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Abstract. For individuals with Multiple Sclerosis (MS) and dexterity
impairments (MS-Dex), touchscreen interaction can be particularly chal-
lenging, as symptoms like finger numbness and impaired motion regula-
tion negatively impact smartphone usability. This study investigated the
usability and accessibility of a mid-air gesture interaction technique for
MS-Dex. Touchscreen technologies are ubiquitous, but these individu-
als often face challenges with touch-based interaction. Touchless input
methods, like mid-air gestures, offer a promising alternative for enhanc-
ing interaction and communication with touch-based technology. We de-
veloped an interactive tool (HF-MAI) using hand and finger mid-air ges-
tures for common touchscreen tasks, using the Leap Motion Controller
(LMC) for gesture recognition. MS-Dex individuals, MS therapists, and a
usability and user experience (UX) expert participated in the evaluation.
We assessed usability, user satisfaction, and accessibility of the HF-MAI
system. Results indicate HF-MAI is highly usable and accessible; par-
ticipants performed gestures successfully and reported high satisfaction.
Notably, pinch, spread, and rotate (two-finger/single-finger) mid-air ges-
tures were performed with faster completion times, contrasting with the
difficulty of such gestures on touchscreens. The gesture vocabulary, par-
ticularly the adaptation to single/two-finger movements, facilitated eas-
ier interaction, reducing difficulty for users with limited dexterity. This
study demonstrates the potential of mid-air gestures using co-created
vocabularies to enhance accessibility for individuals with MS, offering a
promising alternative to traditional touch-based input. This technology
can significantly improve their access to touchscreens, enhancing inde-
pendence and quality of life.

Keywords: Touchless Interaction · Mid-air Gestures · Accessibility ·
Usability · Dexterity Impairment · Multiple Sclerosis
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1 Introduction

The rapid development of novel interaction approaches is shifting away from
traditional input devices (e.g., mouse and touch interfaces) toward more natural
user interfaces (NUIs) based on modalities such as gesture, speech, and vision
[36]. Mid-air interaction, a key component of this evolution, enables users to
engage with technology through natural, touchless hand and arm gestures [14].
Mid-air gesture interaction, a form of embodied input, is considered more in-
tuitive, natural, and engaging because it leverages the physical gestures people
already use in everyday communication [12]. This shift towards NUIs is par-
ticularly relevant for individuals with motor impairments, such as those with
Multiple Sclerosis (MS). While MS can affect dexterity, hand and finger move-
ments are crucial for daily tasks and independent living [52]. These individuals
often experience difficulties with traditional input methods due to challenges
like small touch targets, and pressure sensitivity, which affect their accuracy and
timing, hindering overall performance [8]. Our research aims to assist these indi-
viduals in using touchscreen technologies by developing a touchless interaction
approach that adapts to their hand and finger capabilities, enabling them to
interact with digital content as others do.

While touchscreens have become ubiquitous in modern communication, ef-
fective interaction with these devices requires precise hand and finger dexterity
[58]. Actions like taps, swipes, and pinches, essential for touchscreen use, can
be challenging for individuals with MS who often experience limitations in hand
function and hand-eye coordination. Traditional touchscreen gesture recognition
also presents challenges, as it often requires finger occlusion and precise position-
ing [33]. Small selection areas lead to missed or incorrect inputs, and pressure
sensitivity can be problematic for those with reduced touch force for those who
cannot provide strong touch force [13]. Furthermore, finger numbness, a com-
mon symptom of MS dexterity impairment, can further hinder touchscreen and
keyboard interaction [43]. Furthermore, individuals with dexterity impairments
often exhibit significantly longer dwell times and apply significantly more force
during simple tapping tasks compared to those without such impairments [39].
Consequently, individuals with MS often require assistive technologies for effec-
tive touchscreen interaction [21]. While some research has explored improving
touch accuracy for users with dexterity challenges [33, 49, 50], these solutions
still rely on touch. Clearly, reliance on touch poses a significant barrier for many
individuals with MS. Therefore, exploring alternative interaction methods that
minimize or eliminate the need for touch is crucial. Mid-air interaction offers a
promising avenue for enhancing accessibility for individuals with MS, addressing
the fine motor control challenges associated with the condition.

Although resources like the International Classification of Functioning, Dis-
ability and Health (ICF) suggest general HCI approaches for various disabili-
ties—such as those affecting physical ability, eyes and face, voice, or involving
brain-computer interaction [51]—the diversity in the causes, types, and severity
of MS presents challenges for achieving universal accessibility [30]. This diversity
underscores the need for human-centered solutions tailored to the specific motor
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challenges of MS, such as the mid-air interaction system explored in this paper.
Our work addresses the challenge of designing usable and accessible interaction
systems for individuals with Multiple Sclerosis and dexterity impairments (MS-
Dex) by investigating a hand and finger mid-air gesture interaction system. This
system utilizes a gesture vocabulary, previously co-created with MS-Dex indi-
viduals, that translates common touchscreen gestures (tap, swipe, pinch, spread,
drag, and rotate) into mid-air gestures.

This study builds upon our prior work, which established a baseline under-
standing of the challenges faced by MS-Dex individuals with traditional touch-
screen interaction through quantitative and qualitative evaluation (under re-
view). Drawing on this baseline, as well as a subsequent gesture elicitation study
that gathered extensive qualitative and quantitative data on MS-Dex prefer-
ences for mid-air interaction, we developed the current mid-air gesture paradigm.
While the detailed data and results from these prior investigations are beyond
the scope of this paper, the development of the gesture vocabulary and the fo-
cus of this study are directly informed by the needs and challenges identified
in these prior evaluations. This study serves as a crucial next step, exploring
a novel interaction modality tailored for this user group, building upon our
foundational research. This vocabulary was designed through a user-centered
methodology (Wobbrock et al. (2009) [54]; Xia et al. (2022) [55]), prioritizing di-
rect user involvement to ensure the resulting gestures are discoverable, intuitive,
and preferred by MS-Dex individuals. Specifically, we incorporated qualitative
feedback on gesture preferences and usability, considering: (1) situational fac-
tors, including context of use and social acceptability; (2) cognitive factors, such
as discoverability and intuitiveness; and (3) physical factors, like ergonomics and
efficiency.

