were working harder against the weight of the rig when it
was set to 181.4 kg (400 Ibs) and 0/0 CG. Another crew member felt as though the MHMA CG
at 181.4 kg (400 Ibs) was pulling back on his shoulders. With the high winch height at the POGO
CG, 90.8-kg (200-1b) condition, two crew members feel as though they had to work to keep from
falling backwards because they felt unbalanced.
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5.2.2 Space Exploration Vehicle Off-load Sand Role Crew Comments

Two crew members felt as though a second tagline would have been helpful to perform the task
of controlling SEV rotation. One crew member preferred that the taglines were longer so that he
could get farther from the payload and not have to look up at such a steep angle. The main issue
reported for this role of the task was looking up to monitor activities on the deck, especially for
the POGO CG in which crew members felt unbalanced and some preferred to get down on one
knee to hold a stable and more comfortable position.

5.3 Small payload transfer results

The small payload transfer task was performed by a pair of crew members working together, as
described in section 4.6.1.2, with one crew member operating the small davit (Figure 26) and the
other crew member attaching the davit line to the small payload.

Figure 26. Crew member operates the small davit to transfer the
small payload.

Table 8 shows the mean and range of GCPS ratings collected from the crew members immed-
iately following each test condition. GCPS ratings with means higher than 3 are shaded in red,
and ranges (which denote the lowest and highest ratings given by crew members) are shown in
orange if the upper end of the range exceeds 3. From the table it can be seen that most conditions
show an acceptable mean from a GCPS perspective for both roles, with a tendency for more
unacceptable ratings at higher simulated suit weights.
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Table 8. GCPS Means and Ranges for Small Payload Transfer Task

GCPS
Suit
Weight 0/0 MHMA POGO
(kg [Ibs]) Mean Range Mean Range Mean Range

Small Payload | 90.8 (200) 2.0 22 2.0 22 2.0 22

Off-load 136.1 (300) 2.3 2,3 2.0 2,2 2.0 2,2

(deckrole) | 1g14400) [DONBEINN 2.5 23 23 2.0 22

Small Payload | 90.8 (200) 2.0 22 2.8 2,5 3.0 2,5

Off-load 136.1 (300) 2.7 2,3 2.0 2,2 2.5 1.4
(sandrole) | 1) 4 400) [0 2.5 3.0 25 I s |

Small Payload | 90.8 (200) 2.0 22 2.3 23 2.0 22

On-load 136.1 (300) 2.5 2,3 2.0 2,2 2.0 2,2

(deckrole) | 1g1 4 400) [N 2.5 23 23 2.0 22

Small Payload | 90.8 (200) 2.0 22 2.8 2,5 3.0 2,5

On-load 136.1 (300) 2.7 2,3 2.7 2.4 2.8 1.4

(sandole) | 1514 (400) | 25 36

Table 9 shows the mean and range of the RPE ratings collected from crew members immediately
following each test condition. While no acceptability standards were set for RPE ratings other than
for test termination criteria, ratings greater than 13 (“somewhat hard” on the RPE scale) are high-
lighted in red, and ranges with a maximum higher than 13 are highlighted in orange. All means
and most ranges had ratings less than or equal to 13.

Table 9. RPE Means and Ranges for Small Payload Transfer Task

Suit RPE Mean
Weight 0/0 MHMA POGO
(kg [Ibs]) Mean Range Mean Range Mean Range
Small Payload | 90.8 (200) 8.8 7,10 8.5 7,11 8.5 7,11
Off-load 136.1 (300) 10.3 7,12 12.3 10,14 9.8 8,11
(deck role) 181.4 (400) 8.0 7.9 10.0 8,12 8.8 7,10
Small Payload | 90.8 (200) 7.8 7.9 6.8 6.8 7.3 7.8
Off-load 136.1 (300) 7.7 79 7.5 7.8 7.0 7,7
(sand role) 181.4 (400) 9.5 7,12 8.3 7,10 9.3 8,11
Small Payload | 90.8 (200) 9.8 7,11 11.5 10,13 10.8 9,13
On-load 136.1 (300) 12.0 11,13 11.5 11,13 9.8 8,11
(deck role) 181.4 (400) 9.3 7,13 12.0 11,13 11.8 10,13
Small Payload | 90.8 (200) 8.3 7,11 6.8 6.8 7.3 7.8
On-load 136.1 (300) 7.7 7.9 7.0 6,8 7.0 7,7
(sand role) 181.4 (400) 9.5 7,12 8.0 7.9 9.3 8,11

Table 10 shows the mean and range of the task acceptability ratings collected from the crew
members immediately following each test condition. Task acceptability ratings with means
higher than 4 are shaded in red, and ranges (which denote the lowest and highest ratings given
by crew members) are shown in orange if the upper end of the range exceeds 4. Although all
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conditions show a mean task acceptability exceeding 4 for both roles, the range of ratings
provided did exceed 4 for several conditions.

