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BACKGROUND:

METHODS:

Performance Risks During Surface Extravehicular
Activity and Potential Mitigation Using
Multimodal Displays

Johnny Y. Zhang; Allison P. Anderson

Surface extravehicular activity (sEVA) will be a critical component of future human missions to the Moon. sEVA presents
novel risks to astronaut crews not associated with microgravity operations due to fundamental differences in task
demands, physiology, environment, and operations of working on the lunar surface. Multimodal spacesuit informatics
displays have been proposed as a method of mitigating sEVA risk by increasing operator autonomy.

A formalized literature review was conducted. In total, 95 journal articles, conference papers, and technical reports were
included. Characteristics of U.S. spacesuits were reviewed, ranging from the Apollo A7L to the xEMU Z-2.5. Multimodal

display applications were then reviewed and assessed for their potential in aiding sEVA operations.

RESULTS:

Through literature review 25 performance impairments were identified. Performance impairments caused by the

spacesuit represented the greatest number of sSEVA challenges. Multimodal displays were mapped to impairments and
approximately 36% of performance impairments could be aided by using display interfaces.

DISCUSSION:

Multimodal displays may provide additional benefits for alleviating performance impairments during seVA. Utility

of multimodal displays may be greater in certain performance impairment domains, such as spacesuit-related

impairments.
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xtravehicular activity (EVA) comprises work that astro-
nauts complete outside of the spacecraft or habitat.*?
Surface extravehicular activity (sSEVA) occurs when an
astronaut completes this work on the surface of a planetary
body, near-Earth asteroid, or a natural satellite (e.g., Earth’s
Moon). Compared to EVA performed in microgravity, sEVA
presents distinct challenges® and has not been performed since
the early 1970s during the U.S. Apollo program. Future sEVA
concepts of operations (ConOps) call for astronauts to perform
approximately three EVA per week,>* totaling approximately
24 EVA hours per person per week. This is a marked increase
compared to current missions and will likely necessitate new
operational paradigms. Additionally, the Artemis program out-
lines long-term surface operations as a paramount goal for
lunar operations.*> These may include long-duration lunar
stays of up to 2 wk of at least four crew.”’
NASA's Human Research Roadmap has determined that
any lunar visit/habitation or Martian EVA will require risk

reduction associated with injury, compromised physical perfor-
mance, and reduced cognitive performance before the risk dis-
position is acceptable.”* Specifically, it states that “there is a
possibility that crew injury and compromised physiological and
functional performance may occur” due to the “physiological
and functional demands of operating in a self-contained EVA
[...] suit” Multiple risk factors affect this assessment such as
spacesuit habitability and design, task demand and training,
and physical and cognitive states.**
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To reduce the stressors of sEVA, a focus on improving EVA
informatics has grown within the human spaceflight commu-
nity. In particular, multimodal displays (MMD) have been
suggested as a method for improving operator safety and
efficiency. MMDs are guided by Wickens® multiple resource
theory. This theory asserts that different sensory modalities
each have their own resource allocation and processing chan-
nels in the brain. This can be leveraged to increase information
bandwidth by spreading the amount of information being pre-
sented over multiple sensory modalities. MMDs use congruent
and complementary sensory cues to pool multiple attention
resources together. Within an EVA context, MMDs can be lev-
eraged to improve spacesuit demand, oftfload task demand, and
improve cognitive state. They have been shown to improve
alert response time,'”! detection and localization of points of
interest,***° and improve situation awareness (SA).**

Previous MMD research has shown inconsistent improve-
ment in task performance. Meta-analyses of MMD have
shown that taskload protocols have not been manipulated in a
systematic and reliable manner.>* Cognitive workload (WL)
and its interaction effects with MMDs are not confidently
understood.?’”** MMD research in SEVA has been accom-
plished by the Human Systems Integration division out of NASA
Ames Research Center,'”#%%! as well as joint investigations
between academic institutions and NASA Johnson Space
Center.*® Previous research from these groups has focused on
specific applications for sEVA such as navigation or procedure
display. It may be possible, though, to use MMDs to mitigate
additional sEVA risk due to their broad applicability. To
identify whether this the case, a wholistic evaluation of
MMDs and their efficacy in alleviating sEVA performance
impairments is needed. This research addresses this gap by
conducting a literature review on sEVA performance risks and
then identifying the degree to which MMDs may mitigate the
described performance impairments.

METHODS

A formalized literature review on extravehicular activity was
conducted. References were identified by ScienceDirect and
NASA Technical Report Server searches covering 1970 to
September 2021 using the terms “EVA’, “spacesuit”, “Apollo”,
“Performance”, “Lunar’, and “Martian” In total, 104 journal
articles, conference papers, and technical reports were
reviewed. Of these, 95 are included in this review article after
accounting for duplicated information between journal/
conference publications and relevance to topic. Only U.S.
spacesuits were reviewed, ranging from the Apollo A7L to the
xEMU Z-2.5. From the literature review, impairments to
performance were identified and developed into four
thematic categories: spacesuit, physiology, environment,
and operations. Multimodal display capabilities, previously
identified through military, air traffic control, and automobile
applications, were then cross-referenced to performance
impairments identified.

SURFACE EVA PERFORMANCE RISKS—Zhang & Anderson

RESULTS

Performance Impairments

From the literature review, four primary performance impair-
ment categories were identified: spacesuit, physiology, environ-
ment, and operations. There were 25 performance impairments
identified and listed in Table I. The categories used mirror
NASA’s EVA Risk Diagram,** though we have chosen to sepa-
rate operations into operations and environment because this
analysis focuses solely on sEVA, whereas the Risk Diagram
encompasses all types of EVA. It should be noted that identified
performance impairments may have multiple causal mecha-
nisms; however, in this research we have chosen to categorize
performance impairments by their primary impairment cate-
gory. An expanded discussion of these impairments is described
in the following sections.

The first category is spacesuit-induced performance impair-
ments, wherein the physical limitations created by hardware or
software impact performance. Spacesuit-induced performance
impairments include limited field of view/regard,*"¢*"* helmet
fogging/scratching,”””* ambient noise level,*!® sound reflec-
tion,®!® loss of fine-motor tactility,'”*”3¢ reduced applied
strength,>”>77 hand fatigue,”””*” shifted center of mass,*”>”*
and limited upper body>”® and lower body mobility.”'**

The second category is physiology-induced performance
impairments, wherein physiological adaptations to space
impact human operator performance or increased risk of injury.

Table I. Summary of All Performance Impairments Identified from the
Literature.

