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Small form factor limits physical input space in earable (i.e., ear-mounted wearable) devices. Off-device earable inputs in
alternate mid-air and on-skin around-ear interaction spaces using uni-manual gestures can address this input space limitation.
Segmenting these alternate interaction spaces to create multiple gesture regions for reusing off-device gestures can expand
earable input vocabulary by a large margin. Although prior earable interaction research has explored off-device gesture
preferences and recognition techniques in such interaction spaces, supporting gesture reuse over multiple gesture regions
needs further exploration. We collected and analyzed 7560 uni-manual gesture motion data from 18 participants to explore
earable gesture reuse by segmentation of on-skin and mid-air spaces around the ear. Our results show that gesture performance
degrades significantly beyond 3 mid-air and 5 on-skin around-ear gesture regions for different uni-manual gesture classes
(e.g., swipe, pinch, tap). We also present qualitative findings on most and least preferred regions (and associated boundaries) by
end-users for different uni-manual gesture shapes across both interaction spaces for earable devices. Our results complement
earlier elicitation studies and interaction technologies for earables to help expand the gestural input vocabulary and potentially
drive future commercialization of such devices.
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1 INTRODUCTION
Wireless earbuds are one of the most popular wearables [66] among consumers. It is now commonplace to see
people wearing such wearables in public settings (e.g., office, gym, public transportation) to discretely listen
to music, take calls, or filter out external noise using noise suppression features for creating personal quiet
zones. However, the small form factor and input area constraint in wireless earbuds restrict physical touch
interaction to simple on-device taps and swipes, thus limiting their input space. Off-the-shelve wireless earbuds
increasingly integrate different sensors [55] to extend their functionality beyond personal audio and hearing
aid support [11, 46, 49]. Wireless earbuds such as Apple AirPods [4], or Samsung Galaxy Buds Pro [53] are pre-
equipped with IMU, motion, and health sensors for supporting health sensing and fitness tracking. These kinds
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Fig. 1. Reusing gestures at di�erent regions for o�-device Earable interaction: (a) O�-device, around-ear and on-skin taps at
3 distinct gesture regions. (b) Potential gesture regions with highlighted boundaries.

of sensor-infused, ear-mounted computing devices supporting additional functionalities (e.g., health sensing [44],
activity recognition [24], gesture sensing [41], wearable public display [58]) beyond traditional personal audio or
hearing aids are de�ned asearabledevices [51] in the ubiquitous computing community.

Earable platforms have gained signi�cant traction among ubiquitous computing researchers [11, 30, 46],
especially in supporting gestural sensing to counter the on-device interaction space limitation problem. The
research community has proposed several o�-device approaches [51] (e.g., manual on-skin/mid-air motion
gestures, head movements, facial expressions, voiced and silent commands) leveraging gesture sensing using
o�-the-shelve or custom hardware to expand the earable input vocabulary. Among the proposed approaches,
mid-air and on-skin uni-manual o�-device around-ear gestures are popular strategies [8, 11]. Such hand-to-face
gestures tend to occur naturally and unconsciously with signi�cant daily frequency among end users [34, 45].
Besides gesture recognition techniques for such o�-device gestures [51] for earables, prior gesture elicitation
studies [9, 47] looked at eliciting gesture vocabulary with individual qualitative metrics such astask suitability,
gesture usability, andsocial comfort. These studies revealed that end-users have a high agreement regarding
uni-manual horizontal (front/back) and vertical (up/down)swipe, pinch (in/out), andtap gestures for o�-device
earable interactions.

Such on-skin and mid-air gestures could be �ne-grained by reusing them across di�erent gesture regions in an
interaction space (Figure 1a). For example, atap on the temple could toggle thenoise cancellationfeature on an
earable device. In contrast, atap on the cheek could toggle themicrophone mutingfeature on the earable device.
Understanding the threshold for the number of unique gesture regions in an interaction space for di�erent gestures
and their associated region boundaries is necessary to support gesture reuse in o�-device and around-ear earable
interaction. Segmenting an interaction space into multiple gesture regions could greatly expand the gestural
input vocabulary while reusing a few gesture classes (swipe, tap, pinch), improving gesture memorability [43].
Although prior literature explored o�-device uni-manual gesture reuse across di�erent segmented regions for
outer-ear touches to support gesture reusability, similar exploration is lacking for around-ear on-skin space (i.e.,
face, head, and neck) and above-ear mid-air spaces for supporting similar gestures.

