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While visual interaction is typically evaluated as an instantaneous, one-shot activity
that considers only a snapshot of factors, haptic interaction is more challenging to
evaluate as it involves a continuous touch process evolving over time. To better
understand how to evaluate haptic interaction, this paper performs a multi-session
evaluation of a haptic device to be used by astronauts in future lunar and Mars
missions, based on eight factors. Three groups of two members (n=6) applied,
either as operator or assistant, a newly developed external fixator (EZExFix) to fix a
fracture of the tibial shaft. Astronauts had different levels of expertise, i.e., in anatomy,
mechanical engineering, and without, and participated in eight timed runs. Among
these eight matches, four sessions were conducted with different time frames and
compared to a stress test, a reproduction of the experiment in very stressful conditions,

Context of Use, Haptic
Device, Multi-Session,
User Experience, UEQ+

and a session simulating critical conditions in an extra-vehicular activity.

I. INnTRODUCTION

APTIC interaction typically promotes the sense of touch
H as an alternate modality to visual interaction [1]
when the visual channel can be occupied, overwhelmed, or
simply constrained by other factors, such as in critical
conditions. While the visual channel is instantaneous, as
for immediate feedback, haptic interaction involves tactile
sensations which are part of our somatosensory system, a
system that is rather continuous and not as instantaneous
as the visual channel. Using a haptic device requires
physical manipulation in real time that necessarily involves
collision detection and effort to compensate for it. Learning
haptic interaction is a continuous process with variations,
as for gestural [2] and vocal interaction [3]. For these rea-
sons, evaluating the haptic interaction that people can have
with a physical device is not just a one-shot action but
should be continuously examined over time to capture how
people progressively acquire, manipulate, and react to such
a haptic device, or, in other words, its evolution over time.

Although there are several methods to quantitatively
evaluate a haptic device, they are mostly device-dependent
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or metric-dependent, which makes them challenging to
transpose to another context of use [4]. In contrast,
qualitative methods are device-independent but are usually
self-reported questionnaires that are limited in scope or not
very specific. To better understand how to evaluate a haptic
device in this context, we wanted a device that supports
haptic assembly [5], as it incorporates a complete haptic
effect for mounting and dismounting operations. The task
of haptic assembly consists of combining the mechanical
joints of a device while focusing on the guidance of objects
and the activation signals of the kinematic constraints
posed by the device [6].

For this purpose, we selected the EZExFix, a low-cost,
fast, and easy-to-use external fixator to handle tibial shaft
fractures, which are among the most common open or
closed long bone fractures [7][8][9].

The EZExFix consists of a metallic device made up of
pins that are inserted into the fractured bone, connecting
rods outside the leg (Fig. 1-a and 1-e). The background of
its creation, purpose, and validation has been previously
published [10]. To compare the operation of such a device
in normal and critical conditions, we applied this newly
developed EZExFix in realistic operational conditions on
Mars during a two-week simulation mission at the Mars
Desert Research Station (MDRS, Utah, USA) [11][12].
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Sessions S1 to S4

Normal S1 Normal S2

Extra-vehicular Sg, Stressful Sgiress

[ Anatomy 2 — Mechanical 1 ] [ Anatomy 1 — Mechanical 2 ]

[ Anatomy 2 — Mechanical 1 ] [ Anatomy 1 — Mechanical 2 ]

[ Anatomy 2 — No knowledge 1 ] [ Anatomy 2 — No knowledge 2 ]

[ Anatomy 2 — No knowledge 1 ] [ Anatomy 2 — No knowledge 2 ]

[ Mechanical 1 — No knowledge 2 ] [ Mechanical 2 — No knowledge 1 ]

[ Mechanical 1 — No knowledge 2 ] [ Mechanical 2 — No knowledge 1 ]

Fig. 1. Overview of the experiment: (a) initial preparation of material needed for 2 simultaneous surgeries, (b) sessions
covering various conditions, including (c) extra-vehicular activity (EVA) and (d) under stress, (e) final results. Sessions S1
to S4 were organized in 12 timed runs (bottom). Six analog astronauts were divided into 3 groups based on their educational
backgrounds: with knowledge in anatomy (“Anatomy”), with knowledge in mechanical engineering (“Mechanical”), and
without any knowledge in anatomy and engineering (“No knowledge”). Each person was identified by 1 or 2.

II. BACKGROUND

III. Moucrrr-sessioN EvaLuaTioN

The evaluation of haptic interfaces has been the subject of
a great deal of work [13][14] in the context of a range of
haptic applications or a particular interactive application
with haptic use, mainly in games, virtual reality [4], and
machines [6]. For example, Hamam and Saddik [15] pro-
posed a mathematical model to evaluate the quality of
experience of haptic-based applications, which has been
validated through a user study, showing that a Principal
Component Analysis performs slightly better than other
approaches. Hover et al. [16] presented a user-based
evaluation of data-driven haptic rendering, emphasizing
the importance of dynamic material effects for achieving
realistic haptic feedback. While these studies evaluate the
haptic modality in isolation, they acknowledge the need for
evaluating both graphical and haptic elements.  After
reviewing a series of physical and psychophysical metrics
used for evaluating a haptic interface [17], Samur derived a
psychophysical method for evaluating a force-feedback
device [14], which includes guidelines for characterizing
such a device along the new dimensions. The specific
functions of vibration [13] and sensitivity and friction [18]
have been also addressed for a haptic device.