CASUAL MMD

PERFORMANCE IMPAIRMENT MECHANISM  APPLICATION
Limited Field of View Spacesuit X
Loss of Fine Motor Tactility Spacesuit X
Limited Mobility Spacesuit

Hand Fatigue Spacesuit

Reduced Applied Strength Spacesuit

Helmet Fogging/Scratching Spacesuit

Shifted Center of Mass Spacesuit

Ambient Noise Level Spacesuit

Sound Reflection Spacesuit

Altered Proprioception Physiology X
Musculoskeletal Deconditioning Physiology

Vestibular Deconditioning Physiology

Acute Injury Physiology

Long Term Injury Physiology
Uneven/Hazardous Terrain Environment X

Altered Depth Perception Environment
Dust Environment
Radiation Environment
Altered Visibility Conditions Environment
Temperature Variation Environment

Limited Communications Operations X
Limited or Outdated Procedures Operations X
Missed Cautions, Warnings, Alarms Operations X
Limited Navigation Information Operations X
Limited Bandwidth Operations

Performance impairments are categorized by EVA causal mechanisms. Potential
multimodal display applications and uses for each performance impairment and their
causal mechanisms are denoted with the letter X'
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Physiology-induced performance impairments include vestibu-
lar deconditioning,>*** musculoskeletal deconditioning,’®%
altered proprioception,”’ and acute and long-term injury.!>””78

Environment-induced performance impairments are the
third category, wherein the specific characteristics of a lunar,
Martian, or near-Earth asteroid (NEA) environment impact
performance.

Environment induced performance impairments include
lack of atmosphere attenuation,*””>*” altered visibility condi-
tions,%” dust,'®”*%° temperature changes,”” hazardous terrain,®”’
and radiation exposure.”**” Finally, operations-induced
performance impairments include any changes from current
microgravity EVA operations protocols which may negatively
impact performance, productivity, or safety. Operational
induced performance impairments include limited communi-
cations,'**! limited bandwidth,>!**! limited navigational
resources,'*”” limited or outdated procedures,”® and missed
notifications or alarms.?®

Each of these performance impairments (spacesuit-induced,
physiology-induced, environment-induced, operations-
induced) is discussed in detail in the following subsections.

Spacesuit-Induced

Astronaut visual perception impairments are considered the
highest risk factor’”®” due to the astronaut’s heavy reliance on
visual processing. Pressurized spacesuit testing suggests a
decrease in field of view (FOV) from unsuited baseline by
approximately 30% in horizontal FOV and 21% in vertical
FOV.>*%% In current and historical spacesuit helmet designs,
FOV restrictions are unevenly distributed across the inferior
and superior directions. A significant reduction in inferior
direction was shown while the superior direction remained
largely unaffected,®® which future suit designers should take
into account when integrating visual features such as heads-up
displays or the Displays and Control Unit (DCU).

Further, lack of helmet neck bearings in current and histori-
cal extravehicular mobility unit (EMU) designs eliminate any
field of regard (FOR) increases for visual perception. Helmet
fogging and scratching®””* also degrade visual signal integrity
and require further risk mitigation for future EVA.

The auditory environment is another consideration for per-
formance decrement. Spacesuit-internal hardware generates
and reflects noise while environmental noise is not present due
to the lack of planetary atmosphere. Nominal internal back-
ground noise in Mark III suit testing averaged around
70dB(A).'® Noise sources can be attributed to portable life sup-
port systems (PLSS) fans and pumps, sound reflection via hel-
met shape, and bearing or mechanical noise due to spacesuit
movement.®!° During suited walk-back testing in the Mark III,
air circulation within the suit resulted in a distinct “swooshing”
sound reported by subjects.'® Spacesuit internal noise reflection
studied by Allen® and Begault and Hieronymus'® found a
medium to high level of ambient internal background noise in
the spacesuit. With the xEMU incorporating an integrated
communication system (ICS), ambient noise levels have
the potential to interfere with communication intelligibility.

Driving requirements for the xEMU’s ICS specify a 90% English
intelligibility, with early standalone tests suggesting these
requirements have been met.*? At this time, a complete
hardware-in-the-loop test has not been conducted in flight-like
environments,*” but initial results are promising.

Tactile perception impairments are another concern. While
EVA glove performance has been heavily studied (see Scheuring
et al.’”’ for a detailed review paper), only two papers were
identified'>* that specifically included tactility metrics such as
two-point discrimination testing, discussed below. Thompson
et al.®® evaluated a series of bumps resembling screw heads
using a 4.3 psid pressurized phase VI glove. On average, a 748%
increase in force was required to discern the same bump when
participants (4 women, 4 men) donned an unpressurized glove
relative to a barehanded baseline. A 1015% increase in force was
required when wearing a pressurized glove. It is unclear how
many participants correctly identified whether a bump was
present. Bishu et al.”? found gender and the level of pressure to
be significant factors impacting performance during two-point
discrimination testing and mean time for nut assembly and
knot tying tasks.

Gas-pressurized spacesuits require the operator to dedicate
some portion of their strength into physically flexing the space-
suit. On average, a 15-20% decrease in overall strength was
found during pressurized suited testing,**®>”° though one study
reported up to 90% decreases in grip strength.'

Existing NASA human-system integration requirements
take a more conservative approach of up to 50% strength
decrease during EVA.?® During pressurized suited trials, maxi-
mum voluntary muscle contractility for a 1-s grip hold
decreased by nearly 50% after 20-30 repetitions, though rest
time between trials was not strictly controlled for.'* Improper
suit fit may cause joint and limb misalignment between the
operator and the spacesuit, increasing relative torque forces
required to flex the suit.

Additionally, nearly all pressurized suit studies do not
account for any musculoskeletal deconditioning during tran-
sit or during extended periods of stay in the lunar or Martian
environment. A study of 37 International Space Station (ISS)
crewmembers who averaged 163 d (+38 d) in microgravity
showed that even with an advanced resistive exercise device
(aRED), isokinetic strength decreased by an average of 12%
across knee and ankle flexion/extension.® Stamina and
fatigue will become increasingly important during planetary
habitation due to an increased frequency of EVA. Fatigue
during Apollo has been documented through a series of
interviews. Multiple astronauts identified hand fatigue as
the primary limiting factor during their EVA.?”"% Suited
mobility and work envelope (WE) are largely dictated by suit
bearing design and suit fit.

