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Abstract

Individuals with motor disabilities can benefit from an alternative means
of interacting with the world: using their tongue. The tongue possesses
precise movement capabilities within the mouth, allowing individuals to
designate targets on the palate. This form of interaction, known as lin-
gual interaction, enables users to perform basic functions by utilizing
their tongues to indicate positions. The purpose of this work is to iden-
tify the lingual and palatal gestures proposed by end-users. In order to
achieve this goal, our initial step was to examine relevant literature on the
subject, including clinical studies on the motor capacity of the tongue,
devices detecting the movement of the tongue, and current lingual inter-
faces (e.g., using a wheelchair). Then, we conducted a Gesture Elicitation
Study (GES) involving twenty-four (IN = 24) participants, who pro-
posed lingual and palatal gestures to perform nineteen (19) Internet of
Things (IoT) referents, thus obtaining a corpus of 456 gestures. These
gestures were clustered into similarity classes (80 unique gestures) and
analyzed by dimension, nature, complexity, thinking time, and goodness-
of-fit. Using the Agreement Rate (Ar) methodology, we present a set of
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sixteen (16) gestures for a lingual and palatal interface, which serve as a
basis for further comparison with gestures suggested by disabled people.

Keywords: Gesture interaction, tongue interaction, internet-of-things,
Gesture elicitation study

1 Introduction

According to the analysis conducted by Villarreal-Narvaez et al. [1] on a corpus
of 216 articles, it was found that none of the proposed gestures by Gesture
Elicitation Studies (GES) involve the use of the tongue as a body part.

The tongue is a multifaceted organ that can execute different movements
to create speech sounds, particularly those that require the tongue to touch,
sweep, or come close to the palate, teeth, or alveolar ridge. These movements
include rolling, folding, twisting, cloverleaf, and pointing [2]. The tongue’s tip
boasts impressive motor skills and mobility [3]. Unfortunately, anyone can
become a victim of an accident or illness that results in significant mobility
loss or quadriplegia. In such cases, communication may be limited to eye move-
ments, blinks, or, in some cases, the tongue [4]. It would be relevant to explore
how individuals with paralysis can remotely control regular household items
like televisions or lamps. The device may consist of a simple infrared camera
placed at the mouth [5], an intra-oral form with a touch-sensitive device pro-
vided with electrodes [6] (see Figure la) or a conventional touchpad located
on the roof of the mouth can be operated using the tip of the tongue, as shown
in Figure 1b [7].

(a) An illustration of a mechanism (b) MouthPad" [7] by Augmental.
that can detect tongue movements
through electrodes [6].

Fig. 1: Examples of devices that allow interaction through the lingual and
palate.


https://vimeo.com/818500537
https://www.augmental.tech/
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The main advantage of using the tongue to interact with computers or
intelligent environments is that this little member is a muscle that maintains
its activity in people who have suffered an accident and have been seriously
injured. These people only have active cranial nerves to move their tongue and
eyes, allowing them to interact with systems [8].

This article aims to report the results of a study of users’ favorite gestures
[9, 10] by the tongue and palate, considered a tactile surface like a track-
pad [11]. We present: (i) a set of the most proposed gestures for 19 Internet
of Things (IoT) referents based on the Agreement Rate (Ar) [12] and (ii)
Classifying Lingual and Palatal Gestures.

Twenty-four individuals with varying ages and degrees of familiarity with
computer science were interviewed to determine that a gesture must be asso-
ciated with an action in particular (referent or command). Before proceeding,
the participant undergoes a creativity test. Afterward, a sequence of actions
(referents), such as turning on a light, is presented to them one after the other.
The participants were instructed to suggest a gesture that best corresponds
with the given action. There is no information regarding the reliability and
precision of the device utilized, allowing for a great deal of creativity from the
participants. In total, 19 referents are presented to the participants. A post-
processing analysis of the participants’ gestures is carried out to determine the
concordance rates between these and the possible implementation of the ges-
tures retained in the apparatus. For each gesture made, each participant gives
a score on the quality of the proposed gesture (Agreement rate). Moreover,
the time of reflection between the presentation of the referent to the partici-
pant and the realization of the gesture is measured. Finally, each participant
evaluates the experiment using a questionnaire and gives their opinion on the
experience. This procedure is standard for GES [1, 9, 10], where users show
their preferences on an interaction surface [13, 14], on a mobile device [15], in
front of a public display [16], for radar-based gestures [17], for nose gestures [18]
or with the abdomen [19].