In sum, existing methods focus mainly on the haptic
modality, either in general using a model or in particular
for a certain type of application in an activity domain. They
do not put into perspective evaluation along several
dimensions of usability or user experience in a uniform
way. For these reasons, we chose a method that evaluates
different dimensions in the same way to compare them
with each other and across different sessions.

A. Participants and Sessions

Three groups of two analog astronauts (n=6) were
recruited from the crew 227, who participated in the
Tharsis 2022 mission at the MDRS, depending on their level
of expertise, established based on their respective degrees
or studies: with knowledge in anatomy (“Anatomy”), with
knowledge in mechanical engineering (“Mechanical”), and
without any knowledge in anatomy and engineering (“No
knowledge”). On the first day of the mission, these three
groups first attended a short theoretical course on the
indications, anatomical landmarks, and steps of EZExFix
setup for 1 hour followed by a practical demonstration.
Then, they had to perform the task one after another,
sometimes playing the role of operator, who put the
EZExFix on the broken leg (called for example “Anatomy
1”7 or “Anatomy 2” depending on the person in the
“Anatomy” group - Fig. 1, bottom), sometimes in the role of
assistant, who helps to maintain the fracture reduction.
Each astronaut met each other in timed runs during which
they had to set up the EZExFix to repair an artificial tibial
shaft fracture (Fig. 1), in the most efficient way and in the
least possible time. Therefore, the number of timed runs
consisted of twelve blocks that covered both operators and
assistant pairs. Within these blocks, each person was given
four times the role of the operator and evaluated on each
trial achievement, totaling 24 trials (N=24).

The different groups can also be compared in terms of
skills to assess the need to have basics in anatomy or
mechanics. Since a fracture could occur in space and



therefore be stressful, different conditions were evaluated.
The trials were scheduled at the MDRS [19] in good
conditions with all the instrumentation prepared on a table
(in blue in Fig. 1), during an extravehicular activity (EVA)
with space suits (in green) or at an unexpected moment,
such as at night or dinner, with nothing prepared (in
yellow), both considered stressful conditions. The
extensive and detailed information has previously been
covered [20][21].

B. Design, Measures, and Protocol

Demographic information was collected from the
participants before the beginning of the mission. Parti-
cipants were instructed to complete a UEQ+ questionnaire
(User Experience Questionnaire) [22], a modular extension
of the UEQ evaluation method in which eight scales were
selected, i.e., ATTRACTIVENESS, EFFiciENCY, PERSPICUITY, TRUST,
ApartaBiLiTY, UserUuLNEss, INTUITIVE Usg, and Haprrtics,
among the 20 scales available to evaluate the user
experience of participants interacting with the haptic
device. We chose these eight scales for the following
reasons: the original UEQ [23] includes ATTRACTIVENESS as
the topmost scale covering (Fig. 2) pragmatic and hedonic
qualities, in particular with Perspicurry, Erriciency; we did
not consider DEPENDABILITY, STIMULATION and NovEeLry from
the original UEQ as we preferred to focus on more relevant
scales and avoid fatigue; we selected the other scales to
preserve a balance between these qualities and
incorporated explicitly ApapraBiLITY to investigate how
different users could accommodate the EZExFix, Trust [24]
to assess the confidence of the participants, and
HarTics [25] because of the haptic nature of the device.
These scales typically refer to a question, which is
specifically tailored for our experiment:

o AtTrRACTIVENESS: do users like the EZExFix?;

e ErriciENcY: can users apply the EZExFix without
unnecessary effort?;

e PerspiculTy: is it easy to get familiar with the EZExFix?;

e Trust: are the users not harmed by the EZExFix?;

o AparraBiLiTy: can the EZExFix be adapted to various
working styles?;

e UseruLness: does using the EZExFix bring benefits?;

e INTUITIVE UsE: can the EZExFix be used immediately
without any training or help?;

e Hartics: what is the haptic feeling resulting from using
the EZExFix?

ATTRACTIVENESs is an overall positive or negative
impression of the product, while Perspicurty and Erriciency
are hard aspects of the user experience representing the
pragmatic quality of the device. Users typically perceive
products with greater pragmatic quality as intuitive to use,
efficient, and trustworthy.

UEQ+ was used to compare various designs of Playbook,
a self-scheduling software used by astronauts [26]. Each
scale is, in turn, decomposed into four subscales or items to
be evaluated (e.g., ATTRACTIVENEss is decomposed into

Attractiveness

Pragmatic Quality Hedonic Quality

Perspicuity H Efficiency HDependabilityH Stimulation H Novelty ‘

Fig. 2. Initial Scale structure of UEQ [22].

annoying vs. enjoyable, bad vs. good, unpleasant vs.
pleasant, and unfriendly vs. friendly), each subscale being
a differential scale with 7 points between items of each pair
(e.g., annoying— enjoyable). Each item is measured
employing a 7-point Likert-type scale with answer
categories “Strongly disagree” (=1) to “Strongly agree”
(=7). UEQ+ is selected as an evaluation method because it
is a modular and modern evaluation method where scales
can be decided based on the artifact to evaluate and cover
its user experience, not just its usability. UEQ+ is also
straightforward and cost-effective to administer to
participants. The number of participants required is still an
open question [27]: recruiting (analog) astronauts is a
challenging task as very few candidates are available.
Furthermore, for some scales, a comparison of their values
leads to an interpretation of five effect sizes [28]: bad,
below average, above average, good, and excellent. Our
within-subject study design has two dependent variables:
1. The ScALE MEAN SCORE, a real variable that measures the
average score obtained on all items on each scale for each
of the six sessions S; € {S1, S2, S5, S1, Seva, Sstress }-