We address this research gap by studying the reuse of di�erent gesture classes at di�erent mid-air and on-
skin gesture regions and the e�ect of increasing the number of gesture regions on quantitative and qualitative
gesture performance metrics for mid-air and on-skin interaction spaces. By leveraging some common uni-manual
o�-device and around-ear gestures (i.e., swipe, tap, and pinch) proposed in earlier earable gesture elicitation
studies [38, 47], we collected 7,560 gesture motion data from 18 participants using aViconmotion camera for
analyzing their performance against an increasing number of gesture regions in mid-air and on-skin interaction
spaces. We also examined how participants de�ned gesture region boundaries in the o�-device interaction spaces
under consideration.
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The following outlines the contributions of our work:
� Comparison of mid-air and around-ear on-skin space for uni-manual, o�-device earable interaction across

di�erent gesture classes;
� Understanding of end-user preference shift from one interaction space to another for increasing gesture reuse;
� Analysis of the e�ects of di�erent factors (i.e., the number of gesture regions and associated boundaries) on

interaction space segmentation for uni-manual, o�-device earable gestures.
Collectively, the �ndings from our gesture motion experiment on end-users for o�-device, around ear earable

gestures provide a guideline for implementing gesture reuse across di�erent interaction spaces by complimenting
earlier gesture recognition technology research for earables and qualitative exploration of gesture preferences for
o�-device earable interaction.

2 RELATED WORK

2.1 Gesture Recognition Support and Device Format for Earables
Prior research on interaction technologies for alternate earable interaction spaces looked at face touch [29, 62],
ear touch [31, 36, 65], mid-air manual motion gesture [2, 25, 26, 28, 37, 39, 40, 59], head movements [17, 60],
facial expressions [3, 10, 35, 56], voice [6], and silent [27, 54, 57, 64] command recognition to solve earable
input space limitation by leveraging various sensors (IMU, proximity, infrared, PPG, ECG) and microphones
present in o�-the-shelf, or custom earable hardware. Besides these sensor-based approaches, computer vision
has also been utilized in various instances [26, 37, 39, 59] to detect various mid-air or hand-to-face gestures
using cameras mounted on earable devices. However, such camera-based, body-mounted gesture recognition
platforms have practical usability and privacy concerns [27]. Although research into end-user acceptability for
gestures shows that facial expression-based gestures are acceptable in private settings, they are less socially
acceptable in public settings [32] due to the possibility of attracting unwarranted, negative attention [13]. 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 [16] in other wearable or interactive devices. Physical uni-manual
interactions on ear helix (e.g., ear bends, pinch, slides) proposed in Lissermann et al. [36] can potentially displace
earable devices, making on-ear physical touch-based interaction di�cult for expanding earable input space.
Head/neck-based movement can put signi�cant physical strain after repetitive use. Large manual gestures away
from body su�er from �gorilla arm� fatigue syndrome [22] and can attract unwarranted, negative attention [13]
in public spaces, similar to facial and head/neck motion gestures.

In natural, unconstrained settings when one or both hands are free for gestural interaction, studies have
shown that end-users prefer making uni-manual hand-to-face gestures on skin or mid-air closer to the head,
compared to other large body gestures [23]. Such hand-to-face gestures are unconscious and spontaneous
motions [5, 14, 21, 33, 42] with observed frequency from 15.7 to 23 contacts/hr [45]. Such subtle hand-to-face
gestures are more socially acceptable [32] than large manual motion gestures. Previous research on earables [36,47]
points out some real-world scenarios of uni-manual interaction with ear-based devices in real-world settings.
Such interaction also closely matches end-user expectations of wearable earbud devices, where user behavior is
to primarily interact with one earbud with one hand at a time in a public space, freeing up the alternate hand for
other possible tasks.

These reasons make uni-manual touch gestures on the skin around the ear (face, head, and neck) and mid-
air gestures around the head viable choices for expanding earable input vocabulary. Most of the previously
discussed research on on-skin and mid-air earable interaction spaces do show that it is possible to recognize both
gesture classes and gesture location over di�erent areas around the face. However, the prior literature lacks a
comprehensive analysis of earable gesture spaces to support gesture reuse by leveraging gesture location and
gesture class recognition techniques. This inspired our research focus on o�-device gesture space exploration to
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support gesture reuse in earables and identify gesture regions of interest. Research into emotional user experience
elements of earphone form factors [63] shows in-ear earables (i.e., wireless earbuds) have higher wearing style
satisfaction and preference for discrete interaction with device in public spaces [48] compared to behind-the-ear
or on-ear (e.g., headphones) earable formats. As such, we limited our gesture reuse study to in-ear earable devices
such as wireless earbuds.