Gemicioglu et al. [20] analyzed tongue-based interaction and selected eight
gestures from the literature according to seven factors critical to designing.
The Usability factors were: Accessibility, Privacy, Feedback, and Simplicity
while the selected Recognition factors were: Signal strength, Distinguishabil-
ity, and Rarity. Chen et al. [21] investigated the design space and usability of
mouth-based microgestures for wearable devices moving toward the face. Their
research aims to facilitate intuitive interactions with these devices by explor-
ing user preferences and developing a practical gesture set. While both studies
examine interaction methods involving the mouth, our study stands out for
its emphasis on lingual and palatal gestures proposed by end users to execute
referents. We also focused on the interaction of people with motor disabili-
ties with systems. In section 2, we analyze current studies on this topic. Our
research methodology is detailed in section 3, while the results and discussion
are presented in section 4. Section 5 discusses our findings and future work.
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Hard palate

Palate
Lips Cheeks

Tongue

Fig. 2: Glossary - Buccal cavity parts

2 Related work

2.1 Glossary

In this section, we list alphabetically parts of the buccal cavity (mouth) that
interact in Lingual and palatal gestures; see Figure 2.

1. Cheeks are the lateral walls of the mouth; they are elastic and are composed

of skin.

Gums are the ones that cover the roots of the teeth and support the teeth.

3. Hard Palate is the upper part of the mouth; it is located behind the upper
teeth, and its surface is irregular and hard.

4. Lips are fleshy and are the outer part of the mouth. The articulation of the
lips allows speech and blocks the mouth.

5. Palate is located in the upper part of the back of the mouth; its surface is
soft and flexible.

6. Teeth are the calcified parts of the mouth. Their primary function is to cut
and grind food.

7. Tongue is the primary muscle; its mobility is wide and allows speech, and
the Tongue is the sense of taste.

o

2.2 Lingual and Palatal Gestures interactions

The field of Tongue-based Human-Computer Interaction (THCI) is emerging.
The Tongue can indeed be exploited for a wide range of tasks and actions;
most several clinical studies focus on evaluating tongue movement [5, 22] and
disabled people, but not only on them [23-27].
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Yousefi et al. [23] assessed the Tongue Drive System (TDS), a wearable
wireless technology enabling individuals with motor impairments to control
computers and wheelchairs using tongue motion. Participants with tongue
piercings completed four tasks over five sessions, investigating the TDS learn-
ing process and limitations. Tongue rings with sealed magnetic tracers were
used. Comparing the tongue-TDS to an index finger keypad revealed insights
into tongue-related factors, enhancing TDS usability and similar assistive tech-
nologies. Performance measures like throughput, error rate, and reaction time
improved significantly, with some reaching a plateau.

Lukaszewicz [24] introduced a novel computer user interface for individuals
with disabilities. The interface utilizes ultrasound imaging of specific regions
on the Tongue’s surface for recognition. Multiple ultrasound images were cap-
tured and analyzed to assess usability. Representative areas were identified,
and the boundaries of tongue surface movement were determined. A medi-
cal ultrasound sensor was used as the input device, and a sequence of digital
image frames was stored on a computer. The position of the tongue surface was
determined based on the distance between the main echo and the ultrasound
sensor. The signals indicating tongue position will be utilized for controlling
speech synthesis.

Sahni et al. [26] addressed silent speech recognition challenges where vocal-
ized audio is unavailable or noisy. The researchers developed a wearable system
comprising the Tongue Magnet Interface (TMI) and the Outer Ear Interface
(OEI). TMI tracks tongue movement using a magnetometer on Google Glass,
while OEI measures jaw-induced ear canal deformation using earmold prox-
imity sensors. A dataset of 1901 utterances of 11 phrases silently mouthed
by six participants was collected. Hidden Markov model-based techniques
were employed for phrase recognition. The study shows promising results for
user-dependent recognition.

Ito et al. [25] aimed to introduce facial expression training as a treatment for
managing facial expression in clinical practice. It focuses on teaching patients,
including those with cleft lips and/or Palate, to move their facial muscles
voluntarily. The experiment had two phases to assess the feasibility of using a
support interface for training. Phase 1 results showed potential for introducing
facial expression training with the proposed method. Phase 2 aims to evaluate
the support interface’s effectiveness further, providing deeper insights into its
utility.

The research [6] explored various methods and techniques for detecting
movement, position, and language abilities to create THCI (Tangible Human-
Computer Interaction) systems. T'wo minimally invasive infrared systems were
presented, including an electroplatographic system illustrated in Figure 1la.
To improve the usability and acceptance of THCI systems, a set of usability
criteria based on characteristics such as non-intrusiveness, efficient signal input
conditioning, system reliability, effectiveness of control strategy, and ease of
learning and use were suggested.
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Augmental [7] has developed MouthPad” (Figure 1b), a tongue-driven
interface that controls a computer, smartphone, or tablet via Bluetooth. It is
created explicitly for the user using a 3D scan of their mouth. The apparatus
is made of water-resistant dental resin, similar to the material used in dental
appliances. This device utilizes a machine-learning algorithm in its processor
to analyze signals from the user’s tongue position and pressure, enabling them
to control the cursor. Users can control the cursor using their tongue in a cen-
tralized area. Right-clicking is done with a sipping gesture, while left-clicking
is achieved by pressing the tongue against the palate. It is inclusive for all
individuals, regardless of disability or lack thereof.

