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Figure 1: Overview of our experiment protocol for understanding user preferences, performance, and experience of gesture
interaction from Earth (first three blocks) to a Mars-analog environment (last three blocks) at the Mars Desert Research Station.

Abstract

Extreme environments, such as analog space stations, can impact
the dexterity with which astronauts perform gestures for commu-
nication within the crew and for controlling interactive systems.
To investigate this impact, we conducted a gesture elicitation study
with eight analog astronauts, followed by several user performance
and user experience evaluation sessions at the Mars Desert Re-
search Station. Our findings reveal high gesture recall accuracy,
short production times, and an overall favorable user experience
across thirteen UEQ+ dimensions, from perceived efficiency to trust,
which we interpret alongside the crew’s psychological mood dur-
ing the two-week mission. Based on our findings, we derive design
implications for gesture interaction in extreme environments.
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1 Introduction

Finger gesture interaction refers to translating finger movements,
captured by various sensors into commands for controlling or oper-
ating an interactive system via natural and intuitive mappings [29].
However, an extreme environment [15], such as that of an analog
space station [9,87], can negatively affect the dexterity with which
these gestures are performed [77]. In a broader context, extreme
environments enable extreme interactions [71], which occur in
physical or digital contexts that are significantly different from
typical settings pose severe challenges to users, and require rethink-
ing traditional interaction design [67]. Examples include astronaut-
oriented design [5,6] and design for space [22,33,54], which support
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users’ cognitive and physical performance under unusual condi-
tions [30], such as microgravity [43] and prolonged isolation [15].

Extreme constraints can be psychological [35,44], cognitive [24,
51], physical [43,77], medical [21,53], sensorimotor [77], social [44],
and technological [5,14]. The success of communication in extreme
environments depends on modalities robust to such constraints.
For example, speech-based communication can be degraded by
radio interference, background noise from ventilation systems and
equipment from the habitat, and other environmental factors that
must be considered during system design [74], while microgravity
and spaceflight conditions may alter speech production and reduce
recognition accuracy [83]. Gesture-based communication, however,
can prove vital when speech or other channels fail [62].

However, research on gesture interaction in extreme settings
has been limited, primarily because of the challenges of conducting
human-computer interaction experiments [72] in enclosed spaces
and habitats [4], small participant samples [23], and requirements
for wearing protective gear that restricts body movement [70].
Moreover, current gesture sensing technologies, such as wearables
for the fingers and hand [59], may not be optimized for such ex-
treme settings, which could negatively affect user performance,
user experience [69], and, ultimately, mission success [5]. In this
paper, we investigate the impact of an extreme environment, dur-
ing an analog space mission at the Mars Desert Research Station
(MDRS),! on the design of finger gesture-based interaction using a
wearable device, and make the following contributions:

o A gesture elicitation study with eight analog astronauts, who
proposed finger gestures for sixteen referents using the Tap
Strap 2,2 a wearable finger-worn device (Section 3).

e An experiment conducted in the extreme environment of the
MDRS, where the analog astronauts performed the elicited
gestures across sessions with increasing physical and psy-
chological constraints. We report combined results of user
performance, user experience, and mood states (Section 4).

e Lastly, we derive design implications for gesture interaction
in extreme environments via wearable devices (Section 5).

Although limited by the small sample size imposed by accommoda-
tion constraints at the MDRS, we report the first gesture elicitation
study with analog astronauts in an extreme environment to advance
gesture interaction research for future space missions.

2 Related Work

Our work focuses on gesture interaction in extreme environments,
at the intersection of finger-worn devices and human-computer
interaction (HCI) research on extreme environments.

2.1 Wearables and Gesture-based Interaction

Prior research on gesture interaction using wearables has focused
primarily on balancing low-power sensing [20] with the compu-
tational cost of running machine learning algorithms for gesture
recognition [10,78,85], while also introducing novel device form
factors [28,80]. For example, Wen et al. [78] showed that fine-motor
finger gestures can be recognized using sensors integrated into a
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smartwatch with an F1-score of 87%. PPG sensors have also been
used to recognize finger gestures, as in Zhao et al. [85], who re-
ported over 88% accuracy from training on a set of 3,600 gestures
collected from ten users. AO-FINGER [82] is a fine-grained finger
gesture recognizer based on acoustic-optic sensor fusing, achieving
95% accuracy. More recently, Cornella-Barba et al. [10] reported
98% accuracy for twenty-six American Sign Language symbols.
Despite these technological advances, major challenges remain re-
garding limited battery life, sub-optimal recognition accuracy and
user comfort, and limited context-aware adaptability [28]. A further
limitation is that most systems employ designer-defined gesture
sets, which prioritize recognition accuracy over user preferences.