Our goal is to investigate this touchless interaction approach, utilizing the
mid-air gesture vocabulary and design guidelines, for seamless integration into
touch-based devices like tablets, smartphones, and self-service kiosks. These de-
vices, commonly used in daily life, often pose challenges for individuals with
dexterity impairments. This touch-free approach aims to increase their accessi-
bility by addressing the limitations of traditional touch interfaces, as identified
in the prior work, and by leveraging the user-preferred mid-air gestures elicited
from our target population.

This study aims to provide empirical evidence on the effectiveness of this
touchless approach compared to traditional touch-based interaction, focusing on
its impact on usability (measured using the System Usability Scale (SUS) [4,
5] adapted with an adjective rating scale [1]), accessibility (assessed through
performance metrics [28, 29]), and overall user experience (evaluated through
experience ratings, as detailed in the Methods section) [17, 37]. Ethical approval
for this study was granted by the School of Computer Science & Informatics
Research Ethics Committee at Cardiff University and the Institutional Review
Board at Sultan Bin Abdulaziz Humanitarian City. The primary contributions
of this paper include: (1) empirical evidence demonstrating the impact of a mid-
air gesture system on usability, accessibility, and user experience for individuals
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with MS-Dex; (2) insights into the design considerations for accessible mid-air
interaction systems, including gesture vocabulary design, user preferences, and
potential challenges for individuals with dexterity impairments.

2 Background

To address the challenges of touchscreen interaction for individuals with dex-
terity impairments, researchers have explored various touchscreen enhancements
and personalization techniques. For example, Montague et al. (2012) [32] demon-
strated that adapting the interface through a shared user modeling approach
can improve performance and reduce errors for individuals with motor and vi-
sual impairments. Their approach involved adjusting on-screen elements, such
as target size, dwell time, and font size, to match user needs. Other studies have
focused on the impact of touch characteristics. Chen et al. (2013) and Sesto
et al. (2012) [8, 39] reported that button size significantly affects touch charac-
teristics for individuals with fine and gross motor disabilities during digit entry
touchscreen tasks. Their touch interaction approach revealed that button size in-
fluenced dwell times, the force needed to activate buttons, and the level of user
discomfort. Based on these findings, they recommended increasing button sizes,
which demonstrated performance improvements. However, while these studies
demonstrate the potential for improving touchscreen accessibility, they sill rely
on touch as the primary interaction modality, which may not be suitable for all
users.

Given the challenges of touch-based interaction, there is a clear need to in-
vestigate alternative approaches. While assistive technologies like voice control
and eye tracking offer valuable alternatives, mid-air interaction presents unique
advantages, particularly for individuals with limited hand function. This is the
focus of our research. Mid-air gestures offer a touchless approach to technol-
ogy use, relying on intuitive movements performed with various body parts [7,
57]. This can reduce the physical demands and fine motor control required by
touch-based interfaces, potentially improving usability for individuals with mo-
tor impairments. Body-centered gestures are increasingly recognized as a valu-
able approach, and research has explored the use of various body parts, includ-
ing head movements, for interactive tasks [19, 29, 38]. These gestures have also
proven useful in controlling assistive technologies, promoting greater user inde-
pendence [25]. This potential for improved comfort, accuracy, and accessibility
motivates our research, which aims to develop and evaluate a mid-air gesture
interaction system that can enhance the user experience for individuals with MS
and dexterity impairments.

A number of studies have explored hand and finger mid-air gesture interac-
tion for older adults [14] and individuals with motor impairments [28, 56]. Ferron
et al. (2019) [14] utilized a tablet with a top-mounted camera to design mid-air
gestures for a set of subtasks, including opening the camera app, selecting special
effects, zooming, taking a picture, opening the gallery, and scrolling. They re-
ported that these gestures were easy to use and provided a natural and intuitive
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way for older adults to interact with mobile devices. For instance, Malu et al.
(2018) investigated accessible gestures for smartwatch touchscreens with motor-
impaired participants, highlighting how personalized interaction design can sig-
nificantly enhance usability and user satisfaction for individuals with dexterity
limitations [28]. Yamagami et al. (2023) [56] investigated upper-body accessible
gestures using on-body sensors for ten defined functions (move, select, rotate,
delete, pan, close, zoom-in, zoom-out, open, and duplicate). Some gestures relied
primarily on shoulder and upper-arm muscles, while others used only finger mus-
cles. They found that the designed gestures were tailored to individual abilities,
engaging a range of upper-body muscles, allowing for greater customization and
accessibility. This approach informed the design of the gesture vocabulary and
the interaction approach.

In addition to physical and ergonomic considerations, it is also important to
consider the cognitive load imposed by mid-air gesture interaction, especially for
users with cognitive impairments. Mid-air gesture systems should be designed
to minimize cognitive load, aiming to ensure that gestures are easy to learn, re-
member, and perform. Several factors can influence the cognitive load of mid-air
gestures. For example, Ferron et al. (2019) [14] found that gestures that closely
resemble existing touch-based interactions are easier to learn and remember.
Their study highlighted the positive aspects of mid-air gestures, including com-
fort and ease of replication. These findings emphasize the importance of designing
intuitive and user-friendly gestures. Both Malu et al. (2018) and Yamagami et al.
(2023) [28, 45, 56] works underscore the importance of a user-centered approach
to gesture design, when considering the diverse abilities and needs of individual
users. This highlights an area of investigation: developing hand and finger mid-
air gestures that are tailored to the specific abilities and needs of individuals
with dexterity impairments. However, the gestures investigated by Ferron et al.
(2019) [14] were limited to eight touchscreen tasks (directional swipes, pinch and
spread gestures, and a "take photo" task), necessitating an expansion to cover
other common touchscreen gestures and develop corresponding mid-air equiva-
lents for a comprehensive vocabulary. While some studies have explored mid-air
interaction for accessibility, there is a need for more research on human-centered
hand and finger gesture interaction for individuals with dexterity impairments,
focusing on comprehensive evaluations of usability, accessibility, and user expe-
rience with touch-based technology, which is what our research aims to address.

