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Abstract

Despite their growing popularity, in-ear Earable / Hearable devices
(i.e., ear-mounted wearables) face interaction challenges due to lim-
ited input space and compact form factors. To enhance interaction
capabilities, researchers are exploring off-device hand-based input
spaces above the neck using midair and onskin gestures. However,
existing literature primarily focuses on axial swipes (i.e., horizontal
and vertical), leaving nonaxial swipes (i.e., unidirectional swipes
with varied orientations) and angular swipes (e.g., “L”, “U”, or “V”)
largely underexplored despite their potential interaction advan-
tages. To address this gap, we conducted a within-subject gesture
motion analysis study with 24 participants, analyzing 5,568 swipes
of varying shape, orientation, and complexity. Our results revealed
preferred starting and ending regions for different unidirectional
and angular swipe shapes, as well as intuitive swipe shapes within
the off-device, above-neck manual interaction space. We further
examine off-device swipe characteristics, discuss the feasibility of
recognizing these earable gestures with current sensing technolo-
gies, and highlight their potential application in various scenarios.
These findings broaden the understanding of off-device earable ges-
tures and provide design insights for integrating suitable nonaxial
and angular swipes alongside traditional axial gestures to enhance
interaction with in-ear earable devices.
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1 Introduction

Ear-mounted wearables (i.e., earables / hearables) are widely used
for their auditory capabilities, and are increasingly explored as
head-based sensing platforms [67]. Wireless in-ear devices, such
as Apple Airpods [5], are especially popular for their compactness,
portability, and convenience [98], but their small form factor im-
poses substantial constraints on direct on-device interaction. Simple
actions such as accepting or rejecting calls and adjusting volume can
be performed through taps, multi-presses, or vertical swipes on the
device body, more complex tasks (e.g., menu navigation or appli-
cation switching) are challenging due to limited on-device input
space. While Voice input can partially mitigates these constraints, it
is often less effective than other input methods for head-mounted
devices [45], may be socially inappropriate in certain contexts, [60],
and is susceptible to environmental noise [49]. These limitations
motivate exploring alternative, off-device interaction techniques
for in-ear earables.

Researchers have explored various off-device modalities — such
as midair and onskin manual gestures, head motion, full-body move-
ment, and silent commands - to extend in-ear earable interaction
beyond physical, on-device input [2, 39, 51, 90]. Among these, uni-
manual (i.e., one-handed) hand-to-face gestures above the neck
have emerged as particularly appealing to end-users [67]. These
gestures occur naturally in daily behavior [46, 57], and facilitate
one-handed interaction with the ear-mounted device while keep-
ing the other hand available for additional tasks. Prior studies also
show that swipe gestures performed in midair and onskin regions
above the neck are among the most preferred unimanual off-device
gestures for earables [13, 64]. However, direct physical interaction
with the outer ear can cause in-ear earables to displace from the
ear canal [36], making direct touch interactions on the ear itself
unsuitable for interacting with these devices. This motivates a focus
on unimanual hand-to-face swipe gestures performed in the onskin
and midair spaces around and above the outer ear, rather than on
the ear surface itself.

Previous work has demonstrated that unimanual gestures can
be differentiated by both shape and location in midair and onskin
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from a starting (Green) region S through a swipe focal point
(Yellow) to an ending (Blue) region E on the left hand side of
the face.