As such, measuring mobility or WE are restricted to specific
spacesuit models or even test subjects, making generalized
mobility or WE models difficult.*” Recent advancements in
spacesuit modeling have helped to bridge this gap,* but litera-
ture is still sparse. Alternative measurements for suited mobility
based on metabolic costs are being investigated by NASA.*
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Spacesuit bearing and programming can lead to altered move-
ments and response execution strategies. The hip brief assem-
bly from the Mark III, which will be featured in the xEMU
lower torso assembly, has been studied extensively.”**”° There
are limitations associated with the Mark III hip brief assembly,
primarily attributed to the three separate, single degree-of-
freedom bearing design. The human hip joint is separated
into three separate bearings in the hip brief assembly, leading to
misalignment of joint hinges between the spacesuit and the
human body. This results in changes to static and gait
parameters, dynamic base parameters, and decreased bent
torso stability.*° Poor suit it can also affect mobility and work
envelope, but also contribute to injury, with hand and shoulder
injuries occurring most often.”® Suited injuries have been
largely documented in the past,'>”””® though specific causal
mechanisms are still being investigated.!! Finally, it should be
noted that increased mobility may not be beneficial to all tasks.
In microgravity EVA simulations, stiffness of the lower torso
assembly allowed astronauts to create more leverage when
interacting with the articulating portable foot restraint.”

Shifted center of mass from the extravehicular mobility unit
and portable life support system introduces risks which may
become exaggerated during sEVA. Interviews with Apollo
astronauts suggest that although the PLSS created a tendency to
tip backward, most astronauts did not have serious problems
maintaining balance.”® However, when attempting to stand up
after falling down, the risk of losing one’s balance may become
more exaggerated.”* The effects of shifted center of mass in par-
tial gravity environments were not easily assessed through liter-
ature. This issue can be studied in a variety of analog settings
but remains difficult due to the imperfect nature of these repre-
sentative environments.

Operational testing in NASAs Active Response Gravity
Offload System (ARGOS) have focused on achieving a realistic
center of gravity but is not a perfect analog for hypogravity due
to harness contact points.'® Parabolic flights are suitable ana-
logs for hypogravity effects, but can only be achieved for a short
duration. Underwater environments such as the Neutral
Buoyancy Lab and NASAs Extreme Environment Mission
Operations (NEEMO) can be used to study shifted center of
mass, but water drag inhibits natural mobility and is prone to
similar contact point issues as ARGOS.'® Ultimately, the
tradeoff between PLSS mass and mobility will need to be stud-
ied in greater detail.®

Physiology-Induced

Atrophy of bones and muscles is the primary risk concern in
this category. Risk assessment of bone fracture®® and compro-
mised physiological performance?* are currently under investi-
gation by NASA. Bone atrophy in space is not heterogeneously
distributed across the body.”***?? Weight-bearing areas such as
the hip have seen losses up to 1.7% per month while upper
extremities such as the humerus may even gain a small percent-
age of bone density.”>® Muscle atrophy in space follow similar
trends to bone atrophy. However, confounds such as diet, exer-
cise level, and stress are difficult to rigorously control for, and
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may affect the amount of muscular atrophy observed.?’ On
average, muscle volume losses in space are greater than what is
expected from relevant bed rest studies.””>> Antigravity
muscles, those involved in posture, such as the quadriceps,
hamstrings, and soleus, experience the greatest amount of
muscle volume loss in the high teens during long-duration
spaceflight.>* Lower extremity bone and muscle atrophy
becomes increasingly important when considering sEVA
wherein locomotion is essential to mission operations. Histori-
cal EVA data suggest musculoskeletal injuries occur at a rate of
0.26 per EVA.”® Musculoskeletal deconditioning may also con-
tribute to acute and long-term injury. However, due to multiple
contributors to bone and muscle strength, the full impact of
spaceflight on the musculoskeletal injury is unknown.* Suited
fatigue is investigated through a mix of interview reports and
strength/stamina studies.'>*””” Functional suited tests have
been performed,®® although to the authors’ knowledge a
functional suited test after being preemptively fatigued has not
been performed.

This is an area of ongoing work at NASA. Similarly, the
effects of musculoskeletal and vestibular deconditioning and
spacesuit strength on functional performance is an ongoing
area of interest. To study this effect, a suited functional test
could be completed immediately following a bedrest study,
though it should be noted that a bedrest study cannot replicate
actual unloading of the vestibular system due to the presence of
gravity on Earth.*® Replicating the musculoskeletal loading
from hypogravity is also a challenge to performing this kind of
evaluation. Further, it is likely that different kinds of spacesuit
injuries will occur during planetary ambulation than those
accrued in microgravity EVA. Acute and long- term injury have
been well documented,'>”””® but the causal mechanisms
behind some injury hotspots are still unknown. Given the
uncertainty around future suit injury paradigms, projecting the
overall impact of the effects injury may have on overall mission
success will be a challenge. More work is required to categorize
the types of injury which can occur during sEVA and their
impact on mission goals.

Vestibular perception is important, particularly on early
EVA, where decrements are largely attributed to reduced grav-
ity levels. Reduced gravity environments such as the Moon or
Mars will introduce a neurovestibular adaptation which may
take days or weeks to fully acclimate. Until complete senso-
rimotor adaption, these environments will induce a number of
vestibular perception illusions such as underestimation of roll
tilt.>>?** This vestibular perception impairment is most likely
to affect manual entry/descent/landing operations or emer-
gency crew egress upon landing. Long-term vestibular adapta-
tion in hypogravity will likely not be an issue for long-duration
missions. Altered proprioception due to hypogravity, spacesuit
volume, and spacesuit fit may also introduce challenges in
tuture sEVA. Training reports from the Neutral Buoyancy Lab
show that trainees often unknowingly bump into the ISS
mockup due to lack of awareness because of the PLSS volume
or helmet bubble.®® This challenge may resolve itself after train-
ing, but the combined effects of hypogravity, spacesuit volume,
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and fit may only be resolved upon arrival to the EVA location
due to our inability to fully replicate these effects.

Environment-Induced

Terrain hazards are the primary risk concern in this category.
Dust may cause additional hardware-related performance
impairments, such as extravehicular visor assemblies not being
able to properly retract.%’ Lunar dust kicked up during naviga-
tion or routine operations may result in visual gray out'® or
important hardware being covered,”® as was evident when an
Apollo astronaut tore a cable loose from the Lander after acci-
dentally walking over it. Lack of atmosphere attenuation fur-
ther compounds issues with lunar surface composition,
increasing errors in distance estimation and landmark recogni-
tion.*”7>%” Uneven terrain and slopes upward of 30% during
sEVA will increase physical WL.%® Sloped traversal under suited
partial gravity loads has limited data,** likely due to the high
operational cost in order to test. Sloped terrain between 10-30%
grade were shown to have a significant impact on metabolic
load when ambulating in a spacesuit.®® Analog environments
may be sufficient in assessing the risk associated with this per-
formance impairment, and is an area of ongoing work at NASA.