Jain and Joshi [27] introduced the ”Tongue Drive System,” an assistive
technology enabling individuals with severe disabilities to control their envi-
ronment using their tongue. It utilizes a mouthpiece with magnetic Palaters
to measure the tongue’s magnetic field, wirelessly transmitting and processing
the signals to control a wheelchair. The system overcomes the limitations of
previous technologies, offering a cost-effective solution. The design process is
analyzed, and the system is based on a PIC microcontroller and RF module.
Successful testing confirms the validity of the approach.

Type by teeth (TYTH) allows users to interact with a computing system
by tapping on their teeth. This interaction is analogous to using a finger to
type on a keypad, except that the tongue substitutes for the finger and the
teeth for the keyboard [28].

A tongue-driven system may rely on the Hall Effect to drive a wheelchair
[29]: a magnet permanently attached to the tongue using adhesive tissues and
tongue piercing generates a magnetic field that will vary around the mouth.
These variations are sensed by an arranged and ay of Hall effect productive or
mounted on the headset outside the mouth. These sensors wirelessly transmit
raw data to a microcontroller and its associated microprocessor to process
signals for controlling a wheelchair. This technology is reported to provide
faster, smoother, and more convenient control than traditional devices, such
as a joystick, especially for people with minimal or no movement ability in
their upper limbs.

Abbas et al. [30] have developed a wireless, non-contact assistive technol-
ogy called the Tongue Controlled Device (TCS). This device allows individuals
with paralysis or limited limb motion to access computers and control their
environment using tongues. A small magnet is implanted or attached to the
tongue, and its movement is detected by magnetic sensors placed on a headset
or orthodontic brace. These sensors wirelessly transmit signals to a micro-
controller. The microcontroller then sends the signals to a portable digital
assistant carried by the user. Users can use these commands to access a com-
puter, control a wheelchair or prosthetics and interact with their surroundings.
The potential applications are vast, With multiple possible orders based on
teeth or tongue gestures.

Regarding brain-computer interfaces, Keeseler et al. [8] used single-trial
electroencephalography (EEG) to detect and classify tongue movements. Their
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results determined that at least four tongue movements (left, right, down, and
up) can be reliably used to interact with a system.

Mat Zin et al. [31] reviewed of the different Electropalatography (EPG)
in speech therapy. These devices are used for contact detection of the tongue
and hard palate. The result, a list of EPGs with their modifications and
specific characteristics, describes the evolution of the devices and the incorpo-
ration of new technology to provide patients with greater comfort. Finally, the
researchers suggest that the study’s advanced EPG system can be expanded
for other uses and not just limited to monitoring. This reflection makes us
think that we could use them for our interest in gesture detection and associate
it with an input mechanism.

Two studies [32] examine tongue movements and the activity of suprahyoid
muscles through electromyography (EMA). The researchers tested six palatal
tongue movements, namely extrusive, right-and-left lateral, upward, and down-
ward, touching the Palate with the tongue tip, and handling the palatal aspects
of the maxillary second molars. By utilizing a wireless electrode-type system
in the suprahyoid, they discovered that the EMA of the suprahyoid muscles
precisely reflects the tongue’s movements. This breakthrough enables a device
to detect the tongue’s activity as input.

Li et al. [33] introduced a non-contact sensor called Tongue-n-Cheek, which
uses an array of micro-radars to capture tongue gestures. These micro-radars
are proximity sensors that detect muscle movements during tongue gestures.
By employing a unique signal processing algorithm, it translates these move-
ments into gestures. Tongue-n-Cheek demonstrates high effectiveness with 95%
gesture recognition accuracy and minimal delay.

Chen et al. [21] conducted three studies. The first study involved par-
ticipants brainstorming and suggesting microgestures using their mouths to
facilitate communication. The second study explored the physical and men-
tal workload of the proposed gestures, which were then classified based on the
interaction. For the third survey, the researchers provided participants with
a list of the top 20 preferred gestures from study 2, along with descriptions,
and asked them to choose the most appropriate gesture for a task. While our
research is similar to Chen et al.’s study, we focused on using the tongue
as the primary reference point, resulting in 80 unique gestures compared to
the 20 preferred gestures. Additionally, our contribution is based on a more
comprehensive approach that considers the tongue’s movement and interac-
tion with other parts of the mouth rather than solely focusing on the mouth’s
mechanisms.