interaction spaces around the ear [3, 43, 51, 90]. More recently, Shi-
mon et al. [6] explored location-based reuse of axial (horizontal and
vertical) swipe, tap, and pinch gestures for off-device earable input.
Despite these advances, most prior studies have focused primarily
on axial swipe directions [27, 67, 90]. While swipe or stroke ges-
tures of varying complexity, difficult ranking and number of strokes
in the above-neck space have been proposed [79], there is limited
understanding of how nonaxial unidirectional swipes and angular
swipe shapes - such as “L”, “U”, and “V” - perform in off-device
earable interaction. This gap is notable, as previous studies high-
light that these non-axial and angular swipes yield above-average
user agreement [64]. These unistroke gestures also exhibit low
shape complexity and low execution difficulty [37, 79, 80]. Prior
work on symbolic and marking menu-based interaction further
demonstrates that users naturally employ these swipes resembling
checkmark (+) or caret (/) for semantically meaningful actions,
(e.g., confirmation, selection) across various input modalities, in-
cluding onskin and midair interactions [79, 85, 87]. By allowing
angular swipe / stroke gestures with fixed contortions to be rotated
or re-oriented, we can expand the off-device input vocabulary and
encode distinct earable input commands while avoiding precision
issues associated with small gesture region boundaries suggested in
location-based gesture reuse [6] for midair and onskin, off-device
earable spaces. Furthermore, these expressive, angular manual ges-
tures can serve as delimiters to mitigate the Midas Touch problem
in manual hand-to-face interaction for head-based wearables [84]
as their explicit and deliberate articulation minimizes the chance
of unintentional gesture activation.

To address this research gap, we conducted a controlled within-
subject study with 24 participants, analyzing 5,568 unimanual hand-
to-face swipes performed both in midair above the ear, and on the
skin around the ear for off-device interaction with an in-ear earable.
Rather than being limited by current gesture-sensing constraints
of such devices, we adopted an imaginary interface approach to
examine user-preferred motion independent of sensing limitations
[17, 28], and employed an optical motion-capture system [6, 14, 22]
for detailed analysis of unidirectional and angular single-stroke
swipe gestures. We examined axial (horizontal and vertical), non-
axial (unidirectional but non-horizontal / vertical), and angular (e.g.,
“L”, “U”, and “V”) swipes that start at a defined region, pass through
a focal point near a facial landmark, and end at another region
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Figure 2: 4, 6, and 8 region segmentation on (onskin) / above
(midair) a swipe focal point (e.g., cheekbone, marked in Yel-
low).

(e) 6 Onskin

(Figure 1). We systematically studied spatial density effects on vari-
ous swipe shapes by evaluating region segmentations of varying
granularity (4, 6, and 8 regions) centered around the cheekbone
focal region (Figure 2).

Our findings show that although participants preferred onskin
swipes at lower region densities, unidirectional and angular midair
swipes scaled more effectively as swipe region density increased,
outperforming onskin interaction in speed and precision under
highly segmented conditions. However, across both interaction
spaces, usability degraded beyond the 6-region segmentation, with
several onskin cheekbone regions exhibiting poor usability even in
the 6-region condition.

Taken together, these findings inform our proposed design guide-
lines for structuring practical subsets of unidirectional and angular
swipe gestures for off-device earable interaction, which can en-
able more intuitive and efficient interaction within increasingly
segmented above-neck input spaces. By characterizing the usabil-
ity and scalability limits of midair and onskin swipe regions, our
contribution extends prior research on unimanual off-device ear-
able interaction and provides a foundation for richer, more scalable
gesture vocabulary design for future in-ear earable systems.

2 Related Work

2.1 Off-Device Earable Interaction Techniques

Earable interaction researchers have proposed facial expressions
[15, 71, 82, 95], silent commands [18, 39, 55, 94], jaw motion-based
gestures [8, 42, 72, 73], head movement [24, 25, 34, 63] and body
movement-based gestures [99] as potential non-manual approaches
for off-device interaction with earable devices. However, facial
expression-based gestures have less acceptability in public settings
[44] due to the possibility of attracting unwarranted, negative at-
tention [20]. Voice or silent command-based interactions require
memorization of a large set of unique commands and are not well
suited for user interface navigational tasks [23] in other wearable or
interactive devices. After repeated usage, such gestures can generate
jaw and facial muscle fatigue among end-users. Large whole-body
movement-based interactions have been observed to attract nega-
tive attention in public spaces [13] similar to approaches based on
facial expression. Although proposed head-movement interaction
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models are more subtle than whole-body interaction, whole-body
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the ear using non-overlapping regions, identifying key boundaries

and head-movement-based gestures can evoke fatigue and physicalfor the highest-agreement gesture primitives reported in [64].

strain to gesture frequency and path length.