In the next section, we detail our study design. We employ a user-centered
design approach to develop and evaluate a mid-air gesture vocabulary co-created
with MS-Dex individuals. This vocabulary covers the most common input ac-
tions for touchscreens, including tapping, swiping, pinching, and dragging. This
co-creation process prioritizes intuitiveness and ease of recall. Furthermore, the
gesture vocabulary was refined through qualitative feedback from Ms-Dex in-
dividuals and therapists, gesture agreement calculations and post-benchmark
following established procedures for evaluating gesture sets outlined by Nielsen
et al. (2004) [35], which focus on assessing learnability and ergonomic aspects.
The final gesture vocabulary incorporates 16 relevant gestures corresponding to
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tap, swipe, pinch, spread, drag, and rotate actions. It is structured into cate-
gories mirroring common touch-based interactions on tablets. Physical/deictic
gestures, which have spatial information and a direct relationship to the manip-
ulated object, are preferred as they enhance logical functionality and contribute
to easier recall. User-defined gestures also promote memorability [14].

This study provides empirical evidence demonstrating the impact of this
mid-air gesture system on usability, accessibility, and user experience for indi-
viduals with MS. Additionally, it provides insights into design considerations for
accessible mid-air interaction systems, including gesture vocabulary design, user
preferences, and potential challenges for individuals with dexterity impairments.

3 Methods

To understand the feasibility and suitability of our touchless hand and finger
mid-air interaction system (HF-MAI), we will assess its usability and accessi-
bility through various measures with a diverse team consisting of (1) MS-Dex
individuals, (2) MS specialists and therapists, and (3) a UX expert.

Subjective assessments of usability will be collected using the System Us-
ability Scale (SUS) [5, 4], adapted with an adjective rating scale [1]. This will
measure the overall usability of interacting with the system using the HF-MAI
approach. The SUS, a standardized measure of perceived usability, assesses over-
all satisfaction and ease of use, enabling comparisons across different systems and
contexts [22]. Including an adjective rating scale with the SUS improves the in-
terpretation of individual scores and facilitates communication of findings to a
broader audience [1]. The SUS consists of 10 questions used to assess the us-
ability of various products and services, including interactive systems and novel
input methods [16, 22, 24]. The questions were adapted to refer to the whole ex-
perience of mid-air interaction, with responses on a 5-point Likert scale ranging
from "strongly disagree" to "strongly agree". In addition to the SUS, partic-
ipants will answer the adjective rating question about the user-friendliness of
the HF-MAI approach, selecting their response from a seven-point scale ranging
from "Worst imaginable" to "Best imaginable".

The effectiveness and efficiency of the HF-MAI approach will be evaluated
by examining participants’ performance on the intended mid-air gestures. Effec-
tiveness, defined as the ability to achieve the intended purpose of the interaction,
will be assessed through task completion rate [37]. This will be measured using
LMC log data and confirmed through qualitative analysis of video recordings.
Efficiency, represented by improvement in task completion time, will also be mea-
sured using LMC log data [34]. This metric provides a quantitative indicator of
the approach’s usability for individuals with MS-Dex [37].

To understand the interaction experience—a central element of interaction
design [17, 37]—participants will rate the usability and effectiveness of the mid-
air interaction within each interaction treatment block. Ratings will include ac-
ceptance, comfort, ease of use, memorability, and usefulness, measured on 7-point
scales.
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Accessibility refers to the extent to which users, regardless of their technical
skills, cognitive abilities, or physical capabilities, can effectively interact with a
system or technology [9]. The accessibility of the HF-MAI approach for indi-
viduals with MS and dexterity impairments will be evaluated by analyzing task
completion rates [28, 29]. This analysis will aim to determine whether mid-air
interaction using the co-created gesture vocabulary could improve accessibil-
ity compared to traditional touchscreen interaction, which has been shown to
present challenges for this population.

3.1 Participants

Ten individuals with Multiple Sclerosis experiencing dexterity (MS-Dex) impair-
ments affecting one or both hands were recruited from SBAHC. This sample size
aligns with recommendations from Koutsabasis et al. (2019), who suggest that
a relatively small sample size is of ten sufficient for laboratory-based usability
tests to identify key usability issues and conduct meaningful statistical analysis
[24]. Participant demographics were as follows: six female and four male, with a
median age of 43 and a median MS diagnosis duration of 15.5 years. The ma-
jority of participants had secondary progressive (SPMS) or primary progressive
(PPMS) MS, characterized by gradual progression of symptoms with (SPMS) or
without (PPMS) initial relapses and remissions. None had prior experience us-
ing touchless (mid-air) technologies. Dexterity impairment severity was assessed
by physiotherapists and occupational therapists using the Neuromusculoskeletal
and Movement Related Functions Assessment. Participants exhibited a range of
impairment severity, from mild difficulties with fine motor tasks to more substan-
tial limitations in hand and arm movements. Eight were right-hand dominant,
with three experiencing impairments in their dominant hand. Overall, five had
limitations in their left hand, two in their right, and three in both. Many expe-
rienced challenges with fine motor skills, such as grasping small objects or using
touchscreens. Beyond dexterity, some participants also reported mild to moder-
ate difficulties with vision (3 with monocular diplopia) and speech (1 with minor
fluency issues). All had prior experience with touchscreens. To aid mobile de-
vice interaction, some used assistive tools, including screen magnifiers (4), audio
commands (2), hand grips (2), and mobile stands (4). Additionally, one usability
and user experience (UX) expert and three healthcare professionals specializing
in MS care (a physiotherapist and two occupational therapists) participated in
the study. Their expertise informed the design and evaluation of the mid-air
interaction approach, ensuring its feasibility and suitability for individuals with
MS.