Planetary extravehicular crew will have to navigate and
interact with their surroundings without environmental audio
cues to help them maintain SA. External sound cues and effects,
such as the Doppler effect, will be entirely nonexistent on
the Moon. While sound propagation is present on Mars, any
external sound perception will likely be unintelligible to
extravehicular crew.”!

Radiation exposure on planetary surfaces receive some pro-
tection when compared to interplanetary flight; however, the
risk of high dose-rate exposure is still very high. Low radiation
doses may be mitigated by the spacesuit material lay-up, but
high-energy radiation is still a concern.”

Operations-Induced

Future exploration missions will need a new paradigm for EVA
autonomy and self-reliance. Two drivers, one-way light time
(OWLT) and limited data bandwidth, have spurred many
space-analog missions to study the impact of these restrictions.
Although Earth-Lunar OWLT is nearly nonexistent, proposed
lunar ConOps have suggested the use of periodic communica-
tion models due to extremely high WLs on ground science sup-
port teams associated with constant communication models.”
Further, a Mars-based communication protocol on the Moon
allows lunar EVA to act as a proving ground for Martian EVA.
OWLT between Earth and Mars ranges from 3-22 min depend-
ing on orbit alignment.** Two intravehicular crewmembers are
likely required under these new conditions, with one focused
on timeline operations and the other on science operations.*®*
Visual-based communication was found to be favored over
audio-based communication during the Biologic Analog
Science Associated with Lava Tubes (BASALT) research
program.'**>” Limited bandwidth of visual imagery has shown
mixed results, where one Desert Research and Technology
Studies (DRATS) mission resulted in equivalent science data

quality between low bandwidth (1.5 mb - s, typical bandwidth
available through the Deep Space Network) and high band-
width (6 mb - s7!), though ground science support teams
reported higher WL with the low bandwidth condition.? Still
imagery was found to be more constructive than video feed
imagery,”*”%? though video feed worked well for SA and
still-imagery backup. One study of Mars-based rover opera-
tions found little difference in science quality and productivity
between a constant communication protocol vs. a 2x daily
downlink.* However, they note that the twice daily downlink
resulted in greater EVA team SA due to greater EVA communi-
cation, which occurred less frequently in the constant commu-
nication protocol. They attribute this to increased CAPCOM-EV
communication during constant communication, which natu-
rally led to less extravehicular team communication.

Many operational challenges associated with the lunar envi-
ronment are largely based on Apollo interview studies and may
represent an incomplete understanding of these performance
impairments. These include effects of dust on hardware opera-
tion and lack of atmosphere attenuation.®”®” Lack of atmo-
sphere attenuation was attributed to increased errors in distance
estimation and landmark recognition, but interviews from
Apollo J-type missions suggest that astronauts may be able to
adapt in a few days.”**” However, lack of ground-truth data
from perceived distances to actual landmark distance decreases
the reliability of these findings. These performance impair-
ments may be difficult to study due to scarcity of representative
materials (e.g., simulated regolith) on Earth.

DISCUSSION

From the identified performance impairments, the literature on
MMDs was reviewed to identify those associated with sEVA
that could be at least partially alleviated by MMDs. Of the 25
impairments, 9 were identified, including 2 spacesuit impair-
ments, 1 physiological impairment, 2 environmental impair-
ments, and 4 operationally related impairments. They are
identified in Table I. Broadly, it was found that MMD can be
leveraged to mitigate impairments through two means:
increased safety and greater work efficiency.

Increased levels of SA have been shown to correlate with
increased safety.®> Limited FOV, uneven terrain, altered depth
perception, limited navigation information, loss of tactility, ves-
tibular deconditioning, and missed notifications can negatively
impact operator SA during sEVA. Several techniques have been
suggested as countermeasures for low SA, including SA camera
displays,"*** audio support systems,*>***! and tactile sys-
tems.*”** SA cameras and visual displays may be easy to imple-
ment, but research in this area often assumes a separate support
team who analyze the incoming visual information.*® This
makes these types of technologies less promising for real-time
SA when considering data bandwidth and one-way light time
communication constrictions during Martian EVA (and to a
lesser extent, lunar EVA). These types of systems may increase
the overall team SA, but more research is required to investigate
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the impact on operator SA. Audio-based support systems have
been used in a variety of navigation tasks.*>*81#4 The primary
challenge with navigational aid systems is that they are heavily
reliant on GPS, which currently does not exist for lunar opera-
tions. In the future, an audio SA support system may be well
suited for increasing safety during sEVA if position localization
becomes available. Tactile SA systems have been demonstrated
in microgravity and shown to improve orientation SA in a
weightless, shirt-sleeve environment.” Integration with the
spacesuit poses challenges given the pure oxygen environment,
limited volume to place hardware, and suit-induced tactile
impairment against which this information would be overlaid.
Ultimately, more research is needed to determine the cost-benefit
of a tactile SA system for spacesuit environments. Vestibular
stimulation through galvanic vestibular stimulation (GVS) has
been studied in translation studies*! and can be used to improve
roll/tilt estimation.”®*> In theory, GVS has some potential to
counteract vestibular readjustment upon landing on a plane-
tary surface but has not been demonstrated in research settings.

MMDs can also improve work efficiency, reducing the total
risk exposure in this dangerous environment. Limited commu-
nication and outdated or limited procedure information can
negatively impact work efficiency during sSEVA. Communication
between EVA and intravehicular activity (IVA)/ground support
(GS) is limited due to data bandwidth and one-way light time
constrictions. Reliance on traditional real-time audio communi-
cation systems may not be sufficient under these conditions.
The primary technology for offloading these performance
impairments has been through the visual modality. Providing a
text-based messaging system has been shown as a useful method
for goal-setting during analog planetary EVA.*> Additionally,
image-based messaging was shown to improve team SA under
these contexts. Detailed or “enhanced” procedure information
has been investigated by several universities through NASA’s
university-level challenge (Spacesuit User Interface Technologies
for Students).?"*47? Subjective feedback from NASA engineers
and astronauts through this challenge suggest that incorporating
enhanced procedures is useful for EVA.