Table 10. Task Acceptability Means and Ranges for Small Payload Transfer Task

Suit Task Acc. Mean
Weight 0/0 MHMA POGO
(kg [Ibs]) Mean Range Mean Range Mean Range

Small Payload | 90.8 (200) 1.5 12 1.0 1,1 2.0 1,3
Off-load 136.1 (300) 3.0 2,6 2.0 22 2.3 1,5
(deck role) 181.4 (400) 1.5 1,2 2.3 2,3 1.8 13
Small Payload | 90.8 (200) 1.5 1,2 1.0 1,1 1.5 12
Off-load 136.1 (300) 1.3 1,2 1.0 1,1 1.5 12
(sand role) 181.4 (400) 1.8 1,2 23 23 1.5 1,2
Small Payload | 90-8 (200) 1.5 12 1.3 12 2.0 1,3
On-load 136.1 (300) 3.8 2,7 1.8 12 2.3 1,5
(deckrole) | 1814 (400) 15 1,2 23 23 23 1,5
Small Payload | 90.8 (200) 1.5 1,2 1.0 1,1 1.5 12
On-load 136.1 (300) 1.3 1,2 1.7 1,3 1.5 12
(sand role) 181.4 (400) 1.8 1,2 1.8 1,2 1.5 1,2

5.3.1 Small Payload Off-load Deck Role Crew Comments

A couple of crew members took short rest breaks at the MHMA CG, 181.4-kg (400-1b)
condition. A crew member also felt that the workload was quite high at the POGO, 181.4-kg
(400-1b) condition. The crew members stated that the challenging nature of these conditions after
being on EVA for nearly 3 hours would require rest breaks to be factored into the EVA timeline.
The winch height on the small davit was lower than the large davit winch used during the SEV
off-load task, and crew members found it easier to use. The crew also noted that the gear ratio on
the small davit winch could be improved as the winch had to be turned too many times to perform
a full on- or off-load. There did not appear to be a noticeable CG effect for this task, likely due
to the presence of a handhold on the small davit that provided for good stability while cranking
the winch.

5.3.2 Small Payload Off-load Sand Role Crew Comments

Two crew members found it difficult to look up to deck height at the POGO, 181.4-kg (400-1b)
condition, as may be necessary to ensure the payload is clear of all structure during a transfer.
5.3.3 Small Payload On-load Deck Role Crew Comments

The height of the upper-winch handle, which was more of an issue during the on-load task due to
the need to exert more force, led to increased workload as well as instability during some of the
CG and weight configurations.

5.3.4 Small Payload On-load Sand Role Crew Comments

The crew members had difficulty looking up at raised payloads using the POGO CG for all suit
weights, as would be necessary to ensure the payload is clear of all structure during a transfer.
They stated that looking up required a lot of energy to maintain balance, and that is also caused
some crew members pain in the shoulders and back.

5.4 Incapacitated crew member upload results
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Figure 27. Crew member connects
simulated incapacitated crew member
to small davit line for upload.

The incapacitated crew member upload task was per-
formed by a pair of crew members working together,

as described in section 4.6.1.2, with one crew member
operating the small davit (Figure 27) and the other crew
member attaching the davit line to the incapacitated
crew member and managing a tagline to control
rotation.

Table 11 shows the mean and range of the GCPS
ratings collected from the crew members immediately
following each test condition. GCPS ratings with means
higher than 3 are shaded in red, and ranges (which de-
note the lowest and highest ratings given by crew mem-
bers) are shown in orange if the upper end of the range
exceeds 3. From the table it can be seen that most condi-
tions show an acceptable mean from a GCPS perspective
for both roles, with a tendency for more unacceptable
ratings at higher simulated suit weights and more high
and aft CG.