Prior work demonstrates that manual (i.e., hand-based) gestures
are often unconscious and spontaneous behavigr2[, 30, 56,
with hand-to-face motions (e.g., face touching) occurring as fre-
quently as 15.7 to 23 times per hous7. In natural, unconstrained
settings, users have shown to prefer subtle above-neck uniman-
ual gestures rather than larger full-body movements, especially
when at least one hand is fre@§. These gestures are also more
socially acceptable, as large manual motions attract unwanted at-
tention [44). Above-neck gestures align with user expectations for
in-ear earables, where one hand interacts with a single earbud,
leaving the alternate hand available for other possible tasks. Hand-
to-face onskin or midair gestures also avoid the Gorilla Arm fatigue
caused by large midair movements away from the bo@y][ These
bene ts make unimanual, hand-to-face gestures a popular choice
for o -device earable input [10, 16, 67].

Earable systems capable of recognizing midair and onskin uni-
manual gestures have been proposed in FreeDidifrSonicASL
[40Q, Earbuddy P(, FaceSensé]], OESens&p, EarGest?], Ear-
Ace [L(, LeakyFeederdd, EarHover [74], MAF [93, UiEar [97],
TinyssimoRadar6. These works (revisited in detail in Section
6.2) show that it is viable to detect both gesture shape and gesture
location for midair and onskin spaces above the neck for unimanual
swipes, which sets the foundation of our study.

2.2 Input Space Segmentation for Enabling

Gesture Variations
While complex gesture shapes and recognition techniques have

However, the location-based swipe boundaries proposedjn [
constrain natural swipe speed and gesture extent in order to avoid
region boundary crossing. While prior earable work has largely
focused on axial swipes, elicitation study results fro6¥] demon-
strate above-average acceptance of non-axial and angular swipes.
Varying swipe orientation and angular contortion can therefore
expand the earable input vocabulary in both midair and onskin
spaces without relying on densely segmented, non-overlapping
regions. Although non-axial and angular swipes have been studied
on smartwatch screens and beze&§[8g, comparable analyses
for hand-to-face midair and onskin swipes in o -device earable
interaction remain unavailable, which we address in this paper.

2.3 Gesture Analysis using Motion Capture Data

Beyond generating ground-truth data for on-device gesture recog-
nition systems in development, motion-capture technologies such
as Vicon 7€, OptiTrack b9, and Kinect p4] are widely used to
study gesture motion and showcase proof-of-concepts for novel
interaction techniques§2, 83. By decoupling interaction design
from sensing limitations, this imaginary-interface approach enables
early investigation of emerging interaction spaces before robust
on-device sensing support matures in mobile and wearable devices.
In the context of VR interaction, Faleel et a3 explored Hand
Proximate User Interfaces (HPUIs) for head-mounted displays using
Vicon tracking when HMD hand tracking remained unreliable un-
der self-occlusion, while Holfeld et al6[]] later used Vicon motion
tracking to evaluate HPUI design guidelines independent of headset
sensing limitations. Similarly, BodyTrack by Cheng et &4 [used

been widely studied across wearable devices, interaction-space seg-2n OptiTrack-based motion capture system to explore full-body

mentation to enable gesture variation through location, orientation,
and contortion remains underexplored for earables. Smartwatch
research has examined dividing circular bezels into multiple regions
to support location-based swipe variatio®, 8§, while Dezfuli
et al. [L7] segmented an imaginary hand / palm gesture space to
enable onskin swipe and tap input. Li et ab(] explored pie-menus
for midair gesture interaction with remote displays using front-of-
body manual gestures. Similarly, Tu et arq explored radial menu
interaction for distance displays with lateral arm movements in
front of the body. Gil et al. 2§ explored region placement and re-
gion count for in-air thumb typing on a commercial head-mounted
display (HMD). Although these works target other wearables, their
evaluation metrics and study designs inform gesture reuse across
multiple regions in alternative interaction spaces.