2. The ScaLE IMPORTANCE, a real variable that measures the

average weight of importance of each scale for each of the

six sessions S; € {S1, S2, 53,54, SEva, Setress }-

Participants’ answers are computed with the UEQ data
analysis tool and interpreted as follows [22]: “it is
extremely unlikely to observe values above +2 or below
-2,..., the standard interpretation of the scale means is that
values between -0.8 and 0.8 represent a neutral evaluation
of the corresponding scale, values superior to 0.8 represent
a positive evaluation, and values inferior to -0.8 represent a
negative evaluation”. Based on this interpretation, the
results obtained for the multi-session evaluation are first
discussed regarding the global results for all scales, then
regarding each individual scale.

C. Inter-scale Global Results and Discussion
1. Interrater Consistency

Table 1 reports Cronbach’s coefficient o [29] computed to
quantify the internal consistency, which expresses the
extent to which the scale measurements remain consistent
within a session or over subsequent sessions under
identical or different conditions. A high value indicates that
the answers of participants across items are consistent.
When participants give a high value for one of the scale
items, they are also likely to provide high values for the
other items. The mean coefficient for all scales on all
sessions is a=.66, which suggests a global questionable
consistency, but close to «=0.7, which is considered as an
acceptable consistency. Trust (a=0.91), INTUITIVE USE
(a=0.86), and UseruLniss (=0.80) received the highest
values, thereby indicating that these three scales were
consistently assessed by participants.

Although other scales received reasonably good values,
Haprics (a=0.07) received the lowest value, highlighting
that participants did not assess this scale uniformly,
probably because they belong to three different profiles.
Depending on their knowledge, they assessed in different
ways this scale, which seems to be more profile-dependent
as opposed to the others. On the one hand, the diversity of
these profile categories improves the representativeness of
participants but, on the other hand, they tend to lower their
consistency. Among all items, Item1 "Stable-Unstable"
(M=1.83), Item3 "Rough-Smooth" (M=0.83), and Item2
"Unpleasant to touch-Pleasant to touch" (M=0.50) were
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Table 1: Interrater Consistency. Cronbach’s a: a>0.9=excellent (E), 0.9>0>0.8=good (G), 0.8>a>0.7=acceptable (A),
0.7>a=0.6=questionable (Q), 0.6>a>0.5=poor (P), a<0.5=unacceptable (U).

Scale Cronbach’s a (interpretation)
S Sa S3 o Mean SEva Sstress

Attractiveness 046 (U) 0.79 (A) 0.87(G) 0.10(Q) 0.55(P) 093 (E) 0.89 (G)
Efficiency 0.69 (Q) 0.71(A) 038(U) 088(G) 066(Q) 055(P) 0.90(E)
Perspicuity 037 (U) 0.78(A) 088(G) 0.69(Q) 070(A) 062(Q) 0.90 (E)
Trust 095(E) 095(E) 093(E) 081(G) 091(E) 073(A) 091 (E)
Adaptability ~ 0.64 (Q) 0.82(G) 0.10(U) 081(G) 059(P) 085(G) 0.15(U)
Usefulness 0.73(A) 096 (E) 066 (Q) 083(G) 080(G) -063(U) 091(E)
Intuitive Use  0.82 (G) 092 (E) 0.87(G) 0.81(G) 0.86(G) 043 (U) 0.80 (G)
Haptics 0.21 (U) 042(U) 026 (U) -061(U) 0.07(U) -0.01(U) -0.64(U)
Mean 0.61 (Q) 0.79(A) 0.69(Q) 054(P) 066(Q) 043(U) 0.60(Q)

Table 2: Interrater reliability. Kendall’s W: W <0.2=poor
0.61<W<0.8=good (G), and 0.81<W <1=very good (V).

(P), 0.21<W<0.4=fair (F), 0.41<W<0.6=moderate (M),

Kendall’s W (p-value, interpretation)

Scale

S1 So S3 Sa Mean SEva Sstress
Attractiveness 035 (0.096, F)  0.11 (0.54,P)  0.10 (0.59,P)  0.18 (035,P)  0.185(P) 031 (0.12,F) 023 (024, F)
Efficiency 0075 (0.71,P)  031(0.12,F)  0.086 (0.67P)  0.067 (0.75,P)  0.134 (P) 0.042 (0.82,P)  0.13 (0.49, P)
Perspicuity ~ 0.51 (0.025, M) 033 (0.1, F)  0.36 (0.084,F) 031 (0.13,F) 038 (F) 0.4 (0.047,M) 0.33 (0.10, F)
Trust 0.15(041,P)  0.15(041,P) 0.15(044,P)  015(044,P)  015(P) 0.19(0.32,P)  0.061 (0.77,P)
Adaptability  0.16 (038, P) 021 (0.26,F)  0.046 (0.82,P)  0.053 (0.81,P) 0.18(P) 022 (025F)  0.078 (070, P)
Usefulness  0.30 (0.14,F)  0.15 (0.44,P) 027 (0.17,F)  0.11(054,P) 021 (F) 021(026F)  0.13 (0.49,P)
Intuitive Use 0.42 (0.053, M) 0.067 (0.75,P) 0.50 (0.029, M) 0.25 (0.20, F) 0.31 (F) 0.37 (0.08, F) 0.19 (0.32, P)
Haptics 028 (0.16,F) 029 (0.15,F) 041 (0.059, M) 0.45(0.043, M) 036 (F)  0.51 (0.026,M) 0.30 (0.14, F)
Mean 0.28 (F) 0.21 (F) 0.24 (F) 0.21 (F) 024 (F) 028 (F) 0.18 (P)