Importantly, MMDs leverage parallel sensory channel
throughput when providing information to the user. However,
under highly stressful situations, single channel sensory over-
load is more likely to happen.”® Thus, although a multimodal
display may be providing more information, the user may not
receive the benefits of this increased bandwidth.?> More
research needs to be done in this field specifically as it pertains
to space operations. Air traffic control can likely be used as a
starting foundation for this research since both exhibit similar
operational traits (e.g., high stress, high workload). Literature
from air traffic control and multimodal displays suggests that
increasing the amount of sensory channels correlates to
increased operator SA.!>3%47

This research was confined to papers identified through the
standardized search approach that was broadly available. Since
a great deal of effort may have been performed internally at
NASA or related commercial companies, it is possible that these
results do not sufficiently capture internal work.

SURFACE EVA PERFORMANCE RISKS—Zhang & Anderson

This research identified 25 performance impairments
through literature review, divided into four categories of space-
suit, physiology, environment, and operational challenges.
Performance impairments caused by the spacesuit represented
the largest number of sSEVA impairments. Of the 25 identified
sEVA performance impairments, 9 were identified as able to be
mitigated with MMDs. MMDs can offset multiple types of per-
formance impairment causal mechanisms, but must be done in
a manner that does not overly burden the operator’s ability to
process information. MMDs may serve as a viable candidate for
mitigating risk associated with sEVA, but additional research
into their ultimate integration for suited operations is needed.

ACKNOWLEDGMENTS

Financial Disclosure Statement: The authors have no competing interests to
declare.

Authors and Affiliation: Johnny Y. Zhang, M.Sc., B.Sc., and Allison P. Anderson,
Ph.D., M.Sc., University of Colorado-Boulder, Boulder, CO, USA.

REFERENCES

1. Aaltonen I, Laarni J. Field evaluation of a wearable multimodal soldier
navigation system. Appl Ergon. 2017; 63:79-90.

2. Abercromby AF]J, Alpert BK, Cupples JS, Dillon EL, Garbino A, et al.
Integrated extravehicular activity human research & testing plan: 2019.
Houston (TX): Johnson Space Center, National Aeronautics and Space
Administration; 2019.

3. Abercromby AFJ, Chappell SP, Gernhardt ML. Desert RATS 2011: human
and robotic exploration of near-Earth asteroids. Acta Astronaut. 2013;
91:34-48.

4. Abercromby AFJ, Gernhardt ML, Jadwick J. Evaluation of dual multi-
mission space exploration vehicle operations during simulated planetary
surface exploration. Acta Astronaut. 2013; 90(2):203-214.

5. Abercromby AFJ, Thaxton SS, Onady EA, Rajulu SL. Reach envelope and
field of vision quantification in Mark III space suit using Delaunay trian-
gulation. Houston (TX): NASA Lyndon B. Johnson Space Center; 2006.

6. Abramov I, Moiseyev N, Stoklitsky A. Concept of space suit enclosure for
planetary exploration. Warrendale (PA): SAE International; 2001. Report
No. 2001-01-2168.

7. Akin DL. Revisiting the Mark III/AX-5 suit “fly-oft”: lessons learned
applicable to modern- day suits. 49" International Conference on
Environmental Systems; 7-11 July 2019; Boston, MA, USA. Emmaus
(PA): ICES; 2019.

8. Allen CS. Acoustics safety report in space systems. Oxford (UK):
Butterworth-Heinemann; 2009.

9. Alpert BK, Johnson BJ. Extravehicular activity framework for explora-
tion. 49™ International Conference on Environmental Sytems; 7-11 July
2019; Boston, MA, USA. Emmaus (PA): ICES; 2019.

10. Alvim KM. Greyout, blackout and G-loss of consciousness in the Brazilian
Air Force: A 1991-92 survey. Aviat Space Environ Med. 1995; 66(7):675-677.

11. Anderson A. Understanding human-space suit interaction to prevent
injury during extravehicular activity. [Doctoral thesis]. Cambridge (MA):
MIT; 2014.

12. Anderson A, Diaz A, Kracik M, Trotti G, Hoffman J, Newman D.
Developing a spacesuit injury countermeasure system for extravehicular
activity: modeling and analysis. In: 42nd International Conference on
Environmental Systems. San Diego (CA): American Institute of
Aeronautics and Astronautics; 2012.

13. Appendino S, Battezzato A, Chen Chen F, Favetto A, Mousavi M,
Pescarmona E Effects of EVA spacesuit glove on grasping and pinching
tasks. Acta Astronaut. 2014; 96:151-158.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 94, No. 1 January 2023 39

SS900E 93l} BIA €1-G0-GZ0g 1e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq


https://doi.org/10.1016/j.apergo.2017.04.005
https://doi.org/10.1016/j.actaastro.2013.05.002
https://doi.org/10.1016/j.actaastro.2012.02.022
https://doi.org/10.4271/2001-01-2168
https://doi.org/10.2514/6.2012-3548
https://doi.org/10.1016/j.actaastro.2013.11.025

SURFACE EVA PERFORMANCE RISKS—Zhang & Anderson

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

40

Beaton KH, Chappell SP, Abercromby AFJ, Miller MJ, Kobs Nawotniak
SE, et al. Using science-driven analog research to investigate extravehicular
activity science operations concepts and capabilities for human planetary
exploration. Astrobiology. 2019; 19(3):300-320.

Begault DR, Bittner RM, Anderson MR. Multimodal information
management: evaluation of auditory and haptic cues for NextGen
communication displays. ] Audio Eng Soc. 2014; 62(6):375-385.

Begault DR, Hieronymus JL. Acoustical issues and proposed improve-
ments for NASA spacesuits. 122" convention of the Audio Engineering
Society; May 5-8, 2007; Vienna, Austria. New York: Audio Engineering
Society; 2007. Convention paper #7152.

Begault DR, Wenzel EM, Godfrey M, Miller JD, Anderson MR. Applying
spatial audio to human interfaces: 25 years of NASA experience.
40™ International AES Conference; October 8-10, 2010; Tokyo,
Japan. Moffett Field (CA): NASA Ames Research Center; 2010. Report
No. ARC-E-DAA-TN1546.

Bekdash OS, Dunn JT, Jarvis SL, Valle PS, Kim KJ, et al. Development and
evaluation of the active response gravity offload system as a lunar and
Martian EVA simulation environment. 50" International Conference on
Environmental Systems. Emmaus (PA): ICES; 2020

Bishu RR, Klute G, Kim B. The effects of extra vehicular activity (EVA)
gloves on dexterity and tactility. Proc Hum Factors Ergon Soc Annu
Meet. 1993; 37(10):826-830.