Lissermann et al. [51] studied region-based reuse of unimanual

interaction spaces and identify potential gestures for VR headsets
before integrated full-body tracking hardware became widely avail-
able.

Beyond VR systems, Dezfuli et allq] used OptiTrack-based
motion tracking to explore an imaginary palm-based interactive
surface for TV control. Shimon et alf] investigated location-based
gesture reuse for unimanual o -device earable interaction using a
Vicon system instead of earable hardware, motivated by advances
in above-neck gesture sensing for ear-mounted wearables. Inspired
by and grounded in these proof-of-concept approaches, we lever-
age the high-precision tracking capability of Vicon-based motion
capture system in this study to extensively investigate o -device
earable swipes in both onskin and midair input spaces. We believe
our collected data and anlaysis could be valuable for interaction
space exploration to support the development of capable gesture

touches, taps, and grasp on and above the outer ear for earable recognition systems.

interaction, but did not examine continuous swipes or gestures on
regions beyond the outer ear. Zhang et &4 examined onskin
tap recognition across 5 outer-ear regions using a bone-conduction
earable device. Elicitation studies by Hanae et 84 fand Chen

et al. [L3 show that users prefer subtle unimanual gestures in
onskin and midair areas above the neck, with single- nger hori-
zontal / vertical swipes, taps, and two- nger pinches receiving the
highest acceptance. Building on this work, Shimon et &. §x-
tended outer-ear segmentation to midair and onskin spaces around

3 Experiment

3.1 Experiment Overview

This study examines unidirectional and angular hand-to-face swipe
gestures for o -device earable interaction using a marker-based
motion capture system. We focus exclusively on swipe gestures,
excluding other unimanual inputs such as taps and pinches due
to their distinct motion characteristics and behavioral patterns
[9]. Gestures were performed in above-neck midair and onskin
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Figure 3: Di erent parts of study area and apparatus.

interaction spaces and analyzed within a head-centered coordinate with a graduate degree. All participants used their non-dominant
frame to capture spatial articulation, performance, and workload hand for gesture interaction; 21 (87.5%) were right-handed, and 3
characteristics. The study adopts an observational, user-centered (12.5%) were left-handed. Although 12 participants (50%) reported
approach to understand how users naturally articulate hand-to-face regularly wearing eyewear, 21 participants completed the study
manual swipe gestures for o -device interaction with in-ear earable  without eyewear. 18 participants (75%) owned wireless earbuds
devices; and to inform the design of robust and usable gesture sets (0 20 hours / week of us€; = 11%58,( = 8'37). None reported

for such use-case. any hand, arm, or nger joint issues that could a ect gesture per-
) formance.
3.2 Research Questions This study, approved by the Institutional Review Board (IRB),

This work investigates how interaction space, region density, and Was conducted over two 90-minute sessions on separate days to
spatial region location in uence the articulation and usability of ~ reduce fatigue, with participants receiving $50 compensation. In
above-neck hand-to-face swipe gestures for o -device interaction total, 5,568 gesture motions were collected across all participants,
with in-ear earables, motivating the following research questions: interaction spaces, and swipe conditions.

RQ1: How do swipe performance and perceived workload di er .
between midair and onskin interaction spaces when the number 3.5 Apparatus and Sensing Setup

of gesture regions is held constant? The study used a ceiling-mounted 33 Vicon motion-capture cam-
RQ2: How does increasing the number of available starting and  €ra grid connected to a workstation (16-core AMD Ryzen 9 CPU,
ending regions a ect swipe performance and perceived workload 32 GB RAM) running Windows 10 Pro (Figure 3). The workstation
within a given interaction space? ran Vicon Tracker 3.9 software alongside a custom Python/ PyQT-
RQ3: Within a xed gesture block (i.e., xed interaction space ~ based gesture analysis application (Figure 4), with task instructions
and region density), how do swipe performance and subjective displayed on a 24-inch UHD monitor (Figure 3). Participants were

region preference vary across di erent starting and ending region ~ seated in front of the workstation, and tted with a head strap
locations? holding ve Vicon markers along the sagittal plan&f], a marker

Section 4.1 explains the metrics used to examine these research ©" the index nger of the non-dominant hand, and a disconnected
questions, and the rationale behind the metric choices. in-ear wireless earbuddd on the non-dominant side as a prop
for imagined earable-based gesture sensing. Swipe gestures were

3.3 Study Design performed unimanually with the non-dominant index nger, while
the dominant hand controlled a keyboard and mouse, re ecting
common non-dominant hand use for secondary inp6t 19 47].