Table 11. GCPS Means and Ranges for Incapacitated Crew Member Upload Task

Sui GCPS
Wel;;tht 0/0 MHMA POGO
(km [Ibs]) Mean Range Mean Range Mean Range
Incap. Crew 90.8 (200) 2.0 2,2 2.3 23 2.3 2,3
On-load 136.1 (300) 2.5 2,3 2.0 2,2 2.3 23
(deckrole) | 181.4 (400) 2,5 23 23 23 23
Incap. Crew 90.8 (200) 2.8 2,3 2.5 1,5 3.0 2,5
On-load 136.1 (300) 2.3 2.8 2.0 1.4

(sand role)

2,3 1,4
181.4 (400) | a5 | | s

Table 12 shows the mean and range of the RPE ratings collected from crew members immed-
iately following each test condition. While no acceptability standards were set for RPE ratings
other than for test termination criteria, ratings greater than 13 (“somewhat hard” on the RPE
scale) are highlighted in red; ranges with a maximum higher than 13 are highlighted in orange.
The sand role means were all less than or equal to 13. However, the deck role means at the MHMA
and the POGO CGs had higher workloads. Although the task was essentially the same as the
small payload upload task for the deck role, the 36.3-kg (80-1b) load of the incapacitated crew
member vs. the 9.1-kg (20-1b) load of the small payload could account for the higher RPE

values.
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Table 12. RPE Means and Ranges for Incapacitated Crew Member Upload Task

Suit RPE Mean
Weight 0/0 MHMA POGO
(km [Ibs]) Mean Range

Incap. Crew 90.8 (200) 11.5 7,13

On-load (deck 136.1 (300) 11.0 7,13

role) 181.4 (400) 10.0 7,13
Incap. Crew 90.8 (200) 10.0 7,15 7.8 6,10 8.8 7,13
On-load (sand 136.1 (300) 9.0 7,11 7.8 7,9 7.0 7,7
role) 181.4 (400) 12.0 9,16 8.5 7,11 9.5 8,11

Table 13 shows the mean and range of the task acceptability ratings collected from crew
members immediately following each test condition. Task acceptability ratings with means
higher than 4 are shaded in red, and ranges (which denote the lowest and highest ratings given by
crew members) are shown in orange if the upper end of the range exceeds 4. Although all condi-
tions show a mean task acceptability less than 4 for both roles, the range of ratings provided did
exceed 4 for a few conditions.

Table 13. Task Acceptability Means and Ranges for Incapacitated Crew Member Upload Task

o Task Acceptability
ul
b 0/0 MHMA POGO
(kg [lbs]) Mean Range Mean Range Mean Range
Incap. Crew | 90:8(200) 2.0 22 1.8 1,3 23 23
On-load 136.1 (300) 33 2,7 2.0 22 2.5 1,5
(deckrole) | 157 4 (400) 2.0 13 3.0 24 3.0 2,5
Incap. Crew 90.8 (200) 2.8 2,4 2.5 1,4 2.5 2,3
On-load 136.1 (300) 1.7 1,3 1.8 1,2 3.0 1,5
(sand role) 181.4 (400) 23 2,3 23 23 23 2,3

5.4.1 Incapacitated Crew On-load Deck Role Crew Comments

It should be noted that all crew members rated the 0/0 CG, 90.8-kg (200-1b) condition with a
GCPS of 2, which means that they all thought it was equivalent to performing the same task in
shirtsleeves in 1g. The crew preferred to use the lower-winch handle as it did not require as much
effort as did the upper-winch handle located at shoulder height. RPE ratings for the 0/0, 90.8-kg
(200-1b) condition varied from 7 to 13, providing for a large range. GCPS ratings at the 0/0,
136.1-kg (300-1b) and the 0/0, 181.4-kg (400-1b) conditions were mixed, as some crew
members had trouble looking up.

At the MHMA, 90.8-kg (200-1b) condition, with similar RPE ratings and GCPS to the 0/0,
90.8-kg (200-1b) condition, the crew again stated that the upper-winch handle was too high. At
the MHMA, 136.1-kg (300-1b) condition, one crew member thought the condition was objection-
able but another crew member thought that it did not require minimal compensation; as with the
other conditions, one crew member stated that the upper winch was too high.