2.2 Interaction Space Segmentation for Gestural Input Devices
Wong et al. [61] exploredbezel-initiated swipe(BIS�a form of uni-manual touch interaction) reuse over multiple
gesture regions (6/ 8/ 12/ 16/ 24/ 36) on smartwatch bezels.Accuracy, task completion time, and other round-bezel-
speci�c metrics (i.e.,absolute/relative o�set) were used to measure BIS performance against increasing gesture
regions for input reuse. Rey et al. [50] proposed a similar uni-manual smartwatch gesture calledbezel-to-bezel
(B2B)interaction and explored the reuse of the B2B gesture over 4, 6, and 8 bezel regions. Dezfuli et al. [12]
explored segmentation of an imaginary gesture space over hand/palm surface for using on-skinswipeandtap-like
gestures to control a smart TV. Their observations revealed that up to 5 landmarks on the palm could be correctly
targeted using uni-manual touch gestures with alternate hands. Gil et al. [19] proposed an in-air thumb typing
system (ThumbAir) on a commercial head-mounted display (HMD), where they explored viable gesture region
positions and an optimal number of regions for dividing the input space for di�erent letter input groups. Their
analysis leveraged similar general metrics to [50, 61] (e.g.,accuracy, gesture time) and gesture motion-speci�c
metrics (e.g.,wrist angle change) to compare the di�erent numbers of regions on both hands for typing input.
Although the above works focus on di�erent types of wearable devices compared to earables, the analysis metrics
and study design still provide essential guidelines for performing analysis of wearable gesture reuses over multiple
gesture regions in alternate interaction spaces.

Besides proposing custom earable hardware to detect physical touch gestures on the outer ear, Lissermann
et al. [36] explored the ear helix design space for touch gesture reuse across multiple regions, examined the
relationship between gesture accuracy and increasing gesture regions for gesture reuse, and suggested potential
applications leveraging this design space for earable interaction. However, their exploration into region segmen-
tation for earable interaction is limited only to the outer ear and explored in the context of a single touch or tap
gesture. The e�ect of other touch primitives (e.g., swipes and pinches) on the outer ear has not been explored in
prior works. Prior earable research also lacks exploration of around-ear on-skin/mid-air gesture reuse.

To address this research gap, we focus on exploring the segmentation of on-skin (i.e., face/neck or other parts
of the head) and mid-air (i.e., above-ear and around-head), around-ear interaction space to support gesture reuse
across di�erent gesture regions. Our work is closely related to and inspired by gesture region segmentation
analysis on ear helix for uni-manual physical interaction inEarput[36]. Based on �ndings from previous earable
elicitation studies [9, 47], we limit our gesture classes to primitive gestures such astap, swipe, andpinchfor
exploring gesture reusability across multiple gesture regions.

3 METHODOLOGY

3.1 Research �estions
In this work, we experimented with 7 gestures (swipe up, swipe down, swipe front, swipe back, pinch in, pinch
out, andtap). These were the most common gestures proposed in the previous earable elicitation studies [9, 47]
and had the most ease of performance, social acceptability, and memorability in various settings [1]. We did not
leverage the �cover ear" gesture elicited from [47] study as our study focused only on around-ear gestures. We
explored how users perform the gestures mentioned above within the following two interaction spaces:
� On-skin, around-ear space : This space includes all areas on the skin above the neck, excluding both ears.
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� Mid-air space : This space includes mid-air space above and around the ear without any limitation of distance
from the ear.
We aimed to analyze the gesture motion data from the 7 gestures as mentioned earlier and identify region

boundaries for gesture reuse in on-skin and mid-air interaction spaces to answer the following research questions:
� RQ1: Whether and how does gesture performance vary between in mid-air and on-skin space?
� RQ2: Whether and how does gesture performance vary when the number of segments increases in a chosen

interaction space?
� RQ3: Whether and how does end-user consensus exist on most and least preferred regions across a �xed

number of gesture regions in a particular interaction space?