Buckey JC. Space physiology. New York: Oxford University Press; 2006.
Burke JL, Prewett MS, Gray AA, Yang L, Stilson FRB, et al. Comparing the
effects of visual-auditory and visual-tactile feedback on user perfor-
mance: a meta-analysis. 8" International Conference on Multimodal
Interfaces. New York: Association for Computing Machinery; 2006.
Camors D, Appert D, Durand J-B, Jouffrais C. Tactile cues for improving
target localization in subjects with tunnel vision. MTL. 2019; 3(2):26.
Carr CE, Schwartz SJ, Rosenberg I. A wearable computer for support of
astronaut extravehicular activity. In: Proceedings. Sixth International
Symposium on Wearable Computers; October 7-10, 2002; Seattle, WA,
USA. Washington (DC): IEEE Computer Society; 2002:23-30.

Chappell SP, Norcross JR, Abercromby AFJ, Bekdash OS, Benson EA,
Jarvis SL. Evidence report: risk of injury and compromised performance
due to EVA operations. Houston (TX): NASA Lyndon B. Johnson Space
Center; 2017.

Clark TK, Newman MC, Oman CM, Merfeld DM, Young LR. Modeling
human perception of orientation in altered gravity. Front Syst Neurosci.
20155 9:68.

Clark TK, Young LR. A case study of human roll tilt perception in hypo-
gravity. Aerosp Med Hum Perform. 2017; 88(7):682-687.

Connors MME, Eppler DB, Morrow DG. Interviews with the Apollo
lunar surface astronauts in support of planning for EVA systems design.
Moffett Field (CA): NASA Ames Research Center; 1994.

Constellation Systems Engineering and Integration. Constellation pro-
gram human-systems integration requirements. Houston (TX): NASA
Johnson Space Center; 2010. Report No. CxP 70024, Revision E.

Creech S, Guidi J, Elburn D. Artemis: an overview of NASA’s activities to
return humans to the Moon. In: 2022 IEEE Aerospace Conference
(AERO). New York: IEEE; 2022:1-7.

Cullinane CR, Rhodes RA, Stirling LA. Mobility and agility during loco-
motion in the Mark III space suit. Aerosp Med Hum Perform. 2017;
88(6):589-596.

Davis K, Meginnis I. Testing of the NASA Exploration Extravehicular
Mobility Unit Demonstration (xEMU Demo) architecture at the Neutral
Buoyancy Laboratory. Houston (TX): NBL; 2019:16.

Deans M, Marquez JJ, Cohen T, Miller MJ, Deliz I, et al. Minerva: user-
centered science operations software capability for future human
exploration. In: 2017 IEEE Aerospace Conference. New York: IEEE;
2017:1-13.

Drake BG, Hoffman SJ, Beaty DW. Human exploration of Mars, design
reference architecture 5.0. In: 2010 IEEE Aerospace Conference. New
York: IEEE; 2010:1-24.

Elliott LR, Coovert MD, Prewett M, Walvord AG, Saboe K, Johnson R. A
review and meta analysis of vibrotactile and visual information displays.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 94, No. 1

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

January 2023

Fort Belvoir (VA): Defense Technical Information Center; 2009. Report
No. ADA506628.

Elliott LR, van Erp J, Redden ES, Duistermaat M. Field-based vali-
dation of a tactile navigation device. IEEE Trans Haptics. 2010;
3(2):78-87.

English KL, Lee SMC, Loehr JA, Ploutz-Snyder R], Ploutz-Snyder LL.
Isokinetic strength changes following long-duration spaceflight on the
ISS. Aerosp Med Hum Perform. 2015; 86(12 Suppl.):A68-A77.

van Erp JBE Tactile navigation display. In: Brewster S, Murray-Smith R,
editors. Haptic human-computer interaction. Berlin: Springer Berlin
Heidelberg; 2001:165-173.

van Erp JBE Kooi FL, Bronkhorst AW, van Leeuwen DL, van Esch MP,
van Wijngaarden SJ. Multimodal interfaces: a framework based on
modality appropriateness. Proc Hum Factors Ergon Soc Annu Meet.
2006; 50(16):1542-1546.

van Erp JBE, Ruijsendaal M, van Veen HA. A tactile torso display improves
orientation awareness in microgravity: a case study in the ISS. The Hague
(Netherlands): TNO Defence Security and Safety; 2005.

van Erp JBE Veen HAHCYV, Jansen C, Dobbins T. Waypoint navigation
with a vibrotactile waist belt. ACM Trans Appl Percept. 2005; 2(2):
106-117.

Fitzpatrick RC, Wardman DL, Taylor JL. Effects of galvanic vestibular
stimulation during human walking. J Physiol. 1999; 517(3):931-9.

Foster W, Meginnis I. NASA Advanced Space Suit xEMU Development
Report - Integrated Communication System. Proceedings of the 51%
International Conference on Environmental Systems; 10-14 July 2022; St.
Paul, MN, USA. Emmaus (PA): ICES; 2022.

Galvan-Garza RC, Clark TK, Sherwood D, Diaz-Artiles A, Rosenberg M,
et al. Human perception of whole body roll-tilt orientation in a hypograv-
ity analog: underestimation and adaptation. ] Neurophysiol. 2018;
120(6):3110-3121.

Garcia A, Finomore V Jr, Burnett G, Baldwin C, Brill C. Individual differ-
ences in multimodal waypoint navigation. In: Proceedings of the Human
Factors and Ergonomics Society Annual Meeting. Los Angeles (CA):
SAGE Publications; 2012:1539-1543.

Gibson A, Webb A, Stirling L. Analysis of a wearable, multi-modal
information presentation device for obstacle avoidance. In: 2017 IEEE
Aerospace Conference; 4-11 March, 2017; Big Sky, MT, USA. New York:
IEEE; 2017:1-9.

Godfroy M, Wenzel EM. Human dimensions in multimodal wearable
virtual simulators for extra vehicular activities. In: Proceedings of the
NATO Workshop on Human Dimensions in Embedded Virtual Simula-
tion; 20-22 October 2009; Orlando, FL. Neuilly (France): RTO NATO;
2009:185-195.

Hameed S, Jayaraman S, Ballard M, Sarter N. Guiding visual attention by
exploiting crossmodal spatial links: an application in air traffic control.
Proc Hum Factors Ergon Soc Annu Meet. 2007; 51(4):220-224.

Hargens AR, Vico L. Long-duration bed rest as an analog to microgravity.
J Appl Physiol. 2016; 120(8):891-903.

Jaramillo MAA, Angermiller BL, Morency RM, Rajulu SL. Refinement of
optimal work envelope for extra-vehicular activity (EVA). Hampton
(VA): NASA STI Program Office, Langley Research Center; 2008.
Keywan A, Wuehr M, Pradhan C, Jahn K. Noisy galvanic stimulation
improves roll-tilt vestibular perception in healthy subjects. Front Neurol.
2018; 9:83.