At the MHMA, 181.4-kg (400-1b) condition, the crew had to work harder because of the high
winch, which was similar to other conditions. There were mixed comments for the POGO CG at
the 90.8-, 136.1-, and 181.4-kg (200-, 300-, and 400-1b) conditions.
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5.4.2 Incapacitated Crew On-load Sand Role Crew Comments

In general, looking up to monitor the raising of the crew member was noted as being more
difficult at higher weights and as the CG moved away from 0/0. A crew member reported that
the low, ground-reaction force associated with the 0/0, 90.8-kg (200-1b) condition made him more
likely to slip on the sandy surface. Some crew members reported that the presences of either a
second tagline or a tagline attachment point on the outer edge of the PLSS may provide easier
access and better control of rotation.

5.5 Incapacitated crew member space exploration vehicle ingress results
The incapacitated crew member upload task was performed by a single crew member, as
described in section 4.6.2, who was using different methods to perform the ingress; i.e., side-
hatch (Figure 28) and suitport (Figure 29).

Figure 28. Crew member performing incapacitated crew

member 101.6 cm by 152.4 cm (40 in. by 60 in.) side hatch Figure 29. Crew member performing

ingress task. incapacitated crew member suitport
ingress task.

Table 14 shows the mean and range of the GCPS, RPE, and task acceptability ratings collected
from the crew members immediately following each test condition. GCPS ratings with means
higher than 3 are shaded in red, and ranges (which denote the lowest and highest ratings given by
crew members) are shown in orange if the upper end of the range exceeds 3. While no accepta-
bility standards were set for RPE ratings other than for test termination criteria, ratings greater
than 13 (“somewhat hard” on the RPE scale) are highlighted in red, and ranges with a maximum
higher than 13 are highlighted in orange. Task acceptability ratings with means higher than 4 are
shaded in red, and ranges are shown in orange if the upper end of the range exceeds 4.

From the table it can be seen that all conditions had very good GCPS ratings. RPE rating means
for side-hatch ingress were higher than for suit-port ingress. The task acceptability mean for the
101.6 cm by 101.6 cm (40 in. by 40 in.) side-hatch was higher than for the other two methods
and was the only task acceptability mean that exceeded 4.
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Table 14. GCPS, RPE, and Task Acceptability Means and Ranges for the Incapacitated
Crew Member SEV Ingress Tasks

GCPS RPE Task Acceptability
Mean Range Range Mean Range
Suit-port Incapacitated Crew Ingress 1.6 1,3 13,15 3.2 2.4

101.6 cm by 101.6 cm (40 in. by 40 in.)

Incapacitated Crew Ingress 1.0 L1

101.6 cm by 152.4 cm (40 in. by 60 in.)

Incapacitated Crew Ingress 1.0 L1

5.5.1 Incapacitated Crew Member Space Exploration Vehicle Ingress Crew Comments

Crew members reported that the haul system worked well to reduce the loads necessary to lift
the incapacitated crew member up to the suitport. They stated that using the haul system to lift
the crew member for ingress via the side-hatch was quite difficult when the attachment point for
the haul system was above the opposite hatch from the ingress point. When the attachment point
was moved to the inside of the near hatch, the haul system no longer bent sharply over the bottom
of hatch, which had caused significant friction in the other configuration. The addition of the
taught line on the ceiling between the doors of the SEV assisting in sliding the incapacitated
crew member into the SEV after the crew member was lifted into the side-hatch also made the
task easier. It was noted that more design work should go into the best configuration for the
progress-capture device to ensure workability in an EVA suit, but the concept was good.

5.6 Simulated extravehicular activity suit weight and center-of-gravity
location effects results
Table 15 shows the mean and range of GCPS ratings collected from the crew members immed-
iately following each test condition. GCPS ratings with means higher than 3 are shaded in red,
and ranges (which denote the lowest and highest ratings given by crew members) are shown in
orange if the upper end of the range exceeds 3. From the table it can be seen that all but one of
the tasks showed acceptable GCPS means for the 0/0 CG. The MHMA and POGO CGs show a
substantially larger number of GCPS means and ranges above 4, with the largest number
occurring at the MHMA CG, 136.1-kg (300-1b) conditions across the tasks.