3.2 Experimental Variables and Hypotheses
To answer our research questions, we designed an experiment using the following 3 independent variables:
� IV1 - Interaction space: On-skin and Mid-air.
� IV2 - Gesture shape: Tap, Swipe Up, Swipe Down, Swipe Front, Swipe Back, Pinch In, and Pinch Out.
� IV3 - Number of gesture regions: 3, 5, and 7.

The following dependent variables were leveraged to measure the performance of gestures across di�erent
interaction spaces and among di�erent numbers of gesture regions in a particular interaction space.
� DV1 - Gesture time: Time window measured from the end of agesture delimiterto the end of the gesture

recording, during which the user performs a given gesture� , measured in milliseconds (ms). This metric was
chosen based on prior related interaction space segmentation research [50, 61]. Details on calculating DV1
with the help of delimiter gestures are discussed in Section 4.2.

� DV2 - Gesture path length: Length of gesture� traversed during the above (DV1) time window, measured in
millimeters (mm). This metric was developed speci�cally for this study, as we wanted to analyze the starting
and ending of a gesture across di�erent regions in an interaction space.

� DV3 - Gesture accuracy: The percentage of the actual number of times (=) a gesture� was successfully done
on (on-skin) / above (mid-air) target gesture regions in an interaction space (( ) with respect to the required
number of trials. This metric was chosen based on prior research [50, 61].
These quantitative criteria allow us to compare the performance of gestures in each interaction space and

observe the e�ect of the number of segments in the interaction space on gesture performance, thus helping us
investigateRQ1 andRQ2. We formulated the following two null hypotheses based on our research questions.

� HRQ1
0 : User performance (DV1, DV2, DV3) does not vary when gesture� (IV2) is performed in di�erent

interaction spaces (IV1).
� HRQ2

0 : User performance (DV1, DV2, DV3) for gesture� (IV2) does not vary when the number of segments
(IV3) increase for a speci�c interaction space (IV1).
In addition, to investigateRQ3, we aimed to employ qualitative observations based on NASA TLX surveys,

collected gesture region de�nitions, questionnaire results, and participant discussions.

4 EXPERIMENT

4.1 Participants
We recruited 18 participants (11 males and 7 females) aged between 22 and 40 (" = 26”37, (� = 5”520). All
the participants were right-handed and wore a watch in their left hand. Participants reported varying levels of
earbud usage in their regular life. Overall, 17 out of 18 participants reported using wireless earbuds to make calls,
listen to music, and participate in online meetings using phones and workstations (period: 0�25 hours/week,
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Fig. 2. Experimental setup with Vicon: the participant is performing gestural tasks shown on the screen

" = 9”1, (� = 7”12). The study was divided into two halves corresponding to two interaction spaces with a break
in between. Each trial lasted 15-25 seconds, and each half of the study took 75 to 90 minutes on average. The
total study took around 2.5 to 3 hours per participant, with pre-study and post-study times. Each participant was
paid at a rate of $15 per hour for their time and e�ort.

4.2 Apparatus
We designed a desktop application to record, �lter, and analyze the gesture data, henceforth calledGesture
Recording Data Collection Application(GRDA). GRDA was con�gured on a desktop PC connected to 8Vicon
cameras and a 24-inch screen (Figure 2). This PC served as theViconcamera server and was con�gured with an
Intel Xeonprocessor with 32 GB RAM and 16 GB graphics card attached with a standard keyboard and mouse for
running Vicon Tracker 3.9application.