Gemicioglu et al. [20] introduced a system utilizing multiple modes and
devices to evaluate different sensors’ effectiveness in accurately distinguishing
tongue gestures. The research emphasizes the practicality and potential advan-
tages of utilizing tongue gestures as a non-invasive and convenient method
of interacting with head-mounted displays while ensuring user confidentiality.
The study focused on identifying factors critical to designing (seven factors)
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Frequency of usage

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Computer 4% NS
Smartphone 279 8o [ s% T
Tablet [ sa% T 13% 8% 8% A7l

Game console e a7 17% Wax
Kinect S —s:

M Very rarely Rarely Intermittent Frequently M Very frequently

Device [name]

Fig. 3: Frequency of usage of devices per participant.

tongue gestures that are usable (Accessibility, Privacy, Feedback, and Sim-
plicity) in various settings and can be effectively recognized (Signal strength,
Distinguishability, and Rarity) by classification algorithms. Several factors
affect its ergonomics. These include the form and placement of sensors that
detect tongue gestures, the types and number of distinguishable tongue ges-
tures available, the feedback and guidance provided to the user during input,
and the cognitive and emotional aspects of using these gestures, such as mental
workload, privacy, social acceptance, and user satisfaction. As a result, they
presented eight gestures with the tongue and mouth closed to interact (plus
two control gestures). These gestures were later used in another study [34] to
combine with gaze tracking as a point-and-click interface in three hands-free
games and a musical instrument. Unlike our study, the gestures were intended
for users, while end-users proposed our group of gestures without limitations
(privacy).

3 Experiment

All participants adhered to the same experimental procedure to ensure
successful data collection.

3.1 Participants

To ensure that the results accurately reflect the general population. For this
experiment, we selected twenty-four no-handicap participants (12 women and
12 men, with a Male/Female ratio of 1) ranging from 15 to 66 years old (with
a mean age of 30.70 and Standard Deviation of 15.05). Of the participants,
63% were students; only one was left-handed, while 23 were right-handed. The
average score on the creativity tests was 60.92, slightly below the average of
63.45. None of the participants had prior knowledge of the tongue apparatus,
and only one had no computer experience. Four participants reported rarely
using a smartphone. Most participants had low experience with video games
and Microsoft Kinect, while their experience with tablets was average, as shown
in Figure 3.
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Table 1: List of referents.

ID Referent ID Referent

1 Turn TV on 11 Turn light off

2 Turn TV off 12 Brighten light

3 Start player 13 Dim light

4 Volume up 14 Turn heating on
5  Volume down 15 Turn heating off
6  Next 16  Turn alarm on
7  Previous 17 Turn alarm off
8  Turn AC on 18  Answer phone

9  Turn AC off 19 Hang up phone
10 Turn light on

3.2 Referents

As this is a GES, we will refer to a user interface feature that can be con-
trolled independently with a command as a “referent,” which is equivalent to
a “function” [1]. The 19 referents of the experiment are presented in Table 1.

3.3 Procedure

Two members of the group welcomed the participants at the experimental site.
The environment consisted only of a desk and a computer. Each participant
must have no link with the members of the group questioning him to ensure
the neutrality of his answers. We divided the experiment into three phases.

Pre-test Phase. The participants were first asked to fill out the con-
sent form and a demographic questionnaire, including questions about their
knowledge of connected devices. Then, the participants scored between 1 and
7 according to their expertise and frequency of device use. Then, the partici-
pant’s level of creativity was assessed before the elicitation procedure using an
online generic creativity test (testmycreativity). The test yields a score rang-
ing from 0 to 100, with higher scores indicating greater creativity. The score is
calculated based on participants’ responses to 40 questions (See Appendix A).
In GES, the participants must propose a gesture for a referent, action, or task
in an environment [1]. Therefore, it requires a level of creativity on the part of
the participants; we consider that the performance in this test should be equal
to or greater than 50/100.

Test Phase. After successful pre-tests, the experience begins. The partici-
pant is introduced to the tongue detection device, and each mouth part (rough
palate, hard and soft, floor of mouth, teeth, etc.) is briefly explained. This
ensures that the participant and our group use the same vocabulary, which
is crucial for an unbiased experience. Without a common understanding, the
conclusions drawn from the experience could be considered obsolete. To pre-
vent this, necessary arrangements have been made. Next, the 19 referents are


http://www.testmycreativity.com/
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presented randomly to the participant as studies [9, 12, 35]. Participants per-
form and rate the tongue gesture for each referent on a scale of 0 to 10. We also
record the reflection time. It’s important to note the variability in the order of
referents, as having a fixed order could significantly impact the results. This
highlights the importance of the scientific research methodology and the need
for clarity and transparency to avoid ambiguity.

Post-test Phase. Once the participant finishes using the device, they
are asked to complete a post-test questionnaire (see Section 4.6). The ques-
tionnaire includes closed questions with predefined answers and open-ended
questions for participants to express their opinions freely. While the closed
questions are quickly processed, the open-ended questions require more elabo-
rate manual work. This step is crucial to the experimental process and is often
overlooked. Our observations have shown that gathering participant feedback
after the fact is beneficial for two reasons. Firstly, personal feelings can provide
a better interpretation and understanding of the results. Secondly, it can assist
future researchers in adapting the experimental setup to be more relevant and
effective for those with quadriplegia.