3.2 Procedures

This controlled study investigated the usability of a novel mid-air gesture in-
teraction technique for touchscreen-based technologies. Usability was evaluated
using the SUS and user ratings. Feedback was gathered from UX expert, phys-
iotherapist, occupational therapists, and individuals with MS-Dex. The study
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focused on user-centered mid-air gesture vocabularies for interacting with on-
screen content, aiming to obtain usability evaluations from both expert and user
perspectives. The study took place in a dedicated hospital room adapted for re-
search purposes. Each participant completed a 60-minute session, during which
their hand and finger movements were recorded as they interacted with on-screen
tasks using a Leap Motion Controller 2 (LMC). The LMC was selected due to
its simple setup, cross-compatibility [41], ability to capture fine hand and fin-
ger movements [23], and greater accuracy for hand tracking compared to other
technologies like Microsoft Kinect [48]. This accuracy is crucial, as the tracking
technology directly affects system performance and user interaction in terms of
usability, accuracy, satisfaction, and more [20]. A laptop connected to the LMC
was positioned on a table in front of the participant. The laptop screen provided
visual feedback during the session, and the LMC tracked hand and finger move-
ments to capture the gestures. For technical reasons, a laptop was used instead of
a touchscreen or tablet, as the laptop’s compatibility with the LMC was crucial
for accurate gesture tracking.

Upon arrival, each participant received information about the study’s activ-
ities and goals, completed a demographic questionnaire, and participated in a
brief five-minute introductory session. This session familiarized them with the
technology and allowed them to configure the setup to their preference, includ-
ing choosing their preferred location (e.g., sitting at a table, sitting on a bed
with a table) and positioning the LMC for comfortable gesture execution. To
ensure optimal tracking, the researcher helped participants position the LMC
within the device’s tracking range. Participants were encouraged to experiment
and inform the researcher if adjustments were needed throughout the study (see
Fig. 1).

Fig. 1: Capturing MS-Dex Participants During Gesture Elicitation Activities.

During the introductory session, participants also received a comprehensive
overview of the LMC and how to interact using mid-air gestures. They then
had a practice session to minimize learning effects for the subsequent tasks.
They were explicitly instructed to disregard any concerns about the technol-
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ogy’s performance, enabling them to concentrate on evaluating the usability and
intuitiveness of the interaction approach.

To investigate the usability of the new mid-air gestures (Fig. 2), partici-
pants used a custom app on the laptop with the LMC. They completed 16
tasks mimicking common touchscreen interactions organized into six treatment
blocks (Block 1: Tap (single-finger), Block 2: Swipe (single-finger), Block 3: Pinch
(two-finger), Block 4: Spread (two-finger), Block 5: Drag (two-finger), Block 6:
Rotate (single-finger)). Tasks were presented in random order to avoid bias and
performed once to assess initial learnability and ease of use, mitigating poten-
tial learning effects [11]. Each task was presented with an animated image of the
corresponding gesture, following research by Theil et al. (2019) [42], which found
that this approach led to faster learning, higher accuracy, and greater perceived
ease of use. After each gesture was performed, the corresponding action was
executed on the screen, a completion message appeared, and participants rated
the gesture’s acceptance, comfort, ease-of-use, memorability, and usefulness on
a 7-point Likert scale. Upon completion of all tasks, participants completed the
SUS to assess the overall user experience.

Fig. 2: Mid-air Gesture Vocabulary Design for Common Touchscreen Interac-
tions, Organized by Treatment Block (Touchscreen Equivalents in [ ] Brackets).

Finally, the UX expert and three therapists with expertise in working with
individuals with MS participated in the evaluation of the mid-air gesture in-



10 R. Bamoallem et al.

teraction approach. The UX expert focused on usability and user experience
considerations, while the therapists provided a clinical perspective. All experts
interacted with the developed system using the gesture vocabulary and com-
pleted the SUS.

3.3 Data Analysis

This study employed a mixed-methods approach, combining qualitative and
quantitative analyzes to provide a comprehensive understanding of the impact of
the HF-MAI on individuals with MS-Dex, compared to traditional touch-based
interaction.

Quantitative data, including mid-air task completion time and completion
rates, were analyzed using descriptive statistics (e.g., mean, median). To analyze
differences between the interaction blocks in this study, a Linear Mixed-Effects
Model (LMM) was utilized. This model was particularly applied for compar-
isons involving more than two blocks, and significant effects were followed up
with post-hoc pairwise comparisons using Tukey adjustment. Descriptive statis-
tics were used to further assess differences between interaction blocks in this
study and to compare these results to those from a previously conducted study
on touchscreen interaction. Furthermore, the SUS questionnaire, comprising 10
statements rated on a 5-point Likert scale, was used to measure perceived us-
ability. SUS scores were calculated using Brooke’s scoring method [4], yielding a
final score between 0 and 100. A correlational analysis was performed to assess
the relationship between SUS scores and the 7-point Likert scale adjective rating
question, which was included to improve the interpretation of individual scores
[1].

To assess the mid-air gestures experience, Ms-Dex participants rated their
acceptance, comfort, ease of use, memorability, and usefulness on 7-point Likert
scales. The cumulative link mixed model (CLMM) was employed to assess dif-
ferences in ratings across these aspects within each interaction treatment block.

Qualitative data also included insights gathered from the UX expert and
three therapists with expertise in working with individuals with MS. The experts’
feedback focused on potential benefits and challenges of the HF-MAI approach
from both usability and clinical perspectives. We analyzed the qualitative data to
identify key usability challenges, potential benefits for individuals with MS-Dex,
and areas for improvement in the HF-MAI system. We reviewed the experts’
feedback and summarized their key observations, focusing on recurring themes
and suggestions.