A marked resting position on the table indicated the start and end
points of each trial.

Marker trajectories were analyzed in a head-centered coordi-
nate frame de ned by the intersection of the sagittal plane and an
eye-level horizontal plane, a reference frame used in analyze hand-
to-face and near-head gestured.[Analysis was limited to motion
within a 30 cm-radius spherical volume centered on the head, cor-
responding to the close and mid distance ranges of around-device
gesture spacedl] and capturing the spatial extent of above-neck
manual interaction p, 64]. Motion outside this region was excluded
to reduce confounding from large arm movements and to ensure
consistent measurement of o -device gesture timing.

We employed a within-subject 23 factorial design with interaction
space (midair vs. onskin) and region density (4, 6, and 8 regions)
as independent variables. Each participant completed one gesture
block for each factor combination, yielding 6 blocks in total. For
each interaction space, participants performed 116 unigque region-to-
region swipe conditions, covering all possible starting and ending
region pairings across region densities (4= 16,6 6=36,8 8=

64). To control for order e ects, the study was divided into two
counterbalanced halves by interaction space, each comprising three
gesture blocks, with swipe conditions presented in randomized
order within each block.

3.4 Participants
We recruited 24 participants (15 male, 9 female; age 18'45,
2933,( = 7720) from the university and surrounding commu- 3.6 Gesture Layout and Swipe Focal Point

nity. All participants had at least a high school diploma, with 22

(90%) holding a bachelor's degree or higher, including 11 (45.8%)The above-neck_mldalr and onskin 0 -device interaction spaces
were segmented into fan-shaped regions arranged around a shared
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(b) Task window
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(c) Task window
with feedback

(d) 3D gesture
playback window

Figure 4: Di erent views in custom gesture analysis application.

swipe focal point (Figure 2), de ned as a facial landmark at which
swipe direction transitions occur. Swipe gestures were modeled
as rapid unimanual index- nger motions originating in a start-
ing region, passing through the focal point, and terminating in an
ending region (Figure 1). The swipe layout was informed by prior
hand-to-face interaction literature and a co-design session with
(6) participants. A 4-region con guration was rst adopted to sup-
port horizontal (anterior posterior) and vertical (inferior superior)
swipes, identi ed as fundamental hand-to-face swipe primitives
in prior work [ 7(]. Denser con gurations with 6-regions and 8-
regions were subsequently evaluated to enable angular (rotational)
swipes and ner-grained input.

Prior research highlights a directional bias toward horizontal
panning along the posterior anterior axis between the ear and
nose in face-centric gesture spacés][ Building on these nd-
ings and related work on hand-to-face and earable interactio®s [
69 90, we identi ed the cheekbone as the optimal focal point
for onskin swipes. Its high haptic salience, visual accessibility for
tracking direction changes, and balanced spacing relative to facial
landmarks such as the eye corner, nostril, nasal bridge, and jaw-
line support the creation of evenly distributed region boundaries.
In contrast, placing the focal point above the ear for midair swipes
increased muscle strain during non-axial movements, making it
unsuitable for angular swipes (e.g., L, U, and V shapes). There-

The study was conducted over two 90-minute sessions on separate
days, each corresponding to one interaction space. The rst session
began with a study brie ng, informed consent, and a demographic
survey. Each session then proceeded to a task instruction phase, and
an environment walkthrough speci c to that session's interaction
space. Participants were instructed to avoid touching the in-ear
earable, or the outer ear to prevent the ear-mounted device from
being displaced.