2.2 Human-Computer Interaction Research for
Extreme and Space Environments

An extreme environment impacts organizational, interpersonal, and
individual working and living systems [68]. Thus, many adaptability
attributes for operating effectively in such environments have been
proposed [4], such as intelligence, emotional stability, self-control,
openness, optimism, mastery, introversion, task-oriented coping,
and adequate sleep. These influence crew performance [3] as the
human cognitive system tries to adapt to extreme constraints [45].
SpaceCHI [6,46,47,86] explores HCI research for space as a repre-
sentative example of an extreme environment, by “designing novel
interactive systems and mobile interfaces to support human living
and working in space and other regions of the solar system” [46, p.1].
In this context, it encompasses participatory design approaches [40],
experience design [41], and human factors [12,13]. Thus, HCI re-
search for extreme environments [12] serves a variety of purposes,
including designing for software efficiency on Mars [14], medical
support [53], decision support systems [58] and planning [52]. In
extreme environments, gesture-based interaction may be limited
or even impractical [39,40]; for example, graviception interferes
with manual dexterity, making gesture movement difficult [79].
Furthermore, microgravity creates a haptic illusion [43]: whereas
Earth gravity induces the perception that upward forces are larger
than downward ones, this effect disappears in microgravity and
is increased in hypergravity environments. Since astronauts wear
gloves that prevent direct physical contact [65], they exhibit a “need
for touch.” We refer to Vatavu et al. [72], who highlighted method-
ological challenges in conducting HCI scientific experiments in
extreme environments, such as the small samples, a constraint also
encountered in our experiment described in Sections 3 and 4.

2.3 Gesture-based Interaction in Space

Gesture-based interaction in extreme environments, such as in ana-
log or space missions, presents both benefits and challenges. For ex-
ample, in microgravity [43] and high-risk failure contexts [42], ges-
ture input reduces reliance on physical controls and enables hands-
free or contactless interaction. However, bulky spacesuits [70] and
pressurized gloves [57], resulting in limited finger dexterity, con-
strain gesture articulation, therefore affecting recognition accuracy.
Furthermore, environmental factors, such as radiation, vibration,
and strict power constraints affect negatively the reliability of wear-
able sensors and onboard processing. User fatigue and cognitive
load are also amplified in such environments, where astronauts
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typically operate under a variety of physical and psychological
stressors. As a result, gesture interaction for space missions re-
quires adaptive, context-aware design balancing expressiveness
with safety, reliability, and physical effort.

Few papers have directly addressed finger gesture-based interac-
tion for gloved hands in isolated, confined, and extreme settings.
For example, Ceruti et al. [7] developed wireless data gloves with
magnetic sensors for gesture recognition in extreme military, space,
and hazardous environments; Zhang [84] proposed 3D-printed
self-powered sensing gloves for finger gestures in underwater and
smoke environments; and Tseng et al. [66] examined VR for con-
fined spaces via small-scale finger motions. Regarding gesture recog-
nition technology, prior work has addressed system design for as-
tronauts, but did not explicitly report on what type of gestures
are recommendable for optimal user performance and user experi-
ence. For example, Pavithran et al. [48] developed electromagnetic
wave-based recognition with 80% accuracy on four hand gestures
for spacewalk communication; Liu et al. [27] created a data glove
system for recognizing sixteen American Sign Language gestures to
control a robot during extravehicular activities (EVA); Gu et al. [26]
introduced an astronaut gesture dataset and a hierarchical attention
network for human-robot interaction at space stations; and Hu et
al. [19] developed vision-based recognition for astronaut training
systems.

Although several Gesture Elicitation Studies (GESs) [81] have
explored finger gestures, none has targeted astronauts or users in
extreme environments, according to recent literature reviews [8,76].
In Section 3, we present the first study of this kind, to the best of
our knowledge, followed by evaluations of the consensus gesture
set at the MDRS, described in Section 4.

3 A Gesture Elicitation Study on Earth

We conducted a gesture elicitation study in a controlled, typical
Earth-like environment, during which analog astronauts were asked
to propose finger gestures with a finger-worn device for use during
missions to a Mars-analog space station.