We compared the qualitative insights with the quantitative findings to gain
a holistic understanding of the HF-MAI system’s impact. The analysis, across
different gesture treatment blocks, aimed to identify areas for usability and ac-
cessibility improvements and quantify the benefits of the HF-MAI system. This
provides evidence for its effectiveness and potential for widespread adoption. By
examining how performance and experience vary across tasks and gesture types,
the study provides insights into the impact of the new interaction system on
individuals with MS-Dex.
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4 Results

4.1 Task Completion and Timing

The system is designed to facilitate successful interactions (task completion) by
accurately interpreting mid-air gestures and executing the corresponding tasks.
A successful interaction is characterized by the completion of the intended task,
regardless of the number of attempts required. The results show that the MS-Dex
participants achieved a 100% completion rate across all mid-air gesture tasks,
with no participants skipping or withdrawing from any task. To analyze task
completion times, we first conducted a Linear Mixed-Effects Model (LMM) anal-
ysis, which revealed a statistically significant overall effect of treatment blocks
(F(5, 176.19) = 2.7916, p = 0.0188). This suggests that some types of gestures
were completed more efficiently than others. To identify which specific blocks
differed, we performed a Tukey-adjusted pairwise comparisons (refer to Table
1).

Table 1: Completion Time Statistics in Seconds for Mid-Air Interaction Tasks
Across Treatment Blocks, Including Pairwise Comparisons.

Block Pairwise Comparisons (p-values) Statistics

Block 2 Block 3 Block 4 Block 5 Block 6 Mean SD Min Time Max Time

Block 1 0.494 0.558 0.999 0.289 0.694 8.48 7.39 1.00 27.00
Block 2 - 0.062 0.752 0.994 1.000 9.47 5.79 1.00 23.00
Block 3 - - 0.907 0.034* 0.113 5.00 4.20 1.00 14.00
Block 4 - - - 0.590 0.783 7.20 4.80 1.00 15.00
Block 5 - - - - 0.999 10.70 6.29 1.00 24.00
Block 6 - - - - - 9.19 4.80 1.00 21.00

Post-hoc pairwise comparisons using the Tukey method revealed a statis-
tically significant difference in completion times between Block 3 (Pinch) and
Block 5 (Drag) (estimate = -0.865, SE = 0.287, t(176) = -3.018, p = 0.034). The
negative estimate means that the mean completion time for Block 3 is signifi-
cantly lower than for Block 5. This indicates that participants were significantly
faster at completing pinch gestures compared to drag gestures. There was a trend
suggesting that completion times for Block 2 (Swipe) were higher than for Block
3 (Pinch), although this difference did not reach statistical significance (estimate
= 0.776, SE = 0.278, t(176) = 2.797, p = 0.063). No other significant differences
were found between the remaining blocks.

To further understand the performance across blocks, we examined descrip-
tive statistics. The mean completion time ranged from 5.00 (SD = 4.20, Min
= 1.00, Max = 14.00) in Treatment Block 3 (Pinch), indicating a tendency for
faster task completion in this block, to 10.70 (SD = 6.29, Min = 1.00, Max =
24.00) in Treatment Block 5 (Drag), suggesting longer task durations. Notably,
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Treatment Block 1 (Tap) exhibited the greatest variability in completion times
(SD = 7.39, Min = 1.00, Max = 27.00), while Treatment Block 3 (Pinch) showed
the least (SD = 4.20, Min = 1.00, Max = 14.00). All treatment blocks shared
a minimum completion time of 1.00, with maximum completion times varying
from 14.00 to 27.00. These descriptive differences offer valuable context for un-
derstanding the observed patterns in task completion times across the treatment
conditions (refer to Table 1).

4.2 SUS

The SUS questionnaire involved 10 statements, each rated on a scale from 1
to 5. To calculate the final SUS score, we used Brooke’s scoring method [5],
adjusting responses to positive statements by subtracting one point and sub-
tracting responses to negative statements from 5. These adjusted scores were
summed and multiplied by 2.5 to yield a final score between 0 and 100. In
this study, both average SUS scores and adjective ratings were used to evalu-
ate the HF-MAI approach (refer to Table 2). The average SUS score was 95.50,

Table 2: MS-Dex Participant Usability Scores Measured by the System Usability
Scale (SUS) and Subjective Adjective Ratings.

Participant ID SUS Adjective Rating (HF-MAI User-Friendliness)

P1 65 Good (5)
P2 80 Best imaginable (7)
P3 85 Best imaginable (7)
P4 85 Best imaginable (7)
P5 82.5 Excellent (6)
P6 100 Best imaginable (7)
P8 100 Best imaginable (7)
P7 100 Best imaginable (7)
P9 90 Best imaginable (7)
P10 42.5 OK (4)

which falls within the "Excellent" range on the SUS rating scale, indicating that
participants perceived the HF-MAI approach to be highly usable. The average
adjective rating was 6.4 on a 7-point scale ranging from "Worst Imaginable" to
"Best Imaginable," further supporting the positive usability assessment. To as-
sess the relationship between these two measures, we performed a correlational
analysis. The analysis revealed a strong positive correlation between participant
ratings on the adjective scale and their corresponding SUS scores (r = 0.91, p
<.001, 95% CI). This finding indicates that participants who rated the HF-MAI
approach higher on the adjective scale also tended to give it higher SUS scores.
This result aligns with previous research by Bangor et al. (2009) [1]. This strong
correlation suggests that both the SUS and the adjective rating scale are effective
measures of usability in the context of our study.
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4.3 Rating Scale

Participants rated five categories (acceptance, comfort, ease of use, memorabil-
ity, and usefulness) of the gestures on 7-point Likert scales. The median rating
was consistently 7 (the highest point on the scale) for all categories within ev-
ery treatment block, indicating a strong overall positive perception across all
tested gestures and attributes. However, variability in participant agreement, as
measured by the interquartile range (IQR), differed across these conditions.