rather positively assessed while Item4 "Slippery-Smooth"
(M=0.0) was rated as null. Perhaps the label "Smooth"
shared by two bipolar scales confused participants. Three
inter-item correlations of this scale were negative,
Corr(Item3, Item4)=-0.27, Corr(Item1, Item2)=-0.10, and
more surprisingly Corr(Item1, Item4)=-0.80, thereby
suggesting that participants did not understand the items
in the same way as the low values for some items
counterbalanced the high values of other items, which
creates a null effect. We therefore re-computed Cronbach’s
coefficient with missing items to obtain: ariem1=0.38,
a1t6m2:70.71, a1t5m3:70.92, and a1t6m4:0.66. Remo-
ving ITem4 has a positive impact in our case.

In general, S; started with a questionable mean value
(a=0.61), then increased to acceptable in S> (a=0.79) to
return to a questionable one in S3 (@=0.69) to sum up
finally with an almost acceptable mean value (a=0.66).
Harrics also drags the average consistency down from an
acceptable global value (a=0.72 without Hartics) to a
questionable one («=0.66 with Harrics). However, the
Sstress  situation  («=0.60), although fairly close, is
interpreted as questionable.

2. Interrater Reliability

Since performance assessment in essential to
experiments, interrater consistency and reliability are two
indices that are commonly used to ensure such scoring
consistency [30]. Therefore, after computing and reported
the interrater consistency, we compute and evaluate the
interrater reliability. Table 2 reports Kendall’s coefficient of
concordance W [31], a measure of agreement among
participants which is equal to 0 when there is no agreement
among them and 1 when a total agreement exists. The

scales receiving the highest values are PerspicurTY
(W=0.38), nartics (W=0.36), Inturnive Use (WW=0.31),
and UseruLness (W=0.21), all interpreted as a fair
agreement. All other scales received a limited agreement
when W<0.2. Similarly, all sessions benefit from a fair
agreement (W=>0.21), including the mean overall
coefficient. Since Kendall’s coefficient is very strict and
demanding in its value, a fair value was not considered a
disadvantage in our case, given the heterogeneity of the
participants’ profiles.

3. Scale Mean Scores and Importance

Fig. 3 shows the mean scores for the eight scales
evalu-ated, each time across the four sessions (see
Appendix for the detailed histograms for the four sessions).
As a reference, Sgva and Ssyess are represented each time as
a horizontal bar calibrated on the corresponding mean
scores. The mean scores and scale importance are positive
for all scales for all sessions in this figure, even the most
critical ones, which is very encouraging, thus explaining
why the vertical left axis is reduced to [—1...3] instead of
[—3... + 3]. Only six out of 32 mean scores are below the 0.8
threshold, thus locating them in the neutral zone while all
others are located in the positive one. Although below this
threshold, the mean scores are not very far away: e.g.,
ErFiciENCY received 0.75 and 0.79 for S; and S», respectively,
ApartaBiLiTY received 0.67 and 0.79 for Si; and Ss,
respectively, with the exception that S, received the lowest
mean score 0.33 for Hartics of all scales on all sessions.

Furthermore, a Wilcoxon signed rank test was calculated
for a single sample to test significant differences above the
median for each subscale for each session to discover that
all the means of each subscale for each session were above
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Fig. 3. Panel chart of the eight scales evaluated: mean scores (black bold straight lines) and scale importance (grey dotted
lines) for sessions S; to Ss. Yellow lines show mean scores for Sgva and red lines show mean scores for Ssiess. Error bars

show a confidence interval of 95% over mean scores.

their respective medians (e.g., ATTRACTIVENESS for S; gave a
highly significant difference, z-score=3.10, p=0.0007***
with a large effect size r=0.63) with only one exception
(i.e., ATTRACTIVENESS for Sz gave z-score=1.35, p=0.09, n.s.).

Shapiro-Wilk and d’Agostino-Pearson tests of normality
were computed to determine whether the scale and
sub-scale data are normally distributed. These results
advised the rejection of the null hypothesis for all data and
concluded that the data were not normally distributed,
since at least one test failed. Consequently, in the remainder
of this paper, we will compute a non-parametric Friedman
test of differences among repeated measures for all scales
for all sessions with Dunn’s test for multiple comparisons.

The first series of tests were carried out for the eight
scales in all sessions and produced a Friedman statistic
value of 22.61, which was significant (p=0.002%*):
UseruLnEss is scored higher than ApaptabiLity (R=-56,
p=0.0271*) and than Hartics (R=66, p=0.028%*, see the
bottom part of Fig. 3).

Overall, the mean scale scores start at 51 with a rather
positive value, then decrease or remain at the same level at
S to progressively increase again at S3 and even more at
S4. For example, ATTRACTIVENESs progresses as follows: it
starts at Mg, =1.00, then decreases to Mg,=0.63, then
increases to Mg, =1.29 to end at Ms,=1.75. All scale curves
are globally increasing curves, ie., ¥S; € {S1,S2, 53,54}
Ms, <Ms, except for UseruLness but with very close
values, i.e., Mg, =2.04>Ms,=1.92.