3.1 Participants

We involved a crew of eight analog astronauts,® representing the
maximal accommodation allowed at the MDRS facility. Participants
were recruited through an open call advertising a two-week mis-
sion to a Mars-analog environment. The selected crew comprised
five men and three women, aged between 22 and 31 years (M=25.6,
SD=2.6), with no physical impairments, and different educational
backgrounds in astronomy, biology, engineering, geography, neu-
roscience, and psychology. All participants were right-handed, fre-
quent users of computers and smartphones, and had no prior expe-
rience with the gesture sensing wearable used in the study. Given
the small sample size, which is nevertheless representative of HCI
studies conducted in extreme environments [72], we present par-
ticipants’ individual demographic details in Table 1.

3An analog astronaut is a trained individual who assumes the role of an astronaut
during a simulated crewed mission.
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Table 1: Demographic details of crew members.

Gender, Academic Crew role during
age (years) Background the mission
CM1 Male, 27 Physics Commander
CM2 Female, 25 Psychol(?gy and. Executive officer
Occupational Sciences
CM3 Male, 24 Bioengineering Engineer
CM4 Female, 25  Pharmacy Health/Safety officer
CMS5 Male, 22 Electrical Engineering Greenhab officer
CM6 Male, 24 Geography Astronomer
CM7 Male, 31 Neur.osc1ence and Scientist
Physiotherapy
CMB8 Female, 27  Biotechnology Journalist

3.2 Apparatus

We selected the Tap Strap 2* for our study, a wearable device con-
sisting of five interconnected electronic rings, one for each finger,
with integrated accelerometers for detecting mid-air movements
and on-surface taps. A key reason for selecting this device is that
it can be worn underneath astronaut gloves, making it suitable
for space operations. Unlike other sensing technology for finger-
augmentation devices [59], such as imaging-based gesture sensing
that can be affected by camera placement, lighting conditions, and
obstructed views, or biometric sensing, such as electromyography
that may be affected by extreme bodily responses to psychologi-
cal [35,44] and physiological stressors [43,77] in extreme settings,
the Tap Strap 2 relies on body-worn inertial sensing, making it well
suited to confined and extreme operational environments. More-
over, accelerometer-based gesture recognition has been extensively
studied, and robust performance reported [10,37].

3.3 Task and Design

We selected 16 specific referents relevant for the analog Mars mis-
sion (Figure 2, bottom left), for implementing gesture-based inter-
action and communication [62], with the following categories: (i)
communication [25] (e.g., communicating with mission control and
crew members), (ii) monitoring [38] (e.g., constantly keeping an eye
on the life support systems), and (iii) troubleshooting [52]. Refer-
ents were presented one at a time, in a random order per participant,
via before/after visual representations using PowerPoint slides (see
Figure 2, top for examples). The study followed a within-subjects
design with three dependent variables:

o AGREEMENT-RATE (AR), expressing the level of agreement
among participants’ gesture proposals for each referent, cal-
culated using the AGATe [73] tool.

o THINKING-TIME, defined as the time elapsed between the pre-
sentation of a referent and the participant’s demonstration
of their preferred gesture, measured in seconds.

o GOODNESS-OF-FIT, representing participants’ ratings, from 1
(low) to 10 (high), of how well they considered their proposed
gestures to fit the corresponding referents.

4https://www.tapwithus.com/product/tap- strap-2
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before

Referent ID and effect definition

1. Send areassuring message to the whole team Send a message "Everything is fine" v ——— 6.21+5.88 9.75+0.66
2. Ared message appears Send a message "l am in danger” | 257 i 8.42+7.31 6.88+1.05
4. Ared alert appears on everyone's screen Send a signal "l found something” [ 234 ] 9.88+6.99 7.13+1.45
6. Capture a screenshot of the current window in use Take a screen capture [.230 : r 12.05+9.71 6.50+1.41
7. The entrance of the station is unlocked and starts opening slowly Open the door of the station [ .221 i 17.17+9.70 7.38+0.99
3. Ablue message appears with the name of the person who sent the message Send a message "I have a lack of oxygen” | .218 i : 7.85+8.27 7.50+1.22
10. Everybody gets a notification that medical assistance is needed Send a message "I need medical assistance” | .198 6.72+7.02 7.63+1.22
9. Everybody gets a purple signal with the location of the sender Send a gathering signal [.175 1 15— — 3.841+2.22 7.88+1.17
11. In case of threat, all the doors and windows of the station are locked Lock the whole spatial station | .175 — : 8.72+6.38 7.13+0.78
5. A path to the station appears on the screen of the user Show the path to the station [ .172 - 15.19+10.04 6.75+1.09
14. Useful in fog or dust because self-cleaning the visor properly is difficult Clean the visor | .147 ; 13.23+£9.77 6.38+£0.70
16. When the temperature outside is too high, the spacesuit cools down  Turn down the temperature of the space suit [ .145 i} | 6.21+2.92 7.75%1.09
13. When too much sun, reduce brightness inside the visor to protect eyes Decrease the brightness inside the visor | .140 + : 2.18£0.94 7.76+1.09
15. When the temperature outside is too low, the spacesuit warms up Turn up the temperature of the space suit (- Ta0 M E i Moderate 5.18+3.22 8.00+1.00
12. When it is too dark in the visor, allow the user to have a better vision Increase the brightness inside the visor ﬁ):i; 777777777777777777 L ;J;I; 531+5.94 7.00+1.22
8. The door is closed and nobody can enter the station Lock the door of the station _-087__J———— 10.99+8.08 LR