For instance, Treatment Blocks 3 (N=10 per category) and 4 (N=10 per cat-
egory) demonstrated very high consensus, with an IQR of 0 for all five rating
categories, meaning at least 75% of ratings were ’7’. In contrast, Treatment Block
6 (’Rotate’, N=20 per category) and Treatment Block 2 (’Swipe’, N=60 per cat-
egory) displayed more diverse opinions for several categories. Block 6 (’Rotate’)
showed notable variability for ’Comfort’ (median 7, IQR 1.00), ’Ease-of-Use’
(median 7, IQR 1.00), and also for ’Acceptance’, ’Goodness’, and ’Usefulness’
(all median 7, IQR 0.25). Similarly, Treatment Block 2 (’Swipe’) had IQRs of
1.00 for ’Acceptance’, ’Goodness’, and ’Usefulness’ (all median 7), indicating a
wider spread of ratings for these specific gesture-attribute combinations. Other
blocks, like Block 1 (N=40) and Block 5 (N=40), showed intermediate levels of
variability, with IQRs of 0.25 for some categories (e.g., Block 1 ’Memorability’
and ’Usefulness’; Block 5 ’Acceptance’ and ’Comfort’).

While all medians were 7, mean ratings (which are more sensitive to lower
scores in a skewed distribution) highlighted some differences between the blocks.
For instance, Treatment Block 6 (’Rotate’) tended to have the lowest mean
ratings across most categories (e.g., ’Goodness’ M=6.05, SD=1.90; ’Ease-of-Use’
M=6.15, SD=1.73), suggesting a greater presence of lower scores in this block
compared to others. The only exception was ’Usefulness,’ where Treatment Block
2 (’Swipe’) recorded a slightly lower mean rating (M=6.38, SD=1.15) than Block
6 (M=6.45, SD=1.05).

To understand the effect of the treatment blocks, rating categories, and their
interaction, we used a cumulative link mixed model (CLMM). CLMM is a statis-
tical method suitable for analyzing ordinal data (like Likert scale ratings) with
repeated measurements, as in this study. While descriptive statistics highlighted
some numerical variations, the CLMM analysis revealed no significant main ef-
fects of treatment blocks or rating categories, nor a significant interaction effect
on the participants’ ratings (all p-values > 0.05). This suggests that neither the
specific treatment block (gesture type) nor the category being rated had a statis-
tically significant impact on how participants rated the gestures. In other words,
participants’ perceptions of acceptance, comfort, ease of use, memorability, and
usefulness were found to be generally consistent across the different types of
gestures when subjected to this statistical model.

4.4 Expert Evaluation

To gain further insights into the HF-MAI approach, we gathered feedback from
three therapists with expertise in working with individuals with MS and one UX
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expert. The therapists had an average of 2.5 years of experience (ranging from
1.5 to 4 years). The therapists provided a clinical perspective on the mid-air
gestures and interaction approach, while the UX expert focused on usability and
user experience considerations.

All experts evaluated the effectiveness of the HF-MAI approach by interact-
ing with the developed system and using the gesture vocabulary. This evaluation
included completing the SUS to assess overall usability. The average SUS score
was 95.6, which falls within the "Excellent" range on the SUS rating scale. This
suggests that the experts perceived the HF-MAI approach to be highly usable
and effective for individuals with MS-Dex.

The therapists also provided separate ratings for physical comfort, ease of
use, and memorability of the gestures. The average ratings for these categories
were 6.67 for physical comfort, 6.68 for ease of use, and 6.65 for memorability, all
on a 7-point scale. The range of ratings for each category was 6.14-7 for physical
comfort, 6.25-7 for ease of use, and 6.06-7 for memorability. Beyond these quan-
titative ratings, the experts offered detailed qualitative feedback, particularly on
the system’s ease of use, comfort, potential benefits, and areas for consideration.

Regarding ease of use and intuitiveness, therapists generally found the ges-
tures easy to perform and remember, aligning with their high average rating
scores (6.68 for ease of use and 6.65 for memorability, respectively). One oc-
cupational therapist (T1) noted, "As I performed the gestures, I saw that the
majority were easy, and I believe they would be easy for the patients." Another
occupational therapist (T3) added, "Everything is easy, even though when I see
the gesture video visualization, I think this might be difficult, but when I perform
the gesture, I see how easy it is." However, concerns were raised about gestures
requiring two-finger coordination. One occupational therapist (T1) explained,
"Gestures that have two-finger coordination, I believe, would be difficult for the
patients to coordinate (e.g., pinch using index and thumb and then directional
drag and then drop)." They also mentioned that eye-hand coordination might
affect the performance of these gestures. The UX expert, while agreeing that the
approach was generally easy to use, cautioned against introducing new mid-air
gestures that are not similar to existing touch-based interactions, as this could
add complexity.

The comfort and ergonomic benefits of the HF-MAI approach were also
prominent in the therapists’ feedback, consistent with the high average com-
fort rating of 6.67. One occupational therapist (T1) commented, "Most of the
gestures are beneficial for their hand and finger therapy." Another (T3) noted,
"This is an easy way of interaction, and comfortable as their hand won’t be fixed
in one position for a long time to perform the gesture."

In terms of potential benefits and broader impact, therapists expressed en-
thusiasm about the HF-MAI approach, particularly for communication and re-
habilitation. One occupational therapist (T1) stated, "This kind of interaction
is fascinating, and I feel this would help the patient either to communicate and
would contribute to their rehabilitation as well. And it’s a more comfortable
interaction approach than the touchscreen." A physiotherapist (T2) shared this
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view, highlighting the potential for the system to support greater user indepen-
dence.

Finally, the experts also pointed out potential challenges and considerations
for the system. One occupational therapist (T1) suggested avoiding similar ges-
tures to minimize cognitive load and confusion. They also observed that for the
"rotate" gesture, individuals with severe dexterity impairments might perform
wider or imperfect circles due to coordination issues. The physiotherapist (T2)
emphasized the importance of considering patients’ inability to fully extend their
fingers and suggested incorporating a degree of curl in gestures requiring finger
extension due to finger flexion difficulties. The occupational therapist (T1) sug-
gested that for swipe gestures, it might be easier for patients to use all fingers as
it’s a single movement that does not require individual finger extension. The UX
expert agreed that inconsistency in the gestures could be a challenge, particu-
larly the introduction of new gestures that differ from touch-based interactions,
which could lead to confusion. They also noted that additional training might
be required to effectively use the approach, particularly for remembering new
gestures. However, they acknowledged that most users would likely learn quickly.