Contrary to an S-shaped performance curve that
progressively increases until reaching a plateau or to an
adoption curve that could decrease after the plateau, the
eight factors that were continuously evaluated through a
multi-session tend to follow a hype cycle curve. This type of
curve starts with figures expressing a high expectancy in
the device, then progressively decreases as the device is
more frequently used in difficult and various conditions, to
end up with a final increase to converge to a plateau
expressing the final assessment of the device. For example,
the important Haptics scale starts with a moderate mean
score, then decreases and increases to end up with a more
positive score. The importance is rated similarly.

At S, scales are sorted in decreasing order of their mean
scores as follows: UseruLNess (M =2.04), Perspicurry
(M=1.38), Trust (M=1.13), ArtrACTIVENESS (M =1.00),
Inturnive Use (M =1.00), Harprics (M=0.79), ErriciENcy
(M=0.75), and ApaptaBiLiTy (M=0.67). At Sy, this order
remains mostly the same: UseruLness (M=1.92), PEerspr-

* p<0.05, **: p<0.01.

curry (M=1.92), Erriciency (M=1.92), Trust (M=1.83),
ArtracTIVENESS (M =1.75), Intummive Use (M=1.54),
AparrasiLity (M=1.42), and Harrics (M =1.29). Only the
last two scales swapped their order, with Haprics slightly
decreased but the Erriciency climbed up to the 3™ position.
This result suggests that while the value of scale mean
scores increased over sessions, participants tend to rate
them in the same order except for the Erriciency that scales
up throughout the training.

The mean scores of the scale for the stressful condition
Sstress (red lines in Fig. 3) are most of the time above the
corresponding scores for the extra-vehicular condition
Seva, except for UseruLNess and Harrics.  They even
coincide for ATTRACTIVENESS, ADAPTABILITY, and INTUITIVE
Usk, thus suggesting the real conditions in space may affect
the user experience with respect to in-lab conditions, even
with some stress imposed. Mean importance (grey dotted
lines in Fig. 3) seems to follow the same hype cycle as scale
mean scores, except for USEFULNESs.

4. Benchmarking of Scales

Schrepp et al. [28] mention more precise intervals to
interpret some scales based on benchmarking performed
on a set of evaluations. Each scale is decomposed into five
intervals based on this benchmarking: bad, below average,
above average, good, and excellent. Fig. 4 shows the
interval in which the three concerned scales, i.e.,
ATTRACTIVENESS, PERSPICUITY, and EFFICIENCY, are falling over
the four sessions, from S7 to Ss.

E Attractiveness
©
£
2 perspiciry I
o
@
+
g cncency I WSS
=]
Value[3, ,+3]
051 w@=S2 a@mS3 me=S4  mmmBad Below avg. Above avg. Good W Excellent

Fig. 4. Benchmarking of scales for all sessions .S;.

5. Key Performance Indicators

Another recent development of UEQ+ is the construction
of the Key Performance Indicators (KPI) extension [32].
The KPI combines the subjectively perceived importance of
user experience factors and the results of the UEQ+ into
one figure. Fig. 5 shows the KPI for all sessions S;. All
mean KPIs are above the positive threshold of 1, except Sz



2.0
)
+-
HE]
(=)
[
3
S 10
a
~
0.5
1.47
0.0 |-~ | =<
S1 S2 S3 sS4 EVA Stress
Condition [ID]

Fig. 5. Key Performance Indicators (KPI) for all sessions .S;.
Error bars show the standard deviation.

with a close value (M=0.94, SD=0.75). Indeed, S
(M=1.11, SD=0.37) initiates the multi-session that ends
up with almost the same value in Sy (M=1.11, SD=0.36).
Interestingly, the KPI for the EVA (M =1.47, SD=0.23) and
for the stress conditions (M =1.54, SD=0.54) are above the
final value, thereby suggesting that participants were
particularly attentive in expressing a higher performance in
those critical conditions as opposed to normal ones.
However, a non-parametric Kruskal-Wallis test revealed
that there are no significant differences (H(5)=>5.79,
«=0.05, p=0.33, n.s.) between the six KPIs.

D. Intra-scale Results and Discussion

This section gathers all results for one scale at a time and
consolidates them into a dedicated discussion considering
scale mean scores (Fig. 3), and their mean importance
(Fig. 6). Furthermore, this section concludes the individual
discussion of each scale with the results of their
Importance-Performance Analysis (IPA) [33]. This analysis
aims to assign every scale to four different quadrants
determined by two methods: (1) a differentiation by the
coordinate origin at (0, 0), which is represented by a solid
green line in Fig. 7; (2) a differentiation by the coordinate
origin in the mean value of all scale values, which is
represented by green dotted lines. Since we were interested
in assessing the evolution of user experience of the EZExFix
device over time, Fig. 7 shows the transition from the initial
session S1 to the final S;: the X axis shows the
performance computed as the scale mean score for the
related session (S1 and Sy, respectively) while the Y axis
shows the mean importance for each scale. The dotted lines
represent the average of all scale mean scores on X and the
average of all mean importance on Y. The blue arrows
show the transition from S; to Sy for each single scale.
Thus, each quadrant provides a recommendation for action
for the respective scales, depending on its positioning. The
plot is therefore divided into four quadrants [33]:
Q1="Keep Up the Good Work” (top right quadrant when
both the performance and the importance are above the
corresponding mean value), Q2="Possible Overkill”
(bottom right quadrant when the performance is above the
corresponding mean value and the importance is below),
Q3="Low Priority” (bottom left when both the
performance and the importance are below the
corresponding mean value), and Q4="Concentrate Here”
(top left when the performance is below the mean value
but the importance is above the mean value). These results
are summarized in Table 3. Note that all scales are located
in Q1 with respect to the center of the scale at (0, 0) as they
were all positive in terms of the mean values of the scale
(Fig. 3) and the mean importance (Fig. 6).