8.70+4.03 7.41+0.76
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Figure 2: Examples of gesture proposals (top), the set of referents and the consensus gestures (bottom). Error bars show 95% CIs.

3.4 Results

Overall, we collected 8 (analog astronauts) X 16 (referents) = 128
gesture proposals for our analysis.

AGREEMENT-RATE values were moderate (M=.185) with little
variation (SD=.054), ranging between .087 (low agreement) for
“Lock the door of the station” and .301 (high agreement) for “Send
the message ‘Everything is fine’” Overall, 13 of the 16 agreement
rates (81%) were classified as moderate, two as low, and one as high,
according to the interpretation guidelines from [73]. A few excep-
tions aside, the agreement rates exceeded those typically reported
in gesture elicitation studies [73,76], indicating strong consensus
among the crew. Figure 2, bottom right shows the consensus ges-
ture set in descending order of AGREEMENT-RATE. According to the
taxonomy of Aigner et al. [2], five gestures in this set are iconic-
dynamic (e.g., “Lock the whole spatial station”), four are iconic-static
(e.g., “Take a screen capture”), three are semaphoric-dynamic (e.g.,
“Send a gathering signal”), two are semaphoric stroke-like, one is
semaphoric-static, and one is pointing.

GOODNESs-OF-FIT ratings were high (M=7.41, SD=0.76 on the
1-10 scale), indicating that participants were generally satisfied
with their proposed gestures. In particular, participants gave the
highest ratings to the “Everything is fine” (9.75 +0.66) and “Turn
up the temperature of the space suit” (8.00 £1.00) referents, and the
lowest ones for “Clean the visor” (6.38 £0.70) and “Take a screen
capture” (6.50 £1.41), respectively.

The THINKING-TIME analysis revealed that participants proposed
gestures quickly (M=8.70s, SD=4.03s), ranging from 3.84s (+2.22s)

for “Send a gathering signal” to 17.17s (+9.70s) for “Open the door
of the station.” Furthermore, we found that THINKING-TIME was
negatively correlated with GoobpNEss-OF-FiT (Pearson’s r(g)=—.53):
referents with longer thinking time tended to receive lower fit
ratings, suggesting that participants were less satisfied with the
gestures when they took longer to propose them.

3.5 Outcomes for the Mars-Analog Environment

To reduce the cognitive effort associated with memorizing and
recalling gestures, which would add to other existing challenges
in extreme environments [24,51], we retained only eight referent-
gesture pairs for the analog mission at the MDRS, as follows:

e Thumbs up for “Send the message ‘Everything is fine’” (6/8
crew members, representing a max-consensus rate’ of 75%).
Make a cross with both arms across the chest for “Send the
message ‘Tam in danger’” (2/8, 25%).

Raise the thumb and index finger, followed by the index
finger bending twice to simulate taking a picture for the
referent “Take a screen capture” (6/8, 75%).

Draw a circle with the index finger and then point to its
center for “Show the path to the station” (3/8, 37.5%).

Bring arms in front of the body twice for “Send the message
‘Thave a lack of oxygen’” (3/8, 37.5%).

Point with the index finger at the other arm for “Send the
message ‘T need medical assistance™ (2/8, 25%).

SFollowing Morris [36], the max-consensus rate is the percent of participants suggest-
ing the most popular proposed interaction for a given referent.
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e Tap with the open hand on the thigh for “Lock down the
entire station” (2/8).

e Repeatedly move the open hand in front of the head for
“Clean the visor” (6/8, 75%).

4 Experiment at the Mars Desert Research
Station

We carried out an evaluation at the MDRS to understand the user
performance and user experience of the identified gesture set.