5 Findings and Discussion

This study investigated the usability and accessibility of a mid-air gesture inter-
action approach for individuals with MS and dexterity impairments (MS-Dex).
Individuals with MS-Dex often experience challenges using touchscreens on com-
mon devices like tablets and smartphones. Therefore, a key goal of this research
was to develop a touchless-based interaction approach using a mid-air gesture
vocabulary and design guidelines, readily integrated into these devices as a sub-
stitute for touchscreen input, thereby increasing accessibility. We designed and
evaluated a touchless system (HF-MAI) incorporating the co-created gesture
vocabulary created with MS-Dex individuals. To ensure that the interaction ap-
proach was tailored to their specific needs and abilities, we grounded our study in
both human-centered design (HCD) (according to ISO 13407:1999 [40]) [27] and
ability-based design principles [53]. Our evaluation included usability metrics,
user satisfaction, effectiveness, efficiency, and accessibility through user testing,
SUS scores, questionnaires, and therapist and expert feedback. Through this
mixed-methods approach, we combined the quantitative data with the qualita-
tive feedback from users, the UX expert, and MS specialists, enabling a human-
centered evaluation of the mid-air gesture interaction approach.

Usability and Accessibility
The HF-MAI system proved to be an effective interaction approach. All 10

MS-Dex users successfully completed all 16 mid-air gesture tasks across 6 treat-
ment blocks, resulting in a 100% successful completion rate. This high success
rate, along with the excellent average SUS score of 95.50, indicates the high per-
ceived accessibility and usability of the system. This success can be attributed to
the user-centered design approach, ensuring that the system was designed with
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the needs and preferences of MS-Dex individuals in mind. The co-created nature
of the gesture vocabulary played a crucial role, as it ensured alignment with
users’ abilities and preferences. The relevance of the chosen tasks to typical in-
teractions with the target application also contributed to the positive outcomes.
These tasks focused on common touchscreen functionalities that were translated
to mid-air gestures, building upon the findings from the prior study, in which
the target user group, along with experts, adapted these common gestures to the
mid-air interaction context. This approach allowed us to investigate the usabil-
ity of this translation and how well these established touchscreen interactions
could be effectively performed using mid-air gestures. For example, the "rotate"
gesture, commonly used for rotating objects on touchscreens using two fingers,
was refined based on user feedback to accommodate limited finger dexterity
and translated to a single-finger mid-air gesture that was both comfortable and
effective.

The high task completion rate and positive SUS scores also align with the
core principles of ability-based design [53]. By using a co-created gesture vocab-
ulary and grounding the design in ability-based principles, we ensured that the
HF-MAI system was adapted to the specific needs and capabilities of this user
group. This aligns with the therapists’ general consensus that the gestures were
easy to learn and perform, which is further supported by our user testing results,
where all participants successfully completed all tasks. These findings resonate
with previous research exploring different touchless interaction approaches for in-
dividuals with motor impairments, and in some cases, show even more promising
results. For example, [42] found that older adults preferred hand and fingers mid-
air interaction over mouse interaction, suggesting that the benefits of touchless
input extend beyond individuals with diagnosed motor impairments. Similarly,
[29, 38] reported excellent SUS scores (87.1) for head-tracking as an alternative
to touch input on iPads for both able-bodied and motor-impaired users. [46, 47]
demonstrated the feasibility of mid-air gesture interaction with various devices
in smart environments, achieving very satisfactory usability with a SUS score
of 79.0. While these studies highlight the potential of touchless interaction, our
study achieved an even higher SUS score of 95.50 for the HF-MAI system, sug-
gesting superior usability compared to previous approaches. Furthermore, this
score compares favorably to SUS scores reported for touch-based interactions
in similar populations. For example, [2] reported an SUS score of 85.0 for a
home-based dexterity training tablet app, and [31] reported a score of 80.1 for a
touchpad video game. These comparisons suggest that mid-air gesture interac-
tion may offer usability advantages over both traditional touch-based input and
other touchless methods, particularly for individuals with MS-Dex.

User Experience and Acceptance

User experience ratings support the high completion rate and perceived us-
ability. While our CLMM analysis did not reveal statistically significant dif-
ferences in user experience ratings across gesture types, the qualitative and
descriptive data suggest positive trends, contributing to their successful task
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completion. These positive experiences were echoed by the therapists, who also
observed the comfort and ergonomic benefits of mid-air interaction, particularly
for individuals with dexterity impairments. Furthermore, qualitative feedback
from the prior gesture elicitation study reinforces this, as participants frequently
described the created gestures as ’natural’ and ’easy to understand’, and felt
’very comfortable’ to perform. This consistent positive feedback resonates with
the Technology Acceptance Model (TAM) [10], which emphasizes the importance
of perceived usefulness and perceived ease of use as fundamental determinants
of system use. The participants’ feedback on the comfort, ease of use, and per-
ceived usefulness of the gestures aligns with these TAM constructs. This connec-
tion to TAM suggests that the positive user experiences reported in our study
could lead to greater acceptance and adoption of the HF-MAI system. The per-
ceived efficiency of the HF-MAI system is further supported by task completion
times. When compared to the prior investigation of touchscreen accessibility as-
sessment with MS-Dex participants—a study that involved the same treatment
block tasks representing basic tablet touchscreen interactions (such as tapping
an icon or swiping through a calendar)—the completion times for most mid-air
gesture tasks in this study were shorter. Specifically, Block 1 (Tap), Block 2
(Swipe), Block 3 (Pinch), and Block 6 (Rotate) all showed faster completion
times compared to their touchscreen counterparts. However, Block 5 (Spread)
showed longer completion times for mid-air gestures compared to the same task
using touchscreen gestures.

Design Implications
While overall SUS scores were positive, individual variability suggests that

the system’s usability is not uniform. Two participants (P1 and P10) had notably
lower SUS scores, despite P1’s generally high ratings on other measures. This
discrepancy for P1 may indicate that overall satisfaction is not solely determined
by individual task experiences, with the "rotate" gesture (Block 6) potentially
posing a specific challenge. P10’s lower SUS score aligns with generally lower
ratings across other measures, suggesting a more pervasive issue. Their difficul-
ties with "rotate" (Block 6), "swipe" (Block 2), and "drag" (Block 5) highlight
these gestures as potentially challenging, which underscores the importance of
considering individual user experiences.