The gesture recording apparatus was set up to support both right and left-handed participants. As all participants
in our study were right-handed, they were asked to create uni-manual gestures using their non-dominant (left)
hand so that the dominant (right) hand could control GRDA using a keyboard and mouse for data recording. The
Viconcameras recorded the gestural inputs using markers attached to the participant's head and left hand1. For
gesture tracking and reference purposes, 3 markers were attached to di�erent parts of the head using velcro
straps (Figure 2). The markers were positioned in the following places: 1) center top on the crown of the head; 2)
back of the head; and 3) side of the head behind the temple and above the helix of the left ear2. Finger markers
were attached to the left index (and thumb) �nger1 using double-sided tape. One marker was attached to the
index �nger for all tasks, as shown in Figure 2. For speci�c gestural inputs (pinch in/pinch out) involving two
�ngers, another marker was also placed on the left1 thumb �nger. Before running GRDA for our experiment,
the Vicon Tracker 3.9application was turned on to track the gesture motion data using the Vicon markers and
continuously send the data stream back to GRDA for recording purposes. The participant controlled gesture
data recording using this GRDA application (Figure 2), which �ltered and categorized the marker data stream
collected from theVicon Tracker 3.9application running on the backend. All uni-manual gestures started from a
�xed position (marked by a white tape in the table containing the Vicon server PC in the rightmost image of
Figure 2). Before any actual gesture, participants performed one of the following twoDelimiter Gesturesabove
the table's �xed (taped) position.
1 Non-dominant hand used for creating unimanual gestures. For left-handed participants, markers would be worn on the right hand.
2 Closest ear to the hand used for creating uni-manual gesture. For left-handed participants, markers would be worn on the right hand and
the head marker above the ear helix would be placed above the right ear.
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� Delimiter Gesture A: Wiggle the index �nger (3 times) with the index and thumb �ngers of the marker-wearing
left1 hand. Used only before two-�nger uni-manual gestures (pinch in/out) using index and thumb �ngers.

� Delimiter Gesture B: Wiggle with the marker-wearing hand's index �nger (3 times). Used before all single
�nger-based uni-manual gestures (tap, horizontal/vertical swipe) and duringhead model generationphase
(Section 4.4.1).

The purpose of these delimiter gestures was to help: 1) accurately distinguish between the thumb and index
�nger of the marker-wearing hand for two-�nger gestures and 2) mark the starting of the gesture for both the
participant and the gesture apparatus. After the delimiter gesture was made and the motion for the targeted
uni-manual gesture began, gesture metric measurement automatically started once the marker-wearing �ngers
reached within 30 cm from the center3 of the head (Figure 15 in Appendix A). The metric measurement stopped
once the gesture was completed, and the hand moved out of the above range to �lter out gesture motion noise
and evaluate only the relevant gesture motion. Gesture recording automatically stopped when the participant
completed the task and rested his hand on the starting position.

4.3 Design
We employed a within-subjects design for our experiment. According to the independent variables (IV1-3), each
participant was provided with 2 interaction spaces (on-skin and mid-air)� 3 segment numbers (3, 5, and 7)�
7 gestures (Tap, Swipe Up, Swipe Down, Swipe Front, Swipe Back, Pinch In, andPinch Out) = 42 experimental
conditions. For each condition, the participant was requested to de�ne the region boundaries on a paper containing
a side view and a front view of a face, and the regions were then labeled with identi�ers. Using aLatin square
design, we counter-balanced the interaction space (IV1) and the number of segments (IV3) variables across the
whole experiment. The participant was �rst given a particular interaction space, within which the participant
was provided with a speci�c number of segments. For each combination of these two variables, the participant
was asked to perform each of the seven gestures (IV2) in a randomized order, and there were 2 repetitions for
each gesture task. The participant could perform di�erent numbers of trials based on the number of segments
within the IV1 and IV3 combination. For example, with mid-air and 5 segments, the participant would be asked to
perform each of the seven gestures for 5 segments� 2 repetitions = 10 times. The 5 segments labeled using region
identi�ers (A�E) were shown randomly across the tasks. Therefore, each participant performed: 2 interaction
spaces� (3 + 5 + 7) segments� 7 gestures� 2 repetitions = 420 trials. We collected 7,560 gestural data points for
18 participants.

4.4 Procedure
The experiment was conducted in an o�ce environment with adequate soundproo�ng to provide a calm environ-
ment. During the experiment, the participants sat in front of a table containing theViconserver PC and designated
starting position (marked by white tape). They operated GRDA via keyboard and mouse to record the gesture, as
in Figure 2. Before the study started, the purpose of the research was explained to the participants. They were
encouraged to ask the researcher questions for clari�cation regarding any steps of the study. Participants were
informed that they could take breaks or abort the experiment at any time. After explaining the study purpose and
break structures, participant consent was obtained using a consent form. Then, participants began the two-phased
study (described in Sections 4.4.1 and 4.4.2). During both phases, all gesture motions started from the table's
designated position (marked with white tape). At the end of the study, demographic data was collected from the
participants using aQualtricsform.