3.4 Results

During the study, 456 lingual and palatal gestures were observed and analyzed.
Out of these, it was found that the participants used 80 different gestures.
These gestures were categorized based on how the tongue interacted with
the oral cavity, such as touching, tapping, shooting, turning, blocking, and
sweeping. Some of these gestures were single-stroke, while others required mul-
tiple strokes [36]. To categorize and name the gestures (as shown in the last
two columns of Table 2), we followed the guidelines of Braner and Hort’s
work [37] (four main categories and nine subcategories), and also, our inspira-
tion for this approach comes from the original GES by Wobbrock et al. [10],
which used a touch surface. In our case, we view the tongue as the equivalent
of the hand and the remaining mouthparts as the touch surface.

Our categorization of the “Groups” and “Subgroups” was informed by
previous research on GES. The term “Group” is utilized to differentiate
whether the participant solely used their tongue or if it interacted with another
part of their mouth, akin to the ”locale” dimension proposed by Piumsom-
boon et al. [38], which encompasses on-the-surface, in-the-air, and mixed
locale. Regarding the “Subgroup”, we analyzed whether the gestures were
static (To perform the tongue pose, one must hold their tongue in a fixed posi-
tion) or dynamic (The tongue position is altered in a specific area) [10] and
pinpointed the exact part of the mouth involved.

It’s essential to consider both the oral components and the location of a
gesture to differentiate between them. For example, touching the right cheek
versus the left cheek with the tongue are two distinct gestures. To assess the
overall coherence between gestures, we utilize the AGATe software [12], which
calculates the coherence rate between tongue movements. The program uses
the formula developed by Wobbrock et al. [9] to determine the Agreement
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Group Subgroup ~ Category

Gesture

Swallow

tongue

Bend

Static

tongue side
tongue via hard palate
tongue via high teeth
tongue between teeth

oW

Tongue out

In-the-air

to up
straight
to left

to right

0: to down
1: U-shaped

[~ e R

Tongue out
Dynamic

12: to up twice or more times
13: to down twice or more times
14: to right twice or more times
15: to left and right

16: to right and left

17: to down and up

18: and bite

19: and in

20: to up and down

21: to down and right

22: to up-left and up-right

23: to down-left and down-right

Rotate

24: tongue clockwise
25: tongue anti-clockwise

Touch

Palate

26: palate

: palate twice

: high-low palate

: hard palate 3 times
soft palate 3 times
31: soft palate

32: lower palate

33: hard palate

34: Hard-low palate
35: palatal papilla

Sweep

: front-back palate
: back-front palate
left-right upper palate
ockwise pala e
: anti-clockwise palac

circle

Touch

Teeth

41: top in teeth twice

42: two times high then low teeth
43: a tooth

44: front upper teeth

45: inner upper teeth

46: inner lower teeth

47: top lower teeth

48: right lower teeth

49: left upper teeth

50: front lower teeth

On-the-surface

Sweep

51: between left-right teeth
52: right-left teeth

53: left-right teeth

54: right-left top bottom teeth
55: back-forth teeth

Block

56: pinch
57: tongue between center-teeth
58: two or more times

Touch

5: left corner

60: closed mouth

61: upper lip

62: lower lip in the middle

Lips

Sweep

: left-right upper lip
right-left bottom lip
55: right-left upper lip
: back-forth upper lip
: up-down lip

. Touch
Gums

68: upper gum
69: lower gum

Sweep

70: up-down gum

Touch
Cheek

71: left cheek then right cheek

72: right cheek then left cheek

73: cheek twice

74: cheek

5: left cheek in the middle

76: left cheek in the middle 3 times
77: left cheek up

78: right cheek

Sweep

79: clockwise right-cheek circle
80: anti-Clockwise left-cheek circle

Table 2: Classification of lingual and palatal gestures.

11
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rate, which is calculated using formula (1) as cited in the study by Vatavu et
al. [35].

2 2
I |P| |Pi| 1
=2 <P|> 2 ARD = T 2 <|P|> B

pPCP pPCcP

To characterize the degree to which participants simultaneously agree for
referents {rq, ra, ..., 7t },2 < k < |P|. The co-agreement rate for k > 2 referents
is determined by using the formula (2). Where P corresponds to the set of
gesture proposals for referent r and P corresponds to the size of this set. P;
represents the subset of propositions of identical gestures of the set P.

n k
OR(ri,rs, i) = -3 [[ 8igim = g PIIP] —1) 2)
i=1j=1

As part of this study, an Agreement rate of 0.029 was measured. This one is
relatively weak and is explained by the great diversity of the gestures retained.

In addition, specific gestures are often performed several times by the same
person for different referents. We also often found that the gesture of a par-
ticipant associated with a particular referent does not coincide with the same
referent for another individual. In the series of referents presented, most of the
actions are opposed. Usually, the power button on a TV remote is used to turn
the TV on and off. It might seem logical for people to use the same gesture to
turn other devices on and off, like sticking out their tongues. However, there is
often a lack of agreement about these gestures, mostly because people forget
what was previously suggested.

A complete classification of the gestures is carried out to claim the majority
of gestures. For example, the gestures “touch the second canine on the right”
or “touch the second molar on the left” are grouped in a new category called
“touching a tooth”. This second sort considers the more global aspect of the
gestures made. However, it is still essential to distinguish gestures that make
sense from the action taken, such as pulling one’s tongue up or down to select
the next or previous item. From this new sort, it turns out that 80 gestures
are retained with an average Agreement rate of 0.035, as shown in Figure 4.