4.1 Location

The experiment was conducted during a two-week mission at the
MDRS, Hanksville, UT, USA. Designed based on NASA’s Design
Reference Mission 3, the MDRS is composed of several modules, in-
cluding a three-floor cylindrical habitat, an Extra-Vehicular Activity
(EVA) preparation room, and a science dome with a laboratory [61]
(Figure 3a), all providing a Mars-analog environment to enable sci-
entists to experience extreme conditions [64]. A two-week interval
represents a reference duration for analog Mars missions [50].

4.2 Tasks and Protocol
Three tasks were carried out throughout the experiment (Figure 1):

o A discovery and practice task, in which participants received
a tutorial on how to use the Tap Strap 2 device (5 minutes)
and freely practiced the domain task (10 minutes).

o A domain task, in which participants performed the gestures.

e An evaluation task, in which the participants were adminis-
tered the UEQ+ questionnaire.

The discovery and practice task was performed once, three weeks
before the mission, representing the (Earth) baseline condition. The
domain and evaluation tasks were performed repeatedly across
four sessions (Figures 1 and 3): a training session (S1) took place
one week before the mission in the tutorial room; an execution
session (S2) after four Mars days (i.e., Sol 4) in the main habitat at
the MDRS (Figures 3b,c); a second execution session (S3) after eight
Mars days (Sol 8) in the science laboratory (Figure 3d); and a final
execution session (S4) after twelve Mars days (Sol 12), conducted
outside the station (Figures 3e, 3f), with participants wearing analog
spacesuits (suit, helmet, backpack with life support system, and
3mm-thick gloves; total weight approximately 12kg). During S4,
crew members walked outside, drove rovers, and performed the
domain and evaluation tasks over approximately two hours.

4.3 Measures

4.3.1 User Performance. We evaluated the user performance of
gesture production using the following two measures:

e RECALL-ACCURACY, a categorical variable adapted from the
Nielsen-Norman success rate, as follows: 1=first trial (par-
ticipants succeed in producing the correct gesture for the
presented referent, getting it right from the first time), 2=sec-
ond trial (participants succeed during the second attempt,
achieving success with only a minor issue), 3=third trial (par-
ticipants succeed during the third attempt, achieving success
with one major issue), 4=incorrect gesture (participants pro-
duce the wrong gesture in response to the referent), and
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5=forgotten gesture (participants could not recall the corre-
sponding gesture for the presented referent).

e PropUCTION-TIME, defined as the time required by the par-
ticipant to perform gestures corresponding to the referents,
measured in seconds with a stopwatch.

Since these measures focus exclusively on gesture execution, au-
tomatic gesture recognition was not required in our evaluations,
although possible with existing implementations [10,37].

4.3.2  User Experience. We used UEQ+ [55], a modular extension
of the User Experience Questionnaire (UEQ) [56], which consists
of several scales and is supported by analysis instruments and pub-
lished norms [34] for interpreting results [17]. We administered
the following scales: Attractiveness, Efficiency, Perspicuity, Depend-
ability, Stimulation, Novelty, Adaptability, Trust, Usefulness, Value,
Visual Aesthetics, Intuitive Use, and Trustworthiness of Content, from
which we computed the following aggregate measures:

® SCALE-MEAN-SCORE (SMS), representing the average score
for a given user experience scale across all crew members,
ranging from —3 (negative) to +3 (positive).

o ScALE-MEAN-IMPORTANCE (SMI), measuring the average per-
ceived importance of the scale, from —3 to +3.

e ScALE-MEAN-RATIO (SMR), defined as the ratio of each S2-S4
sessions’ SMS to the baseline SMS in the control session S1.

e IMPORTANCE-MEAN-RATIO (IMR), defined as the ratio of each
S2-S4 sessions’ SMI to the baseline SMI in the S1 control.

4.3.3  Psychological Evaluation. To evaluate the psychological state
of the crew during the two-week mission, we administered the
Profile of Mood States (POMS 2) [31,32] questionnaire, a 65-item ad-
jective checklist eliciting responses to “How you have been feeling
during the past days, including today” POMS 2 allows for the rapid
assessment of transient and fluctuating feelings [16, p. 1], and takes
approximately 3 to 7 minutes to complete in typical conditions. We
administered this assessment on sessions S2 and S3 only to capture
changes in the crew’s mood under comparable indoor conditions,
whereas S4 was outdoor with different operational demands and
physical exertion; in this way, S2 served as a baseline (pre) assess-
ment for S3 (post), conveniently positioned at the midpoint of the
two-week mission. Based on POMS, we measured the following:

e POMS-SCORE, a 5-point Likert rating, from 0 (not at all) to 1
(a little), 2 (moderately), 3 (quite a bit), and 4 (extremely).