Table 3: Assignment Scales to IPA quadrants according to the
two methods. Each quadrant provides a recommendation
for action: Q1="Keep Up the Good Work”, Q2="Possible
Overkill”, Q3="Low Priority”, Q4="Concentrate Here”.

Scale Scale Center

(0,0) Mean S1 Mean S,
Attractiveness Q1 Q3 Q2
Efficiency Q1 Q4 Q1
Perspicuity Q1 Q1 Q1
Trust Q1 Q1 Q1
Adaptability Q1 Q3 Q3
Usefulness Q1 Q1 Q1
Intuitive Use Q1 Q3 Q3
Haptics Q1 Q3 Q3

ArTrACTIVENESS. This scale is probably the most

important among all scales assessed since it is supposed to
capture “a user’s general impression”, one of the three
dimensions of wuser experience. The perceived
attractiveness of an artifact is considered to be the result of
an averaging process of the perceived quality of the
software with respect to the relevant aspects in a given
usage scenario [23]. The mean score (+SD) of
ArtrACTIVENESS was 1.00 (+1.15) at baseline Si, 0.63
(£1.35) at S2,1.29 (£0.89) at S3 and 1.75 (£0.60) at S4. All
figures are above their respective importance values. The
S4 mean value is similarly above the critical conditions
Meva and Msress, thus exceeding the expectations (Fig. 3).
The hype cycle is even more revealing for this scale: a
Friedman test (F'=19.10, n=4) shows a significant
difference (p=0.0003***) between sessions. Post hoc
analysis with Dunn’s multiple comparison tests was
performed with a Bonferroni correction applied, resulting
in a significance level set at p<0.05. A significant increase
was observed between S; and Sy (R=-24.00, p=0.0437*)
and between S» and S;s (R=-28.50, p=0.086%*%).
Furthermore, the standard deviation is progressively
reduced as sessions progress: from SDgs,=1.15 to
S5Ds,=0.60. The overall good assessment is reinforced by a
final “excellent’ position in benchmarking (Fig. 4) and a
“Q2=Possible overkill” position (Table 3). This should be
mitigated by varying interrater consistency (limited on
average, but good in critical conditions) and reliability
(again limited on average, but fair in critical conditions),
probably due to the small number of people having
heterogeneous profiles.

Erriciency. This scale is considered to be a pragmatic
quality of user experience and is “goal-directed” (its
assessment is based on tasks that can be performed with
the device) [28]. The mean score (+SD) of ErricieNcy was
0.75 (1.23) at baseline Si, 0.79 (1.08) at S2, 1.29 (0.93) at S3
and 1.92 (0.70) at S4. All figures are below their respective
importance values. Typically, expectations are met when
the mean values are equal to or greater than their
importance. However, in this case, all values are highly
positive, the difference between both values at S is small
and the S4 mean value is still above the critical conditions
Mgya and Msyess, thus being anyway interpreted as a good
assessment (Fig. 3). Similarly to ATrTRACTIVENESs, this scale
also knows a significant increase between the initial session
S; and the final session S; (R=-32.00, p=0.0021%*%,
z-score=3.578) and between S: and S; (R=-26.50,
p=0.0183%, z-score=2.963). Erriciency ends with the
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Fig. 6. Scale importance for sessions S1 to S4, Seva, and Ssiess. Error bars show a confidence interval of 95%.

highest mean score of all scales (Ms4=1.92) and is
interpreted as ’‘excellent’ in the benchmarking (Fig. 4).
Although this scale was located in the “Q4=Concentrate
Here” quadrant during S, its evolution reaches the best
quadrant “Q1=Keep up the Good Work” during the final
session Sy with the best position of all scales (Fig. 7). The
interrater consistency is better than that of ATTRACTIVENESS,
but with similar reliability for the same reasons.

Perspicurty. This scale expresses to what extent
participants considered it easy to get familiar with the
EZExFix device and to learn how to use it. Therefore, it is
also considered a pragmatic quality that is an important
part of the user experience and is “goal-directed” [28]. The
mean score (+SD) of Perspicurry was 1.38 (1.22) at
baseline Si, 1.13 (1.09) at Sz, 1.46 (1.26) at S3 and 1.92
(0.86) at S4. The S4 mean value is above its importance and
critical conditions (both Mgya and Msyess) (Fig. 3). Several
signs concur to conclude that this scale is very positively
and rigorously assessed: its importance remains
consistently estimated across sessions (Fig. 6), it knows a
significant increase only between S> and Sy (R=-29.50,
p=0.0058%*, z-score=3.298) (Fig. 3), it is interpreted as
‘excellent’ in the benchmarking (Fig. 4), it consistently stays
in the quadrant Q1="Keep Up the Good Work” during all
sessions considered, and it is the third of all scales in this
quadrant (Fig. 7).