The Agreement Rate, which is still relatively low, reflects the mismatch of
participants as to the use of tongue only. This shows, in particular, an existing
link with a time of generally critical reflection, as presented in the rest of this
document. No participant is used to performing such an exercise. However, it is
interesting to highlight tongue movements with the highest Agreement rates as
gesture No. 20 “Next” (0.091 Agreement rate) with the gesture “tongue out up
and down”; its opposite, the gesture No. 17 “Previous” (0.062 Agreement rate)
with the gesture “tongue out down and up” and finally the gesture No. 7 “Turn
light on” (0.083 Agreement rate) with the gesture “tongue out (straight)”. The
gestures performed for “Next” and “Previous” referents are naturally linked
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0.00 0.02 0.04 0.06 0.08 0.10

20: Tongue out ( 3

to up and down Next [GEES

7: Tongue out straight Al Turn light on Cr=0.043

17: Tongue out to down

and up Previous

26: Touch palate

Start Player

53: Sweep left-right 0.07

teeth Volume up

1: Swallow tongue

Turn TV off

52: Sweep right-

left teeth //| Volume down
50: Touch front
lower teeth Turn alarm on
T
7:Tongue | ——
out straight \"_//| Turn light off ~
44: Touch front
upper teeth Turn alarm off m‘ ~
38: Sweep left- | /i
right upper palate ‘5@9 Answer call m ™~
Ty
74: Touch cheek ‘\6 Turn TV on m ~
53: Sweep left- | /oy . .
right teeth \&) Brighten light m Cr=0.007
53: Sweep left- B\ -
right teeth &) Dim light m
T
8: Tongue out /
to Ioft @ Hang up call m
T
6: Tongue out -
toup &>, TumACon m—'
o/
24: Rotate tongue @ Turn heat on Cr=0.004
clockwise
. 7 Cr=0,014
25: Rotate tongue anti- 1
clockwise &/ Turn heat off
. AN
43: Touch a tooth (5 )) Turn AC off [lE]
=

Average

Fig. 4: Most elicited gesture by referent and Agreement rate of gestures by
referent. Error bars indicate the standard deviation of the agreement rate. Co-
agreement rate between opposite referents (Cr).

to the gesture that one would make on a smartphone to select the next or
previous item of a list with the help of a finger. The gesture of tongue out
(straight) instead of “Turn light on” may refer to the pressure exerted on the
switch to “Turn light on”. The latter can be relatively performed by known
physical gestures.

The Frequency of reproduction of gestures is shown in Figure 5. As stated
above, several gestures can be associated with the same motion. The most
frequent gestures are shown in Table 3.
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53:Sweep left-right teeth [INIEEEEEZN
52:Sweep right-left teeth [IEENFER
7:Tongue out(straight) [IEENFERRNN
26:Touch palate IR
33:Touch hard palate | IEEREI
6:Tongue out to up [IERECEN
43:Touch a tooth [T
27:Touch palate twice [IECRRN
44:Touch front upper teeth [IECRRN
10:Tongue out to down [IEEEEERRN
1:Swallow tongue PR
78:Touch right cheek [IEEFRRN
14:Tongue out to right twice o more times [IEEFRRN
17:Tongue out to down and up [IEFRRN
45:Touch inner upper teeth [IEERN
36:Sweep front-back palate [IEECENN
74:Touch cheek [ETIN
9:Tongue out to right [IEERN
75:Touch left cheek in the middle [IEEERN
46:Touch inner lower teeth [IEERN
37:Sweep back-front palate [IEERN
64:Sweep right-left bottom lip [IEEREN
15:Tongue out to left and right [IEEREN
8:Tongue out to left IR
20:Tongue out to up and down [N
61:Touch upper lip [IERN
62:Touch lower lip in the middle [IEEAN
57:Block tongue between center-teeth [N
32:Touch lower palate [
24:Rotate tongue clockwise I
63:Sweep left-right upper lip [IEN
38:Sweep left-right upper palate [lEIN
73:Touch cheek twice [EN
19:Tongue out and in [EIN
50:Touch front lower teeth [ERN
25:Rotate tongue anti-clockwise [ER
56:Block (pinch) [N
11:U-shaped Tongue out [l
69:Touch lower gum [
55:Sweep back-forth teeth [EN
2:Bend tongue side [EN
41:Touch top int teeth twice [JEN
21:Tongue out to down and right [EN
34:Touch Hard-low palate [EN
54:Sweep right-left top bottom teeth [EJ
65:Sweep right-left upper lip E1
66:Sweep back-forth upper lip E
79:Sweep clockwise right-cheek circle B
80:Sweep anti-Clockwise left-cheek circle EJ
4:Bend tongue via high teeth 3
29:Touch hard palate 3 times EJ
31:Touch soft palate FI
12:Tongue out to up twice o more times [El
13:Tongue out to down twice o more times [El
16:Tongue out to right and left E
18:Tongue out and bit
77:Touch left cheek up
59:Touch left corner E
68:Touch upper gum [El
51:Sweep between left-right teeth |
39:Sweep clockwise palace circle |
40:Sweep anti-clockwise palace circle |
70:Sweep up-down gum |
67:Sweep up-down lip |
58:Block (2 or more times) |
3:Bend tongue via hard palate |
5:Bend tongue between teeth |
28:Touch high-low palate |
71:Touch left cheek then right cheek |
72:Touch right cheek then left cheek |
42:Touch 2 times high then low teeth |
30:Touch soft palate 3 times |
76:Touch left cheek in the middle 3 times |
47:Touch the top lower teeth |
60:Touch closed mouth |
48:Touch right lower teeth |
49:Touch left upper teeth |
35:Touch palatal papilla |
22:Tongue out to up-left and up-right |
23:Tongue out to down-left and down-right |