Furthermore, challenges were observed, particularly with longer completion
times for some treatment blocks. Pinch (Block 3) gestures had the shortest mean
completion time (5 seconds), while drag gestures (Block 5) had the longest (10.7
seconds) (refer to Table 1). This contrasts with touchscreen-based studies, which
often report rotate gestures as most challenging [6, 15, 26]. These studies, in-
cluding Caliz et al. (2021) [6] who specifically examined single and two-finger
rotations, suggest that this gesture is difficult for various user groups, align-
ing with therapists’ concerns about the two-finger coordination and eye-hand
coordination required for touchscreen rotate gestures.

However, our findings show the opposite: rotate (single-finger), pinch (two-
fingers), and spread (two-fingers) gestures had shorter completion times than
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drag (two-fingers). This suggests that mid-air interaction may mitigate the chal-
lenges associated with these gestures on touchscreens. The "rotate" gesture in
our study was adapted to a single-finger clockwise/counter-clockwise motion,
while pinch and spread adopted similar motions to their touchscreen coun-
terparts. The longer completion time for the two-finger "drag" gesture (drag-
directional move-drop) could be due to its more complex, combined movement.
This single/two-finger adaptation in mid-air reduces the difficulty for users with
limited dexterity by eliminating precise two-finger manipulation required on
touchscreens. Our findings also contradict Trewin et al. (2013), who highlighted
the difficulty individuals with dexterity impairments face with precise multi-
touch input [44]. Our results demonstrate that, with mid-air interaction, even
pinch, spread, and rotate (two-finger/single-finger) gestures were performed ef-
ficiently. Therapists’ feedback further supports this. They emphasized the diffi-
culty some patients have extending their fingers due to flexion limitations, sug-
gesting that gestures requiring finger extension (like the "tap" gesture in Block
1) could be modified to accommodate a slight finger curl. This highlights the
importance of personalized gesture design for individuals with varying degrees
of dexterity impairment.

Future iterations of the HF-MAI system should incorporate alternative ges-
ture options or adjustable parameters that allow users to customize the gestures
to their specific needs and abilities. These results suggest that mid-air gesture
interaction may offer advantages over touchscreen input for certain gestures,
particularly those that require complex or precise movements. This has impor-
tant implications for the design of accessible technologies for individuals with
dexterity impairments, as it suggests that mid-air gestures can provide a more
usable and effective alternative to touch-based input for certain tasks.

Considerations and Future Research
While the findings of this study provide valuable insights into the potential

of mid-air gestures as an alternative interaction method for individuals with
MS-Dex, it is important to acknowledge the study’s scope. Conducted in a con-
trolled laboratory setting, this study focused on a specific set of tasks designed
to be representative of common interactions. Future research should explore a
wider range of tasks (including more complex or open-ended interactions) and
participant perspectives to evaluate the system’s usability and accessibility in
diverse real-world scenarios, such as homes or workplaces, considering their in-
herent complexities, distractions, and social interactions. Expanding to larger,
more diverse participant groups, encompassing a broader range of dexterity im-
pairments, is also crucial for assessing generalizability, broader applicability, po-
tential for customization, and gathering qualitative insights.

This study’s findings highlight the potential of HF-MAI as an assistive input
method for individuals with MS-Dex, offering advantages over existing accessibil-
ity options and complementing other assistive technologies. While smartphones
offer accessibility features like text-to-speech and screen magnification, these of-
ten require significant dexterity and visual effort [44], limiting their effectiveness
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for this population. Although this study focused on mid-air gestures, integrating
other modalities like eye-tracking [3] or speech-based interfaces could enhance
accessibility for a wider range of user. For example, voice input might be more
efficient for selection tasks, as demonstrated in previous work [18]. Multi-modal
combinations, as explored in research with participants with hand impairments
[18], hold promise for reducing fatigue and improving the interaction experience.
Understanding the considerations and obstacles associated with accessible multi-
modality is crucial for creating inclusive input experiences that cater to diverse
user needs.

While our study focused primarily on usability and accessibility, it is impor-
tant to acknowledge the potential impact of cognitive load and fatigue on mid-air
gesture interaction. However, the positive feedback from users and experts on
the physical comfort of the gestures suggests that the HF-MAI approach may be
less fatiguing than traditional touch-based interaction. This aligns with Ferron
et al.’s findings that mid-air interaction was valuable for older adults as it does
not require fine motor movements [14], which could potentially reduce fatigue.
This is supported by the positive ratings received from both users and experts in
terms of gesture physical comfort. Future research should investigate these fac-
tors in more detail, considering the complexity and duration of mid-air gesture
interactions.

To further enhance our understanding of gesture efficiency, future studies
should incorporate the collection of error and retry rates during task completion.
This would provide valuable insights into user performance and allow for analysis
of potential correlations between gesture types, participant abilities, and LMC
performance.

6 Conclusion

This research addresses a critical gap in accessible HCI by investigating the us-
ability and accessibility of a hand and finger mid-air gesture interaction system
designed in collaboration with individuals with MS-Dex. A key component of this
system is a co-created gesture vocabulary, developed through a user-centered,
factor-centric approach. This study provides empirical evidence demonstrating
that the HF-MAI system is usable, accessible, and provides a positive user expe-
rience. Our findings highlight the high usability and user satisfaction achieved.
While challenges remain, our findings suggest that mid-air gestures can be ef-
fectively tailored to the specific needs and capabilities of individuals with dex-
terity impairments, potentially improving their access to and interaction with
touchscreen technologies. Future research should focus on further refining ges-
ture design and evaluating the long-term impact of mid-air gesture interaction
on MS-Dex and individuals with dexterity impairments generally. This includes
investigating individual differences in usability, addressing specific challenges,
and exploring the potential for combining mid-air gestures with other assistive
input methods.
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