3For the purpose of our calculation, the center of the head is located on the vertical plane bisecting the body, located between the eyes and
the top of the tragus in the outer ear on the horizontal �eld-of-view (FOV) plane.
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(a) (b) (c)

Fig. 3. (a) Collection of original reference points on the face using GRDA for head reconstruction. (b) The location of 21
original reference points on the face. (c) Snapshot of GRDA with a reconstructed head model.

4.4.1 Phase 1: Head Model Generation.As each participant has a unique facial structure, we �rst generated a
3D head model for each participant using theViconmotion tracking camera and markers to collect meaningful
gesture data in Phase 2. Figure 3c shows a sample of the reconstructed head model with GRDA. The head model
was created by collecting 21 reference points on di�erent head parts (e.g.,chin, earlobe, cheek, top of nose, temple)
and performing data augmentation.

For collecting each reference point data, GRDA showed the position of the reference point for the face, head, and
neck. Once a referent point was shown (Figure 3A), the gesture recording task was explained in the application,
with the researcher providing additional clari�cations. Once participants were ready for reference data collection,
they were asked to reposition their left1 hand at the designated starting point on the table. Once the hand is
positioned, participants were instructed to start the recording via GRDA using the available dominant (right)
hand, then perform the delimiter gesture using the marker wearing left1 hand, followed by holding the left index
�nger 4 on the designated reference point on the head for 3 seconds before stopping the recording. After the
recording was completed, a pop-up recording con�rmation window allowed the participants to proceed to the
following reference point recording or redo the current recording if necessary. After all reference points were
collected, the generated head model was shown on GRDA, allowing participants to adjust the head model using a
custom toolkit integrated into GRDA. Once the head model was �nalized, participants proceeded to Phase 2 to
perform the actual gesture data collection task.

4.4.2 Phase 2: Gesture Data Collection.After con�rmation of a head model, participants were shown 42 gesture
conditions in an approach described in the study design (Section 4.3). For each condition, they were asked to de�ne
preferred region boundaries for the targeted interaction space and the number of around-ear gesture regions.
They were also informed that region boundaries for di�erent gesture conditions could vary. The participants
were allowed to explore targeted interaction space in a practice session for each condition to build a mental model
of gesture space segmentation and �nalize the gesture region boundaries. For on-skin gestures, participants were
reminded that touching the outer ear was prohibited, and touching any other region above the neck to the head
crown was allowed. During mid-air gesture sessions, they were informed that physical touch interaction with
the body part was prohibited. However, participants were clari�ed that mid-air regions could be directly above
the outer ear and located near or away from the body, based on their preferences.

After completing a practice session, a side and front view image of the head and neck region on paper was
presented to the participants to de�ne the gesture region boundaries. Each region was marked alphabetically,
starting with the letter A. The researcher asked speci�c questions about the positioning of each region to
di�erent body parts (i.e., eyebrow, top of nose, cheekbone) and took notes while the participant de�ned the region
boundaries. Once boundaries were de�ned, a particular gesture region identi�er (A-G) was presented to the
4For a right-handed participant, the left index �nger contains aViconmarker, which switches to right index �nger for a left-handed participant.
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Fig. 4. Performance metrics for mid-air and on-skin gestures with 95% confidence intervals. Number of regions around the
ears have been ignored.

participants on the desktop application (Figure 2) for recording uni-manual gestures for that region. After starting
the gesture recording, participants began uni-manual motion from the starting position with the appropriate
delimiter gesture, followed by the target gesture over the intended boundary before turning o� the recording.
Controlling the recording via GRDA was done using the right (dominant) hand, and simultaneously, the other
hand was used for uni-manual gestures. After performing all the gesture trials for a speci�c gesture condition
(interaction space and associated number of regions), aQualtricssurvey was presented in GRDA to rate the
condition using a NASA TLX survey and identify preferred gesture region locations for that speci�c condition.
After completing all conditions, an end-of-studyQualtricssurvey was used to collect additional information
regarding gesture preferences for both interaction spaces from participants.

5 QUANTITATIVE RESULTS
Using normality tests, we tested the data distribution of gesture metrics DV1, DV2, and DV3. When applicable,
we followed up with testing homogeneity of variance for the distributions using Bartlett's test for choosing
appropriate parametric or non-parametric tests. Appendix B provides the supporting statistical analysis accompa-
nying quantitive results outlined in Figures 4 and 5. Appendix B.1 outlines the mean and median gesture metric
values across interaction spaces and the number of regions. Appendix B.2, B.3, and B.4 outline normality and
signi�cance test results to test the e�ect of interaction spaces (RQ1) and increasing around-ear regions (RQ2).