Kobs Nawotniak SE, Miller MJ, Stevens AH, Marquez JJ, Payler SJ, et al.
Opportunities and challenges of promoting scientific dialog throughout
execution of future science-driven extravehicular activity. Astrobiology.
2019; 19(3):426-439.

Lang T, LeBlanc A, Evans H, Lu Y, Genant H, Yu A. Cortical and trabecu-
lar bone mineral loss from the spine and hip in long-duration spaceflight.
] Bone Miner Res. 2004; 19(6):1006-1012.

Larson WJ, Pranke LK. Human spaceflight: mission analysis and design.
Maidenhead, Berkshire (UK): McGraw-Hill College; 1999.

LeBlanc A, Lin C, Shackelford L, Sinitsyn V, Evans H, et al. Muscle vol-
ume, MRI relaxation times (T2), and body composition after spaceflight.
J Appl Physiol. 2000; 89(6):2158-2164.

SS900E 93l} BIA €1-G0-GZ0g 1e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq


https://doi.org/10.1089/ast.2018.1861
https://doi.org/10.17743/jaes.2014.0026
https://doi.org/10.1177/154193129303701038
https://doi.org/10.1145/1180995.1181017
https://doi.org/10.3390/mti3020026
https://doi.org/10.1109/ISWC.2002.1167215
https://doi.org/10.3389/fnsys.2015.00068
https://doi.org/10.3357/AMHP.4823.2017
https://doi.org/10.3357/AMHP.4650.2017
https://doi.org/10.1109/TOH.2010.3
https://doi.org/10.3357/AMHP.EC09.2015
https://doi.org/10.1007/3-540-44589-7_18
https://doi.org/10.1177/154193120605001606
https://doi.org/10.1145/1060581.1060585
https://doi.org/10.1111/j.1469-7793.1999.0931s.x
https://doi.org/10.1152/jn.00140.2018
https://doi.org/10.1037/e572172013-319
https://doi.org/10.1109/AERO.2017.7943704
https://doi.org/10.1177/154193120705100416
https://doi.org/10.1152/japplphysiol.00935.2015
https://doi.org/10.3389/fneur.2018.00083
https://doi.org/10.1089/ast.2018.1901
https://doi.org/10.1359/JBMR.040307
https://doi.org/10.1152/jappl.2000.89.6.2158

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

LeBlanc A, Rowe R, Evans H, West S, Shackelford L, Schneider V. Muscle
atrophy during long duration bed rest. Int J Sports Med. 1997;
18(Suppl. 4):5283-5285.

LeBlanc A, Schneider V, Shackelford L, West S, Oganov V, et al. Bone
mineral and lean tissue loss after long duration spaceflight. ] Musculo-
skelet Neuronal Interact. 2000; 1(2):157-160.

Marquez JJ, Miller MJ, Cohen T, Deliz I, Lees DS, et al. Future needs for
science-driven geospatial and temporal extravehicular activity planning
and execution. Astrobiology. 2019; 19(3):440-461.

McFarland S. A novel method for quantifying helmeted field of view of a
space suit - and what it means for Constellation. In: 40th International
Conference on Environmental Systems. Barcelona, Spain: American
Institute of Aeronautics and Astronautics; 2010.

McFarland SMN, Norcross JRM. Development of an objective space
suit mobility performance metric using metabolic cost and functional
tasks. Proceedings of the 46™ International Conference on Environ-
mental Systems; 10-14 July 2016; Vienna, Austria. Emmaus (PA): ICES;
2016.

Meginnis IM, Rhodes RA, Davis KN. Performance of the Z-2 space suit in
a simulated microgravity environment. Proceedings of the 48™ Interna-
tional Conference on Environmental Systems; 8-12 July 2018; Albuquer-
que, NM, USA. Emmaus (PA): ICES; 2018.

Miller LS, Fornito MJ, Flanagan R, Kobrick RL. Development of an aug-
mented reality interface to aid astronauts in extravehicular activities. In:
2021 IEEE Aerospace Conference (50100); 6-13 March 2021; Virtual.
New York: IEEE; 2021.

Miller MJ, Lim DSS, Brady AL, Cardman Z, Bell E, et al. PLRP-3: opera-
tional perspectives conducting science-driven extravehicular activity
with communications latency. In: 2016 IEEE Aerospace Conference; 5-12
March 2016; Big Sky, MT, USA. New York: IEEE; 2016.

Miller MJ, McGuire KM, Feigh KM. Information flow model of human
extravehicular activity operations. In: 2015 IEEE Aerospace Conference;
March 7-14, 2015; Big Sky, MT, USA. New York: IEEE; 2015.

Morales K, Wang L, Christensen E, Kim A, Alfaro J, et al. S.E.L.ENN.E.
System engineered for lunar environment. Navigation, and Exploration.
In: Proceedings of the 17" Annual Symposium on Graduate Research
and Scholarly Projects. Wichita (KS): Wichita State University; 2021.
Morgan A, Wilmington P, Pandya K, Maida C, Demel J. Comparison of
Extravehicular Mobility Unit (EMU) suited and unsuited isolated joint
strength measurements. Linthicum Heights (MD): NASA Center for
Aerospace Information; 1996.

NASA. Evidence book. Risk of bone fracture. Houston (TX): NASA
Johnson Space Center; 2008.

Neal V, Shields N, Shirley M, Jones JAN, Carr JP, et al. Advanced extra-
vehicular activity systems requirements definition study. Houston (TX):
NASA Lyndon B. Johnson Space Center; 1988. Report No. NAS9-17779.
Norcross JR, Clowers KG, Clark T, Harvill L, Morency RM, et al. Meta-
bolic costs and biomechanics of inclined ambulation and exploration
tasks in a planetary suit. Hampton (VA): NASA STI Program Office;
2010. Report No. NASA/TP-2010-216125.

Oganov VS, Schneider VS. Skeletal system. In: Leach Huntoon CS,
Antipov VYV, Grigoriev Al, editors. Space biology and medicine, vol. III,
books 1 & 2: humans in spaceflight. Reston (VA): American Institute of
Aeronautics and Astronautics; 1996:247-266.

Panfilov VE, Gurfinkel VS. Biomechanical profile of the human-spacesuit
interaction. Hum Physiol. 2013; 39(7):750-755.

Petculescu A, Lueptow RM. Atmospheric acoustics of Titan, Mars, Venus,
and Earth. Icarus. 2007; 186(2):413-419.