Before data collection, participants completed a calibration phase
to generate an individualized head model for swipe analysis, with
optional adjustment to ensure accurate alignment with each par-
ticipant's facial features (Figure 4a). Participants then completed
counterbalanced gesture blocks presented by the custom applica-
tion (Figure 4b). Each trial began and ended with the non-dominant
hand resting at a designated table location, while recording was
initiated and terminated using the dominant hand.

Immediate visual feedback of the recorded swipe trajectory was
presented after each trial (Figures 4c and 4d), allowing participants
to accept the trial, or initiate a retrial. Participants were instructed
to base retrial decisions exclusively on the geometric correspon-
dence between the trajectory and the individualized head model,
rather than on any system-level gesture classi cation or recogni-
tion output. After each trial ended, feedback was displayed as a
gesture trajectory visualization; however, no performance-related

fore, a shared focal region above the cheekbone was adopted for metrics were provided. This feedback mechanism functioned as

both onskin and midair gestures.

Guided by these observations, swipe regions were oriented along
the posterior anterior axis de ned between the nostril and the top
of the outer ear helix for all region densities. To maintain swipe
reliability, region density was capped at eight regions to avoid spans
that were too narrow.

3.7 Tasks

Participants completed a series of single unimanual, unistroke swipe
tasks between speci ed start and end regions around the cheekbone
(Figure 4b). Tasks included both unidirectional straight swipes and
angular swipes requiring a directional change at the focal point.
Each trial began and ended with the hand at the designated resting
position on the workstation: the nger entered the head-centered

a data quality control step, enabling detection and correction of
occasional head-model misalignment or tracking artifacts. As a
result, sensing- and calibration-related confounds were reduced
while the in uence on gesture articulation was minimized.

Trials lasted approximately 15 25 seconds, with short breaks
between gesture blocks and additional rest permitted as needed.
At the end of each gesture block, participants completed a brief
questionnaire and participated in a short Q&A session. Each session
concluded with a semi-structured interview focusing on swipe
starting and ending regions, swipe shape characteristics, and overall
gesture preferences. Following data collection, swipe trajectories
were labeled using an integrated baseline recognizer within our
custom gesture analysis application, informed by Vicon tracking
data, with labels subsequently veri ed through manual review prior

gesture space (Section 3.5), passed through the focal point, andto accuracy analysis.

returned to rest. Across gesture blocks, all valid region pairings
were systematically tested.

3.8 Procedure
Each session followed a xed procedure for administering the uni-

directional and angular, above-neck swipe tasks described above.

4 Measures and Analysis

4.1 Measures

Following prior HCI research on swipe and stroke gesture per-
formance, we evaluated gesture behavior using a combination of



Gl '26, June 09 12, 2026, Kitchener - Waterloo, Ontario, Canada Arefin Shimon et al.

regions confound direct region-level comparison under a xed head
posture.

4.2 Data Analysis

Statistical analyses employed repeated-measures techniques appro-
priate for the within-subject study design. Normality assumptions
were assessed using the Shapiro Wilk test. For two-level compar-
isons, paired t-tests were used when normality was satis ed, and

(@ (b) (© Wilcoxon signed-rank tests were used otherwise. For comparisons
Figure 5: Swipe interaction regions and angular displacement involving three levels, repeated-measures ANOVA was applied to
on the left side of the face. (a) A unimanual swipe trajectory normally distributed data, while Friedman tests were used when nor-
(red line) passing through the starting region (Green), focal mality assumptions were violated. Where applicable, post-hoc pair-
region (Yellow), and ending region (Blue). (b) Central plane wise comparisons were conducted using paired t-tests or Wilcoxon
(C) and average trajectory (A) of the swipe segment within signed-rank tests with bonferroni correction for multiple compar-
the starting region, with angular displacement de ned rela- isons. A signi cance threshold of U = 05 was used throughout.
tive to the central plane. (c) Region con gurations for 4-, 6-,
and 8-region distributions showing the angular span of each 5 Results
region and the corresponding range of angular displacement Section 5.1 presents quantitative analyses examining the e ects of
of A from the central plane C of the starting or ending re- midair vs. onskin interaction space (RQ1) and region density (RQ2)
gion. Greater angular displacement of A from C increases on swipe performance and perceived workload. Building on these
the likelihood that a swipe crosses into an incorrect starting ndings, Section 5.2 outlines how swipe starting and ending regions,
or ending region. as well as individual swipe shapes, in uence swipe interaction