As the layouts and size for mid-air and on-skin regions associated with di�erent gestures could vary between
participants,gesture time(DV1) andpath length(DV2) for di�erent gestures could not be paired across interaction
spaces for addressing RQ1 or matched across di�erent numbers of around-ear gesture regions within each
interaction space for addressing RQ2. However, asgesture accuracy(DV3) was not directly related to gesture
region layout/size at di�erent around-ear interaction spaces, this metric could be paired/matched for both
research questions. These paired (on-skin and mid-air factors) or matched (3/5/7 regions) criteria guided our
choice between paired/matched parametric and non-parametric tests for RQ1 and RQ2.

5.1 E�ect of Interaction Space Choice on Performance Metrics (RQ1)
When analyzinggesture time(DV1) for individual gesture classes, we observed that overall (Figure 4), all gestures
exceptswipe backtook signi�cantly more time to perform on-skin than in mid-air in general (Table 4 in Appendix
B.2). Diving deeper (Figure 5), we observed that on-skinswipe backgestures took more time than mid-air
counterparts across all (3/5/7) numbers of regions around the ear. However, the di�erence was statistically
insigni�cant (Table 4). For all other gestures, we observed that on-skin gesture time was signi�cantly higher than
mid-air gestures for 3 and 5 around-ear regions. For 7 around-ear regions, only vertical (up/down)swipe, pinch
(in/out), andtap gestures took signi�cantly longer to perform on the skin. Although on-skin gesture time for
horizontal (front/back)swipegestures in 7 regions was higher, it was not statistically signi�cant.
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Fig. 5. Performance metrics for mid-air and on-skin gestures across all numbers of gesture regions around the ear with 95%
confidence intervals.

Our path length(DV2) analysis also showed a signi�cant e�ect of interaction space choice on gestures (Figure
4 - all gestures). In general, mid-air swipe and tap gesture paths were longer, and the di�erence was statistically
signi�cant for swipegestures overall (Table 6 in Appendix B.3). However, comparing the number of regions,
we only found mid-airswipe upandswipe frontgestures to be signi�cantly longer for both 3 and 5 around-ear
regions (Table 6). Mid-airswipe upgesture was also signi�cantly longer for 7 around-ear regions. However, the
gesture path length increase was not statistically signi�cant for 3, 5, and 7 mid-air regions forswipe backand
swipe down. A noticeable deviation for DV2 was observed for pinch gestures. Mid-air pinch gesture paths were
signi�cantly shorter than on-skin (Figure 4). Analyzing the number of regions, we observed signi�cantly shorter
mid-air path lengths for all numbers (3/5/7) of around-ear regions forpinch ingestures. Although thepinch out
gesture paths were shorter for di�erent numbers of mid-air around-ear regions, the di�erences were signi�cant
only for 7 region segmentations.

On-skin gesture accuracy (DV3) was signi�cantly higher (Figure 4) than mid-air for Forswipe up, swipe down,
swipe front, pinch in, pinch out, andtap gestures. Analyzing further individual gesture shapes and the number
of around-ear regions, we observed that gesture accuracy for mid-air swipe back was better for all numbers
of around-ear regions. The di�erences were statistically signi�cant for both 3 and 7 region segmentation. For
all other gestures and the number of regions, mid-air gestures were less accurate than on-skin. Overall (Figure
5 - all gestures), gesture accuracy remained relatively similar for 3 around-ear regions and starts diverging as
the number of regions increases in mid-air and on-skin spaces. Figure 5 highlights the statistically signi�cant
di�erences in DV3 metric, and Table 8 in Appendix B.4 outlines associated statistical test results.