Table 15. GCPS Means and Ranges for EPSP Circuit Tasks

GCPS
: 0/0 MHMA POGO
Suit
Weight Avg |R Avg | R A R
g ange vg ange vg ange
(kg [Ibs])

90.8 (200) 2.3 1,3 3.0 2.4 2.8 2,4

Ambulation 136.1 (300) 3,5 3.0 24

181.4 (400) 2.8 2.3 3.0 2.4 3.0 3.3

90.8 (200) 1.5 1,2 3.0 3.3 2.5 1,4

EPSP Ladder Up/Down
136.1 (300) 1.5 12 2.3 1.4 2.5 2,3
(1x)
181.4 (400) 3.0 2.4 3.0 2.4 3.4
Forward Fall and Recovery 90.8 (200) 1.5 1,3 1.8 1,3 23 1,3
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GCPS

Suit 0/0 MHMA POGO
(Z;’e[il%l;;) Avg | Range | Avg | Range | Avg | Range
(1x) 136.1 (300) 15 | 12
181.4 (400) 2.5 2,3
90.8 (200) 1.5 1,3
Kneel and recovery (1x) 136.1 (300) 1.5 1,3
181.4 (400) 2.5 2,3
90.8 (200) 2.3 1,3
Ramp (Ascending) (1x) 136.1 (300) 23 1,4
181.4 (400) 2.3 1,3
90.8 (200) 2.0 1,3
Ramp (Descending) (1x) 136.1 (300) 2.0 1,3
181.4 (400) 2.3 1.4
90.8 (200) 2.0 1,4
Rock Pickup (all) 136.1 (300) 2.0 1,3
181.4 (400) 3.0 2,4 1,4
90.8 (200) 2.5 1,3 2.8 2,3 3.0 2,4
Shoveling (15x into
bucket) 136.1 (300) 2.3 1,4 H 2,5 3.0 1,5
181.4 (400) 2.0 1,3 2.0 1,3 2.3 2,3

Table 16 shows the mean and range of RPE ratings collected from the crew members im-

mediately following each test condition. While no acceptability standards were set for RPE
ratings other than for test termination criteria, ratings greater than 13 (“somewhat hard” on the
RPE scale) are highlighted in red, and ranges with a maximum higher than 13 are highlighted in
orange. Nearly all tasks at all conditions showed RPE means and ranges below 13, except for the

rock pickup and shoveling tasks and particularly at the higher suit weights.

Table 16. RPE Means and Ranges for EPSP Circuit Tasks

Suit RPE
ul
Weight 0/0 MHMA POGO
(kg [Ibs]) Avg | Range | Avg | Range | Avg | Range
90.8 (200) 8.8 8,9 93| 7,12 | 90 | 711
Ambulation 136.1 (300) 100 | 9,12 | 100 | 9,11 93 | 7,11
181.4 (400) 11.0 | 10,12 | 103 | 812 |103 | 8,12
90.8 (200) 9.0 9,9 95| 7,12 | 9.0 9,9
EPSP Ladder Up/D
a (f‘:) proowi 136.1 (300) 80 | 7.9 98 | 812 | 85 | 611
181.4 (400) 123 | 1015 | 11.8 | 10,13 | 11.8 | 11,13
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: RPE
vge‘;;tllt 0/0 MHMA POGO
(kg [Ibs]) Avg | Range | Avg | Range | Avg | Range
90.8 (200) 7.5 7.9 9.0 | 811 9.0 9,9
Fwd Fall ?{’ S)Recovery 136.1 (300) 88 | 710 | 93| 811 | 83 | 7,10
181.4 (400) 9.5 8,11 93 | 8,12 9.5 8,11
90.8 (200) 7.5 7.9 7.5 7.8 7.3 7.8
Kneel and recovery (1x) 136.1 (300) 9.3 7,13 8.0 | 711 7.5 7.9
181.4 (400) 10.0 8,12 9.0 | 7,12 9.0 | 7,11
90.8 (200) 9.0 9,9 103 | 9,12 9.8 8,11
Ramp (Ascending) (1x) 136.1 (300) 8.8 6,11 11.0 | 9,12 8.5 6,10
181.4 (400) 11.0 8,13 11.0 | 10,12 | 105 9,11
90.8 (200) 7.5 7.9 7.8 7.9 7.5 6,9
Ramp (Descending) (1x) 136.1 (300) 7.8 7,9 8.0 7,9 7.3 6,9
181.4 (400) 8.3 7.9 9.0 | 7,11 9.0 | 7,11
90.8 (200) 123 | 11,13 | 11.0 | 10,12 | 11.3 | 9,13
Rock Pickup (all) 136.1 (300) 11.0 | 10,12 | 11.8 | 913 | 113 | 9,13
181.4 (400) - 13,15 - 11,16 - 12,15
90.8 (200) 115 | 10,12 | 125 | 10,15 | 12.0 | 10,14
Shoveling (15x into
bucket) 136.1 (300) 115 | 11,12 | 11.8 | 913 | 105 | 9,11
181.4 (400) ! 13,15 ! 11,15 | 12.8 | 11,15