e POMS-ScALE-MEAN, representing the average rating across
all crew members, for the seven scales of POMS 2.

e ToTAL-MoOD-DISTURBANCE as an arithmetic combination
of the POMS 2 scales: (Tension + Depression + Anger + Fa-
tigue + Confusion) - Vigor. TMD gauges the overall mental
state of crew members, with lower scores indicating more
positive mood states, while higher scores signify greater dis-
turbance. With this measure, we are looking for patterns like
the “Iceberg Profile” with high vigor and low negatives.

4.4 Results

4.4.1 User Performance. Figure 4 shows the distribution of REcALL-
AccuRrAcy levels across the eight referents and four sessions. Per-
formance improved from S1 to S2 and S3, and ended with perfect
recall in S4. It took four sessions for the crew members in our study
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Main habitat
Execution Session S2

Science Laboratory
Execution Session S3

Figure 3: The Mars Desert Research Station (a), where the last three execution sessions (52-S4) of our experiment were conducted:
the main habitat for S2 (b,c), the science laboratory dome for S3 (d), and the extra-vehicular activity for S4, where analog
astronauts were driving outside the station in a rover (e) while wearing full analog astronaut equipment with gloves (f).

to achieve this level of performance. Differences among referents that most participants, regardless of their prior experience with
were also observed due to some of the corresponding gestures being wearables, were able to use the Tap Strap 2 effectively despite the
easier to recall, e.g., for “Everything is fine,” while others were more restrictive physical conditions of the MDRS environment.

complex, e.g., for “Show the path to the station.” We also observed
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Figure 4: Distribution of REcALL-AccURACY-LEVEL across all
referents and sessions.

Figure 5 shows the average PRODUCTION-TIME for gestures per-
formed by the crew members across the four sessions. Overall,
production times were largely consistent across gestures, except for
minor variations in the first sessions, e.g., for the “I am in danger”
and “Send a gathering signal” referents. Three gestures, correspond-
ing to “I am in danger,” “Show the path to the station,” and “Send
a gathering signal,” were performed with short production times
after S2, while only one gesture, corresponding to the “Lock the
whole spatial station” referent, initially exhibited a sharp increase
before returning to the same level as the others. All crew members
achieved low production times by S4, between 1.86s for “Everything
is fine” and 3.04s for “I am in danger” These results suggest that
gestures via finger-worn devices represent a plausible interaction
modality in terms of production time: execution was fast across
sessions, despite increasingly challenging conditions.

4.4.2  User Experience. Figure 6a shows the SMS and SMI values
for the UX dimensions evaluated in our experiment. Overall, the
scores are high, above the 0.8 threshold in the “good” interval, with
the only exception of Adaptability in S3 (M=0.63, SD=1.75). This
dimension was affected by the crew’s first exposure to more se-
vere conditions, but recovered in S4 at a level comparable with
the other dimensions. Ratings in S1 ranged from 1.09 to 1.81, with
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Figure 5: Average gesture PRopUCTION-TIME computed across
all referents and sessions. Error bars show 95% Cls.

Visual Aesthetics (M=1.09, SD=1.21) receiving the lowest score and
Perspicuity (M=1.81, SD=1.01) the highest. In S4, ratings ranged
from 1.25 to 2.00, with Novelty (M=2.00, SD=0.94) and Trustworthi-
ness (M=2.00, SD=1.06) receiving the highest ratings. Overall, the
following trends can be distinguished based on SMS (Figure 6a):

o V-shaped curves (4/13=31%) undergo a noticeable drop, but
then rise: Efficiency, Stimulation, and Adaptability. For exam-
ple, Efficiency started from a mean score of M=1.75 (SD=0.90)
and reached M=1.47 (SD=1.75) by S4; Stimulation was rated
at M=1.56 (§D=1.25) and reached M=1.38 (SD=1.60) in S4.

o Inverted V-shaped curves (3/13=23%) grow locally, but end
with a value below that of the previous sessions: Attrac-
tiveness, Trust, and Intuitive Use. For example, Attractive-
ness started from M=1.56 (SD=0.79) in S2, reached M=1.78
(SD=1.22) in S3, and fell to M=1.59 (SD=1.73) in S4.

o Overall ascending trends (5/13=38%) progressively increase
across sessions: Dependability, Novelty, Usefulness, Visual
Aesthetics, and Trustworthiness of Content. For example, the
Trustworthiness of Content dimension gradually improved
from M=1.63 (SD=1.24) in S2 to M=2.00 (SD=1.06) in S4.

o Descending trend (1/13=8%) for Perspicuity, with an average
rating of 1.81 in S2, which decreased to 1.56 in S4.
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Figure 6: Overview of UX evaluation results, in terms of the scale mean scores and their importance (a), evolution of the scale
mean ratios (b) and scale importance ratios (c), respectively. Error bars show 95% ClIs.