To summarize, The e�ect of interaction space choice is less prominent for fewer (Ÿ 5) around-ear regions - the
performance starts to signi�cantly degrade for mid-air gestures compared to on-skin gestures as the number of
gesture regions increases (� 5). For a lower number of regions (= 3), mid-air and on-skin gestures have overall
similar performances, with mid-air gestures being faster than (and as accurate as) on-skin gestures while trading
o� subtility in terms of larger gesture motion (higher DV2).
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5.2 E�ect of Increasing Gesture Regions on Performance Metrics (RQ2)
We found that increasing both on-skin and mid-air gesture regions for gesture reuse had a signi�cant e�ect on
both Gesture Time(DV1) (Table 5) andGesture Accuracy(DV3) (Table 9) across all gesture classes (Figure 5 - �All
Gestures�). However, we did not �nd signi�cant changes inGesture Path Length(DV2) for overall gestures in the
on-skin interaction space. We did observe a signi�cant drop in path length (Table 7) when mid-air, around-ear
regions increased from 3 to 5. However, the changes from 5 to 7 regions, or 3 to 7 regions, were insigni�cant.

Analyzing RQ2 for gesture time (DV1) by individual on-skin gesture class, we observed that gesture time
increase was insigni�cant for on-skinswipe downandpinch ingestures when gesture regions increased from 3 to
5. However, the increase in gesture time was signi�cant for all other gesture region increases (3 to 5, 5 to 7, or 3 to
7) for all other gesture classes. In comparison, gesture time signi�cantly increases for all mid-air gesture classes
when mid-air gesture regions increase from 3 to 5 and 3 to 7. Except for mid-airswipe up, pinch in, andpinch out
gestures, increasing the number of gesture regions from 5 to 7 was also signi�cant for all other gestures. This
indicated a potential upper bound in terms ofgesture time(DV2) for mid-air (3 regions) and on-skin (5-region)
spaces for gesture reuse. For gesture path length (DV2), we found a signi�cant e�ect only for mid-airpinch out
gestures when considering the e�ect of increasing around-ear regions on individual gesture classes (Table 7).
There was no signi�cant e�ect on DV2 for all other mid-air and on-skin gestures. Forpinch out, DV2 signi�cantly
increased from 5 to 7 segmentation.

Analyzing gesture accuracy (DV3) for individual mid-air and on-skin gesture classes, we observed a signi�cant
decrease in accuracy for all mid-air and on-skin gesture classes when the number of around-ear regions was
increased from 3 to 7. Although gesture accuracy decreased for all gesture classes on increasing on-skin regions
from 3 to 5, onlyswipe backand pinch ingestures showed a signi�cant decrease. Gesture accuracy further
decreased when the number of on-skin regions was increased from 5 to 7, and except forswipe back, all decreases
were signi�cant. When mid-air gesture regions increased from 3 to 5, gesture accuracy dropped for all gesture
classes, and except forpinch in, all accuracy drops were signi�cant. However, upon increasing mid-air regions
further to 7, the drop in gesture accuracy was insigni�cant for most gesture classes exceptswipe downandtap.
Table 9 in Appendix B.4 shows the statistical test summary for testing individual gesture classes for DV3 metric.

The above metrics indicate that gesture performance does not vary signi�cantly when the number of around-
ear, on-skin regions increase from 3 to 5. However, further on-skin region segmentation for gesture reuse can
signi�cantly degrade on-skin gesture performance. In contrast, overall mid-air gesture performance degrades
signi�cantly when mid-air regions increase from 3 to 5. However, further segmentation of mid-air gesture space
does not signi�cantly a�ect overall gesture performance. Overall, this indicates a threshold of 3 mid-air regions
and 5 on-skin regions for supporting gesture reuse.

6 QUALITATIVE OBSERVATIONS

6.1 Best and Worst Regions
To answerRQ3 outlined in Section 3.1, we analyzed the gesture region boundaries collected in Phase 2 of our
study (Section 4.4.2). Figure 6 outlines the most (green) and least (red) preferred regions across 3, 5, and 7 gesture
regions in on-skin and mid-air interaction spaces, categorized by individual gesture classes (swipe/pinch/tap).
The darker shades indicate where participants' preferences for the most and least preferred regions overlap5.

Participants preferred to limit the gesture region within the frontal or peripheral view as much as possible for
both on-skin and mid-air interaction spaces. Overlap of best and worst regions, alongside participant discussions,
revealed some noticeable di�erences between mid-air and on-skin gesture region positioning. For on-skin gestures,
5 Figures represent a participant creating a uni-manual gesture with the left (non-dominant) hand. Side views represent left-hand side views
for participants. Participants use the left hand to create uni-manual gestures on the side closest to hand used to create gestures. Section 4.2
provides details on non-dominant hand usage.
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