Average \m
Fig. 5: Frequency of occurrence of gestures




Springer Nature 2023 BTEX template

Lingual and Palatal Gestures 15

Table 3: The most frequently elicited gestures.

Times  Gesture ID  Gestures

20 53  Sweep left-right tooth
57  Tongue out straight
26  Touch palate
33  Touch hard palate
52  Sweep right-left tooth sweep

>10 6  Tongue out straight up
43  Touch tooth
27  Touch palate two times
44 Touch front lower teeth in front
14  Tongue out two times
10  Tongue out down
78  Touch cheek right

Based on the analysis of gesture frequency, most elicited gestures appear
relatively simple, except for repetitive actions, almost palate and pulling the
tongue. Interestingly, none of the most commonly executed gestures were asso-
ciated with the referents that received the highest Agreement ratings. This
suggests a lack of spontaneity and natural flow in the experiment design.
Additionally, examining the relationship between opposing referents, such as
turning a television on and off, may be worthwhile. There are nine opposite
referents listed, as illustrated in Figure 4.

Surprisingly, most gestures have a low Agreement rate except for the third
co-referent, “Next/Previous”, which has an impressive Agreement rate of up
to 0.043. In the case of other referents, a low Agreement rate implies that the
associated gestures must not be “Inverted” between opposite referents if they
are to be retained. For instance, it would be logical to use “Tongue out to the
right to answer call” and “Tongue out to the left to hang up call”.

4 Analysis and Discussion

After gathering data through experience, analyzing and interpreting the results
is essential. This involves extensive Classification of gestures and overall assess-
ments by participants. To do this, we classify gestures based on dimensions,
nature, complexity, participant score, and duration of reflection time. This
helps identify the gestures that were successful in achieving their intended
purpose.

4.1 Classification of gestures by number of dimensions

The Classification of gestures is based on the number of dimensions of tongue
movements, as depicted in Figure 6.

0D. For example, a gesture can be classified as 0D at the touch of an oral part or
simply holding the right tongue out of the mouth. Given the device (infrared
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Fig. 6: Illustration of the gestures by dimension: a) 0D, b) 1D, ¢) 2D and d)
3D.

camera), the movements concerned are mainly those of the type “To type”,
“To touch” and “To shoot” (in the direction to leave). The gestures “Touch”
and “Pull” take into account the duration during which the tongue remains
fixed (zero acceleration on contact or when out of the mouth for a while).
The “Typing” gestures take into account the tricky aspect of the contact
(rarely acceleration). It is also decided to use the gestures “To type” and “To
touch” with repetitions (for example “Type 2 times”). In more detail, the
tongue can reach the internal and external parts of the mouth. Internally,
we find: teeth (front and back), gums (up and down), cheeks (left and right),
palates (hard, soft, and rough), and the floor of the mouth. Externally, the
tongue can reach the lips (up and down) or pull the tongue. For these parts,
it is also desirable, in case useful, to differentiate the direction of the tongue
(for example: “Touch the front upper teeth”). It is also possible to touch
several parts of the mouth simultaneously. Thus, a huge number of gestures
are possible.

1D. 1D gestures are performed when the tongue moves in a single direction with
usually a more or less constant speed. In this case, the tongue can reach
the same parts of the mouth as in the case of 0D gestures. In this category
are mainly the gestures of type: “Sweep part of the mouth” or “Tongue out
and sweep”. For sweeps, depending on whether the gestures have meaning
about the referent, it is necessary to consider the direction of the movement
(for example: from left to right, from right to left, from top to bottom, from
bottom to top, etc.).

2D. The tongue describes the gestures in 2D according to a surface belonging to
a plane (2 directions). It is possible to describe 2D gestures in contact with
the palate (hard, soft, and rough), the floor of the mouth, or the cheeks.