Pinedo C, Dixon ], Chang C, Auguste D, Brewer M, et al. Development of
an augmented reality system for human space operations. In: Proceedings
of the 49th International Conference on Environmental Systems. Emmaus
(PA): ICES; 2019.

Portree DSE. Walking to Olympus: an EVA chronology. Washington (DC):
NASA History Office, Office of Policy and Plans, NASA Headquarters;
1997.

Rajulu S. Human factors and safety in EVA. In: Sgobba T, Kanki B,
Clervoy J-E Sandal GM, editors. Space safety and human performance,
Chapter 11. Oxford (UK): Butterworth-Heinemann; 2018:469-500.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 94, No. 1

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

SURFACE EVA PERFORMANCE RISKS—Zhang & Anderson

Reid CR, Harvill LR, Norcross JR, Benson EA, England SA, et al. An ergo-
nomic evaluation of the Extravehicular Mobility Unit (EMU) space suit
hard upper torso (HUT) size effect on metabolic, mobility, and strength
performance. In: Proceedings of the Human Factors and Ergonomics
Society Annual Meeting. Thousand Oaks (CA): Sage Publishing; 2014.
Reitz G, Berger T, Matthiae D. Radiation exposure in the Moon environ-
ment. Planet Space Sci. 2012; 74(1):78-83.

Scheuring R, Jones J, Polk J, Gillis DB, Schmid J, et al. The Apollo Medical
Operations Project: recommendations to improve crew health and per-
formance for future exploration missions and lunar surface operations.
Houston (TX): NASA Lyndon B. Johnson Space Center; 2007.

Scheuring RA, Mathers CH, Jones JA, Wear ML. Musculoskeletal injuries
and minor trauma in space: incidence and injury mechanisms in U.S.
astronauts. Aviat Space Environ Med. 2009; 80(2):117-124.

Self B, Erp JV, Eriksson L, Elliott L. Human factors issues of tactile dis-
plays for military environments. Chapter 3. Brussels (Belgium): NATO
OTAN; 2022. Report No.: RTO-TR-HFM-122.

Shackelford LC. Musculoskeletal response to space flight. In: Barratt MR,
Baker ES, Pool SL, editors. Principles of clinical medicine for space flight.
New York (NY): Springer; 2019:581-607.

Smets NJ, te Brake GM, Neerincx MA, Lindenberg J. Effects of mobile
map orientation and tactile feedback on navigation speed and situation
awareness. In: Proceedings of the 10th International Conference on
Human Computer Interaction with Mobile Devices and Services. New
York: Association for Computing Machinery; 2008:73-80.

Smith M, Craig D, Herrmann N, Mahoney E, Krezel J, et al. The Artemis
Program: an overview of NASASs activities to return humans to the Moon.
In: Proceedings of the 2020 IEEE Aerospace Conference. Piscataway (NJ):
1EEE; 2020:1-10.

Stanton NA, Chambers PR, Piggott J. Situational awareness and safety. Saf
Sci. 2001; 39(3):189-204.

Streefkerk JW, Vos W, Smets N. Evaluating a multimodal interface
for firefighting rescue tasks. In: Proceedings of the Human Factors
and Ergonomics Society Annual Meeting. Los Angeles (CA): Sage
Publications; 2012:277-281.

Sullivan TA. Catalog of Apollo experiment operations. Washington (DC):
National Aeronautics and Space Administration; 1994.

Thompson S, Mesloh M, England S, Benson E, Rajulu S. The effects of
extravehicular activity (EVA) glove pressure on tactility. Proc Hum
Factors Ergon Soc. 2010; 55(1):1385-1388.

Vaniman D, Reedy R, Heiken G, Olhoeft G, Mendell W. The lunar envi-
ronment. In: Lunar sourcebook: a user’s guide to the Moon, chapter 3.
Cambridge (UK): Cambridge University Press; 1991.

Vico L, Collet P, Guignandon A, Lafage-Proust M-H, Thomas T, et al.
Effects of long- term microgravity exposure on cancellous and cortical
weight-bearing bones of cosmonauts. Lancet. 2000; 355(9215):1607-1611.
Wagner SA. The Apollo experience: lessons learned for Constellation lunar
dust management. Houston (TX): NASA Johnson Space Center; 2006.
Wenzel EM, Godfroy-Cooper M. Advanced multimodal solutions for
information presentation. Moffett Field (CA): NASA Ames Research
Center; 2017.

Wenzel EM, Godfroy-Cooper M, Miller JD. Spatial auditory displays: sub-
stitution and complementarity to visual displays.Proceedings of the 20
International Conference on Auditory Display (ICAD-2014); June 22-25,
2014; New York. International Community for Auditory Display; 2014.
Whedon GD, Lutwak L, Reid ], Rambaut P, Whittle M, et al. Mineral and
nitrogen metabolic studies on Skylab orbital space flights. Trans Assoc
Am Physicians. 1974; 87:95-110.

Wickens CD. Processing resources and attention. Multiple-task perfor-
mance. Oxfordshire (UK): Taylor & Francis; 1991:3-34.

Yingst RA, Cohen BA, Ming DW, Eppler DB. Comparing Apollo and
Mars exploration rover (MER) operations paradigms for human explora-
tion during NASA Desert-RATS science operations. 42nd Annual Lunar
and Planetary Science Conference. Houston (TX): Lunar and Planetary
Institute; 2011.

Zink R, Steddin S, Weiss A, Brandt T, Dieterich M. Galvanic vestibular
stimulation in humans: effects on otolith function in roll. Neurosci Lett.
1997; 232(3):171-174.

January 2023 41

SS900E 93l} BIA €1-G0-GZ0g 1e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq


https://doi.org/10.1055/s-2007-972726
https://doi.org/10.1089/ast.2018.1838
https://doi.org/10.2514/6.2010-6214
https://doi.org/10.1109/AERO50100.2021.9438430
https://doi.org/10.1109/AERO.2015.7118942
https://doi.org/10.1134/S036211971307013X
https://doi.org/10.1016/j.icarus.2006.09.014
https://doi.org/10.1016/B978-0-08-101869-9.00011-X
https://doi.org/10.1016/j.pss.2012.07.014
https://doi.org/10.1007/978-1-4939-9889-0_19
https://doi.org/10.1145/1409240.1409249
https://doi.org/10.1016/S0925-7535(01)00010-8
https://doi.org/10.1037/e572172013-058
https://doi.org/10.1016/S0140-6736(00)02217-0
https://doi.org/10.1016/S0304-3940(97)00610-1

	Performance Risks During Surface Extravehicular 
Activity and Potential Mitigation Using 
Multimodal Displays
	METHODS
	RESULTS
	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES﻿