The SMIs (Figure 6a) are positive throughout the evaluation
sessions. Although impacted by the challenging conditions of the
sessions, crew members progressively improved their assessments.

Figures 6b and 6¢ show the SMR and IMR measures as dumbbell
plots to present their evolution over the mission. In these plots,
any point below or above the reference value of 1.0 indicates a
UX dimension perception as less or more positive, respectively,
than in the baseline, condition S1. Most ratios started close to 1.0,
except for Adaptability, which increased by A=20% from 0.81 to
0.97. This dimension was followed by Novelty (A=7%), Trust (A=6%),
and Attractiveness (A=4%). Overall, the majority of the ratios were
close to the baseline and consistent across the evaluation sessions.

4.4.3  Psychological Evaluation. Figure 7 shows the results of the
POMS questionnaire for sessions S2 (pre) and S3 (post). We observed
for both S2 and S3 the “Iceberg Profile,” considered the ideal mood
profile for physical performance: low scores on the negative scales
and a significant peak, above average, on Vigor-Activity, suggesting
that crew members were in positive moods while engaging in ges-
ture interaction. Overall, mood improved from S2 to S3, as reflected
by the values for the negative scales decreasing and those for the
positive scales increasing, while ToTAL-MooD-DISTURBANCE in S2
(M=46.69) was higher than in S3 (M=39.11). These results indicate
that, as a group, the crew experienced an improvement in mental
well-being and a reduction in negative mood states, despite the
extreme conditions in our experiment. In particular, the comman-
der (CM1) exhibited a decrease in the TOTAL-MOOD-DISTURBANCE
score from S2 (45.10) to S3 (35.99), indicating significant mood im-
provement, especially visible in terms of fatigue (64.55 to 53.38); see

Figure 7, bottom. CM8 consistently reported low scores and high
vigor, suggesting a generally positive emotional state compared
to the group average. CM4 exhibited the largest improvements in
terms of Anger-Hostility (40.69 to 34.62) and Confusion-Perplexity
(58.57 to 42.17) across sessions S2 and S3.

5 Implications for Gesture-based Interaction

Based on our empirical findings, we propose a set of implications for
gesture-based interaction in extreme environments, in particular
during analog and space missions:

F Prioritize finger gestures that are robust to extreme constraints:
fatigue, limited dexterity, gloves, and psychological stress. In ex-
treme environments, finger and hand gestures should rely on
coarse movements instead of the fine motor precision expected
in typical settings. The crew members in our experiment, were
able to reliably perform the gestures in Figure 2, despite psycho-
logical stress and physical fatigue, with low gesture production
times and high recall accuracy. Consequently, gestures should
be simple to enable easy execution in such settings, and the con-
sensus set in Figure 2 constitutes a good starting point, to be
confirmed in future replications.

o Favor gesture memorability through semantic mapping and a small
vocabulary. Gestures with clearer semantic relationships to their
referents, e.g., for “Everything is fine,” exhibited higher recall
accuracy and faster user performance and experience stabiliza-
tion across the evaluation sessions, while abstract mappings,
such as for the “I am in danger” referent, required more prac-
tice. To support easy recall under extreme conditions, gestures
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Figure 7: Profile of Mood States (POMS) evaluations in S2 and S3: overview (top) and per crew member. Error bars show 95% CIs.
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should integrate intuitive metaphors even more than in typi-
cal settings [63]. Furthermore, our experiment successfully em-
ployed a user-defined vocabulary of finger gestures, which crew
members mastered after repeated exposure. The vocabulary was
small, fixed [60], and consistent [11], all characteristics that help
reduce cognitive load and support long-term retention during
prolonged missions in extreme environments [24].