Table 17 shows the mean and range of the task acceptability ratings collected from the crew
members immediately following each test condition. Task acceptability ratings with means
higher than 4 are shaded in red, and ranges (which denote the lowest and highest ratings given by
crew members) are shown in orange if the upper end of the range exceeds 4. All conditions show
a mean task acceptability that is less than 4, with only a couple of conditions having a range that
exceeded 4.

Table 17. Task Acceptability Means and Ranges for EPSP Circuit Tasks

Task Acc
0/0 MHMA POGO
Suit
Weight Avg |Range | Avg |Range| Avg | Range

(kg [Ibs])
90.8 (200) 1.3 1,2 1.5 1,2 1.3 1,2
Ambulation 136.1 (300) 1.5 1,2 1.5 1,2 1.8 1,2
181.4 (400) 2.0 1,3 1.8 1,2 1.5 1,2
90.8 (200) 2.3 1,3 2.3 2,3 1.8 1,3
EPSP Ladder Up/Down (1x) 136.1 (300) 1.8 1,2 2.0 1,4 1.5 1,2
181.4 (400) 23 | 23 3.0 2.4 3.3 2.4
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Task Acc
0/0 MHMA POGO
Suit
Weight
ks [ﬁ)s]) Avg | Range | Avg | Range| Avg | Range
90.8 (200) 1.3 1,2 1.5 1,2 1.8 1,2
Forward Fall and Recovery (1x) 136.1 (300) 1.8 1,2 2.3 1,4 1.8 1,3
181.4 (400) 1.8 1,2 1.8 1,2 2.5 1,5
90.8 (200) 1.3 1,2 1.3 1,2 1.3 1,2
Kneel and recovery (1x) 136.1 (300) 1.5 1,3 2.0 1,3 1.3 1,2
181.4 (400) 1.5 1,2 1.5 1,2 1.5 1,2
90.8 (200) 1.5 12 25 2,3 2.3 1,3
Ramp (Ascending) (1x) 136.1 (300) 1.3 1,2 2.5 2.4 1.5 1,2
181.4 (400) 1.8 12 2.0 22 1.8 12
90.8 (200) 1.5 1,2 1.5 1,2 1.3 1,2
Ramp (Descending) (1x) 136.1 (300) 1.8 1,3 2.5 14 1.8 1,2
181.4 (400) 20 | 14 2.5 23 2.0 1,3
90.8 (200) 18 | 12 1.8 1,2 2.0 13
Rock Pickup (all) 136.1 (300) 15 | 12 | 30 | 25 | 23 1,3
181.4 (400) 20 | 13 2.0 1,3 2.0 22
90.8 (200) 1.5 12 1.8 12 2.3 23
Shoveling (15x into bucket) 136.1 (300) 1.8 1,2 2.8 2.4 1.5 1,2
181.4 (400) 1.8 12 1.8 12 1.8 12

5.6.1 Ambulation Results

Figure 30. Crew member performing an ambulation trial.

The ambulation task (Figure 30) was
performed as described in section
4.6.1.1, with a crew member making
four passes over a 6.1-m (20-ft) am-
bulation path and providing GCPS,
RPE, and task acceptability ratings at
the completion of all four passes. The
GCPS, RPE, and task acceptability
ratings for this task are shown in
Table 15, Table 16, and Table 17,
respectively.

5.6.1.1 Ambulation crew comments
The crew reported that water drag
did affect the fidelity of the simula-
tion as some crew members had to
lean forward to compensate for a
strong current at some points during

the study. The 0/0, 90.8-kg (200-1b) condition received positive comments from all crew mem-
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bers. According to crew comments, the strong current may have had the greatest impact to the 0/0,
136.1-kg (300-1b) condition although efforts were made by the crew to discount the effect. For the
0/0, 181.4-kg (400-1b) condition, all crew members felt the workload was quite high and
contributed to their higher RPE ratings.

At the MHMA, 90.8-kg (200-1b) condition, a couple of crew members commented that their
ground reaction forces felt lower. One crew member felt as though he had to lean forward to
compensate, and a