Trust. This scale expresses the extent to which partici-
pants are confident in the use of the device, in its correct
functioning, and, above all, that it will not harm them,
which is crucial in the case of a limb fracture. The mean
score (+SD) of Trust was 1.13 (1.17) at baseline S; and at
Sa, 1.63 (0.75) at S3 and 1.83 (0.85) at S;. The S; mean
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Fig. 7. Results of the IPA analysis: transition from S to Sy.

value is nearly equal to its importance and Msuess, and
above Meva (Fig. 3).There were no significant differences
among matched UEQ+ items of this scale between the
different sessions (Fig. 3). It stays consistently in quadrant
Q1 = “Keep Up the Good Work” during all sessions
considered ending in the fourth place of all scales (Fig. 7),
thereby suggesting that it was positively recognised,
especially with excellent average consistency (the best
among all scales).

ApartaBiry. This scale expresses the extent to which
participants felt that the device could be adapted to a range
of personal parameters, such as their own physical
configuration, preference, or individual way of working.
Although we did not take into account a factor of the
participants’” physical morphology, which could be
considered in this scale, the participants did not express a
negative opinion in this respect. The mean score (+5D) of
AparrasiLity was 0.67 (1.25) at baseline S, 0.79 (0.96) at
S2, 1.08 (0.57) at S3 and 1.42 (0.81) at Sy (Fig. 3). This
shows that ApaptaBiLiTy received the lowest, yet neutral,
scores during Si, but that slightly increases over sessions
until a positive value (Mg, =1.42) is obtained. This scale
knows a significant increase only between S; and Si
(R=-25.00, p=0.03118%, z-score=2.795) (Fig. 3). This scale
received low mean importance, and participants agreed to
rate this scale below the corresponding means of all scales.
ADAPTABILITY remains in the Q3="Low Priority” during S
to Sy (Fig. 7), thereby suggesting that any form of
adaptation is not that important for the participants.

UseruLNess. This scale expresses how useful the
participants felt the device was in fixing a broken leg,
which is already a critical situation, even though it was
assessed under normal, stressful conditions without any
participant actually having a limb with a fracture. The
mean score (£5D) of UseruLNEss was 2.04 (0.93) at baseline
S1,1.42 (1.11) at Sz, 1.46 (1.00) at S3 and 1.92 (0.91) at S4.
All the mean values are close to their corresponding scale
importance and end up above the critical conditions (both
Meva and Msyess) (Fig. 3). Among all scales, UseruLNESS
received the highest mean scores both in S; and S4, which
makes this scale the most positively assessed. This is
particularly important since the main goal of the device lies
in its usefulness first, and in its user experience second.
There were no significant differences among matched
UEQ+ items of this scale between the different sessions.
This scale remains uniformly located in Q1="Keep Up the
Good Work” both during S1 and Sy sessions (Fig. 7).



Table 4: Inter-correlations of the UEQ+ scales: Pearson’s p coefficient.

Attractiveness  Efficiency = Perspicuity Trust Adaptability —Usefulness Intuitive Use Haptics

Attractiveness - 0.48 0.38 013 047 0.27 0.38 0.20
Efficiency 0.93 - 0.34 014 022 0.07 0.52 0.04
Perspicuity 0.98 0.93 - 014 043 0.11 0.30 0.13
Trust 0.93 0.97 0.84 - 0.16 0.03 0.32 0.14
Adaptability ~ 0.89 0.99 0.87 097 - 0.16 0.11 0.31
Usefulness 0.43 0.18 0.52 0.07  0.05 - 0.25 0.31
Intuitive Use ~ 0.98 0.99 0.96 097 096 0.28 - 0.04
Haptics 0.97 0.84 0.90 090  0.79 0.38 091 -

Note: The upper-right half shows the correlation based on raw data (N=196), the lower-left half those of the means across
the four sessions (N=4). For overall correlation, Pearson coefficients greater than p=0.10 are significant, for correlations
across means, coefficients greater than p=0.30 are significant.

INTUITIVE Use. This scale expresses the extent to which
participants were able to manipulate the device in the task
assigned to them with minimal use of any form of
assistance or guidance. The mean score (£SD) of INTUITIVE
Use was 1.00 (1.26) at baseline S1, 0.92 (1.41) at S3, 1.25
(1.30) at S3 and 1.54 (0.87) at Sy (Fig. 3). The values
during S1 and Sy were below, respectively similar with
their corresponding importance and under critical
conditions (both Mgya and Msyess). Thus, the mean score of
this scale is only aligned with that of Mgva and Msyess when
the last session S; was reached. There were no significant
differences between the UEQ+ items matched on this scale
between the different sessions (F'=5.432, p=0.1427, n.s.)
(Fig. 3). This scale remains in Q3="Low Priority” during
S1 and S4, thus suggesting that the participants really
needed the familiarisation to properly operate the device
and that some effort should be devoted to improving this
aspect.