& Support repeated reinforcement for consistent user performance
and sustained user experience. Perfect (100%) gesture recall accu-
racy was achieved after multiple sessions, indicating that gesture-
based interfaces should be designed with progressive onboarding,
repetition, and rehearsal. Moreover, gesture production times
converged to approximately two seconds and remained stable
over the more complex physical challenges of the evaluation ses-
sions and increasing mission fatigue. The user experience results
revealed that perceived Trustworthiness of Content, Dependability,
and Usefulness improved across the evaluation sessions, even
when Visual Aesthetics was relatively low. In extreme environ-
ments, gesture design should prioritize user performance and
experience with proper feedback over visual aspects.

Translating these implications further into design principles
according to NASA or ESA terminology and quality factors (e.g.,
reliability, dependability, and trustworthiness) is beneficial [1,18].
For instance, gesture interaction for analog astronauts should be
designed as operationally robust under EVA constraints, tolerating
reduced dexterity, gloves, fatigue, and environmental stress. To sup-
port cognitive economy and low mental workload, gestures should
rely on semantically meaningful mappings and a small, stable com-
mand vocabulary that promotes long-term memorability during
prolonged missions. Furthermore, gesture execution should exhibit
temporal predictability and performance consistency across mission
environments (e.g., habitat, laboratory, EVA, or driving a rover) for
reliable task sequencing and crew trust. Gesture systems should
also support progressive learning and training compatibility by al-
lowing skill consolidation over repeated mission exposure. Lastly,
gesture interaction should remain resilient to psychological stres-
sors and fluctuating human performance, which are hallmarks of
isolated, confined, and extreme environments.

6 Limitations

Several threats to validity [75] might have influenced our exper-
iment, as follows. Concerning external validity, the experiment
was conducted at the MDRS, a state-of-the-art facility designed
to replicate Mars conditions as closely as possible on Earth; ac-
cordingly, our findings should be interpreted in the context of a
high-fidelity simulation. Regarding ecological validity, the MDRS
offered a realistic setting where participants experienced many
physical and psychological constraints relevant to space missions,
except for very specific ones, such as altered respiratory and gravity
conditions, which may further affect user performance and expe-
rience. The MDRS represents a simplified approximation of the
real conditions imposed by a space station. Pletser [49] explains
how researchers design, prepare, develop, test, and fly their exper-
iments on microgravity platforms before sending them to space,
which go beyond the MDRS conditions: drop towers, gliders, par-
abolic flights, sounding rockets, short-duration orbital platforms,
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and long-duration orbital platforms. Our analog astronauts are
considered simplified proxies of real astronauts, who are involved
in more than three years of intensive training. Regarding internal
validity, the crew size was limited to eight astronauts because of
logistical constraints at the MDRS. Concerning construct validity,
our within-subject approach could be complemented in future work
by a between-subject design to reduce potential accommodation
effects across sessions. Although carry-over effects are unavoidable
in a within-subject design, they mirror the training process of real
astronauts, who practice the same tasks and procedures before a
mission; despite this potential confound, we observed some varia-
tions in performance, including degradation across some sessions.
Lastly, regarding conclusion validity, although all crew members
received the same training, this preparation was not comparable to
that of actual astronauts, which spans months. Future work could
address these limitations by conducting studies with larger samples,
for example during multiple missions at the MDRS, and involving
crew members with different demographic characteristics in terms
of age, handedness, and cultural background, which may reflect in
different gesture preferences and user experience findings.

7 Research Ethics and Participant Privacy

The experiment design was reviewed and approved by the Insti-
tutional Review Board (IRB), under reference no. Project 2022-60
and by the "Comité d’éthique Hospitalo-Facultaire", under refer-
ence no. 2025/27JAN/037 (Advancing Crisis Resource Management
Strategies for Space Exploration: Lessons from Mars-Analog Simu-
lation). Before data collection, the participants were informed of
the experiment’s objectives, procedure, and potential risks, and
signed a GDPR-compliant consent form. During data processing,
all personally identifiable information was anonymized or removed.
Psychological and behavioral data were stored on a local com-
puter with restricted access and used solely for the purposes of
this research. The data are not publicly released without additional
anonymization and renewed participant consent.

8 Conclusion

We reported empirical findings from the first gesture elicitation
study involving a crew of analog astronauts, with a consensus ges-
ture set evaluated in terms of user performance and user experience
measures, alongside the monitoring of the crew’s psychological
profile. Based on our results, we proposed design implications for
gesture-based interaction in extreme environments, such as those
encountered during Mars-analog missions, performed with finger-
worn devices due to their favorable characteristics aligning well
with gloved interaction and wearing protective equipment. Further
research is needed to validate our design implications, integrate
them with established quality factors from NASA/ESA, and extend
them to other types of gestures and gesture-sensing devices.
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