through combined quantitative and qualitative analyses (RQ3),
objective performance metrics and subjective workload and prefer- focusing on region layouts identi ed as e ective in the preceding
ence measures. We adopted accuraty’[, 87, gesture articulation analyses. Together, these results motivate a re ned subset of swipe

time [9, 29 65 87, and gesture path lengthl§ as core perfor- interactions and a modi ed 5-region layout proposed in Section 6.1
mance metrics, complemented by perceived workload (NASA-TLX) to better support hand-to-face o -device interaction with earable
[31, 90 and self-reported region preference8(, 84. To capture devices.

spatial deviations in swipe execution, we additionally introduced

angular displacement, inspired by the bending error (BE) metric for 5.1 E ect of Interaction Space (RQ1) and Region

stroke gestures proposed by Vatavu et alg], which quanti es the Density (RQ2) on Swipe Gestures

magnitude and direction of swipe skew relative to region geometry. In the 4-region con guration, onskin axial and L-shaped swipes
DV1 Accuracy: Percentage (%) of gestures correctly initiated  through the cheekbone area signi cantly outperformed midair
and terminated within the intended starting and ending regions,  swipe counterparts in both accuracy and user preference. Partici-
de ned onskin or in midair. pants attributed this advantage to tactile feedback and clearer spa-
DV2 Gesture time: Total duration (ms) from the hand entering  tja| constraints, which helped reduce accidental or unintentional
the head-centered gesture space (Section 3.5) to completing the contact with sensitive facial areas. While midair swipes enabled

swipe and exiting the space. faster and larger movements, they lacked stabilizing feedback. How-
DV3 Gesture path length: Cumulative spatial length (mm) ever, as region density increased, individual region spans decreased
of the swipe trajectory traced by the index nger during gesture  for poth interaction spaces. Onskin regions became increasingly
time (DV2). constrained and placement-sensitive (e.g., near the eye corner),
DV4 Angular displacement: Angular deviation ( ) of the whereas midair swipes bene ted from a larger available motion

swipe trajectory (i.e., drift) within the starting (S) or ending  envelope. Accordingly, midair swipes became comparatively more
(E) region relative to the region's central reference plane (C) ¢ ective at higher densities, reducing the relative bene t of tactile
(Figure 5). feedback (Figure 6). Performance metrics, workload ratings, and
After each gesture block, perceived task workload was assessed participant feedback all indicate that accuracy decreases and e ort
using the NASA Task Load Index (NASA-TLX) on a 1 20 scale. and frustration increase when more than 6 regions are used in
Participants also reported preferences for swipe starting and end- either interaction space, establishing a practical upper bound on
ing regions using a single region-level rating (e.g.., 1 4 for the region density. We therefore recommend limiting swipe layouts to
4-region segmentation), with higher values indicating stronger a maximum of 6 regions around the focal interaction area (Figure 2)
preference. RQ1 and RQ2 were evaluated using performance meato ensure reliable unidirectional and angular swipes.
sures (DV1 DV4) together with NASA-TLX workload scores, while The remainder of this subsection elaborates on these trends, with
RQ3 examined region-level e ects using accuracy (DV1), angu- detailed statistical test results, including normality test results re-
lar displacement (DV4), and subjective region ratings. Time- and ported in Tables A.1 (RQ1) and A.2 (RQ2) in appendix A. Signi cant
distance-based measures (DV2, DV3) were excluded from RQ3 bepost hoc di erences across interaction spaces and region densities
cause di erences in reach distance and movement direction across have been summarized in Figure 6.
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