Harptics. This scale expresses the extent to which
participants felt their touch when handling the device,
which is probably the most important factor as the device is
supposed to provide the user with a sense of physical touch
that best fits the task, i.e., setting a fracture. This is largely
covered by the pins of the device, but also by their
configuration and handling. The mean score (+SD) of
Harrics was 0.79 (1.22) at baseline S1, 0.33 (1.49) at Sy,
1.13 (1.01) at S3 and 1.29 (1.10) at S4 (Fig. 3). None of the
participants had any previous experience with such a
device, nor did they have any experience in treating a
fracture in a mission as perilous as that which one might
imagine in space, on the moon, or on another planet such as
Mars. This scale knows a significant increase only between
Sz and S4 (R=—31.00, p=0.0032**, z-score=3.466) (Fig. 3).
Of all the scales studied, this one had the lowest start with
the highest rise to finish with a respectable value, but lower
than the other scales. This scale continuously remains in
the third quadrant Q3="Low Priority” during S; and Sy

(Fig. 7).

E. Scale Correlation Analysis

Laugwitz et al. [23] reported that the UEQ scales were
statistically independent of each other, apart for
ATTRACTIVENESs, thus assuming that conclusions related to
Q4="Concentrate here” and Ql="Keep up the Good
Work” will generate the highest impact. To confirm or to
disconfirm that scales are indeed independent of each
other, we computed Pearson’s p correlation coefficient
between the eight scales selected in our study, once across
the whole sample (6 participants x 8 scales x 4 items =

196) and once based on the mean scores of the four sessions
S1 to Sy4 (N=4). The results are shown in Table 4.
Following the guidelines recommended by Cohen [34],
who proposed to interpret correlations of p=0.10 as small,
p=0.30 as medium, and p=0.50 as large, and consistently
with Schankin et al. [35], we only interpreted correlations
of p>0.30 as being practically significant. For correlations
across scale mean scores, correlations of p>0.30 were
statistically significant. As noted by Laugwitz et al. [23],
ArTrACTIVENESS is correlated with all other scales (all
p>0.43 in the lower-left part of Table 4. Although the scales
are supposed to be independent of each other [23], we
observed significant correlations between some of them:
between Erriciency and Trust (p=0.97), ADAPTABILITY,
Inturtive Use (p=0.99); between Perspicurty and INTUITIVE
Use (p=0.96); between Trust and ADAPTABILITY, INTUITIVE
Use (p=0.97). That is, scales measuring pragmatic aspects
of EZExFix were correlated as well as those scales
measuring non-pragmatic aspects.

IV. ConcLusion

This paper presented and discussed the results of a
multi-session evaluation of the EZExFix, a haptic device to
be used by astronauts to fix a tibial shaft fracture in future
lunar and Mars missions based on eight factors assessed by
participants through corresponding items, scales, and
importance ratings. The eight factors were continuously
and uniformly evaluated through a multi-session,
suggesting a hype cycle curve. The shape of this curve
justifies the need for evaluating the scales over multiple
sessions to reach a representative value and positioning in
the quadrants. In the end, four of eight scales are located in
the first ideal quadrant, while three are estimated to have
low priority i.e., INTuITIVE Usg, ApaPTABILITY and Haprics.
While ArtracTIVENESS is located in Q2 in the final session, it
is so close to Q1 that we consider it encouraging.

These encouraging results should be moderated by the
limitations of the study. Only 6 analogue astronauts were
involved in the study because only one crew was evaluated.
Having this kind of experiment is quite challenging
because these facilities are not easily accessible to the
general research community. They had three different
backgrounds, which improves their diversity but also
reduces their interrater consistency and reliability. Cautions
should be taken in interpreting UseruLnEss, which might be
somewhat biased in the sense that not all raters are equally
knowledgeable in human physiology and fracture repair.

However, the high positivity of all scales allows us to be
confident about the potential transposition to astronauts in



real conditions. While orthopedic surgery is always based
on objective learning curves, it is necessary to take into
consideration the subjective learning curve, especially
when it comes to putting a surgical device in the hands of
astronauts without advanced medical training. The hype
cycle curve attests the positive progress of the subjective
perception.

Indeed, as the EZExFix is a device to treat injured
astronauts in space conditions, to enhance survival and
mission success, its UseruLNEss is considered of primary
importance and meets the expectations. The Trust in the
EZExFix remained constant during all sessions which is
also very important in a surgical learning curve, applying
the principle "primum non nocere" for both the patient and
the operator. The best evolution along the different sessions
was the Erriciency (Q4—Q1) which is task and/or
goal-oriented and refers to the ability to do something with
the minimum amount of time, effort, cost, or resources
required to achieve the desired result. In other words, this
is exactly what is sought to solve problems under extreme
conditions, whether in space, in developing countries or in
war medicine on Earth.

Also according to the astronauts themselves, a crew
medical officer could be an essential member of a Mars
mission [36] as the long-duration spaceflight and the harsh
Martian environment pose various medical challenges that
require expert knowledge, skills, and ability (KSAOs
concept [37]) to manage. Astronauts would have more
confidence in a physician with 4-6 years of clinical
experience, which may increase the difficulty of selection
[36]. However, our study showed that only four surgeries
in a fortnight were enough to significantly upgrade the
subjective learning curve of astronauts. By confronting it
with the objective learning curve, the EZExFix could be a
veritable tool to increase the autonomy and self-confidence
of non-medical astronauts during long-duration
exploration missions as well as the cost-effectiveness of
meeting KSAOs requirements.

Finally, the multi-session assessment of the UEQ+
questionnaire could be of great interest for the evaluation of
the subjective learning curve of surgical residents due to its
ability to capture a broad range of emotional and cognitive
responses during the learning process and provide valuable
insights for improving surgical training programs on Earth.
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Fig. 8. Mean scores and scale importance of the four sessions. Error bars show a confidence interval of 95%.
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