3D. 3D gestures describe a surface in space (3 directions). Examples of gestures
can be “Turning” the tongue inside or outside the mouth. In this category
are also taken more original gestures such as “Bend” the tongue or “Deform
in the shape of a U”.
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Gestures classification oD: 1D:
by dimension 63% 30%
Average score Bad: Neutral: Good:
of gestures 5% 30% 50%

Average reflection
time per
gesture

- 4/10;
Parti its’ not
aricipants netes 3'3,‘_

. Learned
Positive feedback Simple: Original: Funny: Innovator: ‘w'::'::e'ss: Interesting ew . Rapidity: Others:

on the experience 15.5% 12.1% 12.1% 10.3% O things:  5.2% 22.4%
5.6% £ o9

11s > 15s: 165 > oo:
19.7% 21.7%

Negative feedback Duration: Hard to find gestures: Complex: English:  Unclear:

on the experience 22.7% 18.2% 11.4% 11.4% ~ ok 1 18.2%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Fig. 7: Frequency of Classification of gestures by dimension, Average score
of gestures, Average reflection time per gesture, Participants’ notes, Positive
feedback on the experience, and Negative feedback on the experience .

Consequently, 63% of the gestures, which amounts to 289, are of 0D type.
Out of these, 135 are categorized as “touch”, 75 as “pull”, and 68 as “type”.
Category 1D comprises roughly 30% of the gestures, which is 139 in number
and includes 94 “sweep inside the mouth” gestures and 45 “pull the tongue
and sweep” gestures. The remaining gestures, only 1% of which are 2D and
5% of which are 3D, are shown in Figure 7.

It’s worth noting that around 75% of the observed gestures involved some
form of contact with the mouth, and a similar proportion of gestures were made
inside the mouth. This suggests that participants found it easier to imagine
relatively simple gestures.

4.2 Classification of gestures by nature

The gestures are classified according to their nature, similar to the approach
taken by McNeill [36, 39] and Wobbrock. et al. [10]:

1. Physical: the gesture described by the participant as if he were acting on
the object. e.g., work as if you were pushing the button to turn on the
television by pulling the tongue.

2. Metaphorical: the gesture refers to a metaphor; in other words, the rela-
tionship with the referent is indirect. For example: perform a palace scan
to answer a call, as is the case with your finger on most smartphones.

3. Symbolic: The gesture makes a symbolic reference linked to the action to
be performed at a distance. For example: Draw a “T” on the palace to turn
on/off the television concerning the first letter of the object in question.

4. Abstract: the gesture described is not directly related to the action to be
performed remotely. For example: approaching both sides of the U-shaped
tongue to turn on the heat, so the two activities are unrelated.

This Classification appeals to the subjectivity of the experimenters. The
analysis results are shown in Figure 8. First, no symbolic gesture has been
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Fig. 8: Classification of gestures by nature.

made, given the apparatus used and the actions to be performed. Next, most
of the gestures elicited are of the order of the abstract (60.2% on average). Sec-
ondly, physical gestures (20.8% on average) and metaphorical gestures (19%
on average). Given the apparatus and the actions to be performed, the large
number of abstract gestures coincides with earlier analyzes in which the par-
ticipants already had difficulty finding a generally logical meaning with the
referent.

We observed metaphorical gestures for actions such as “Volume up/down”,
“Next”, “Previous” or “Brighten/Dim Light” through sweep-type gestures
with the tongue, like what it could be doing on a smartphone device. Finally,
we find gestures of the physical type for referents of the kind “Turning on/off
+ object” with a gesture like exerting pressure on a buccal part or pulling the
tongue, referring to the button of sort On/Off of the objects.

After analyzing the relationship between the referents and the gestures pro-
posed by participants, we found that referents with context that can vary their
value or position, such as volume up/down, brighten/dim light, and next/pre-
vious, are associated with dynamic gestures. These gestures involve the tongue
moving to create single or multiple strokes, such as a left-to-right sweep of the
teeth to increase volume. Interestingly, we also observed that gestures in the
opposite direction corresponded with opposite references, such as a right-to-
left sweep of the teeth. For the referents linked to activating or deactivating
(On/Off), the participants proposed static gestures, where the tongue main-
tained a position or only made contact with another part of the mouth, e.g.,
sticking out the tongue, touching a tooth, or retracting the tongue. Except for
heating, the participants may have associated this with regulating the temper-
ature and rotated the tongue clockwise to turn on and anti-clockwise to turn
off.
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Fig. 9: Correlation reflection time - Score.

4.3 Classification of gestures by complexity

A study was conducted to analyze the complexity of gestures. The gestures
were categorized as simple (done in one stroke) or composed (made by com-
bining multiple traits). The results showed that 61% of the gestures were
uni-stroke, while 39% were multi-stroke.

The analysis of complexity presented here shows that participants preferred
simple gestures over complicated ones. The more straightforward gestures
involved touching or slapping the tongue, while more complex ones included
actions like “pulling the tongue and swiping left to right”, “tapping the left
cheek then the right” or “sticking the tongue out twice upward”. One possible
explanation for this preference is that, when faced with a new situation and
time pressure, participants naturally opted for simplicity, prioritizing ease and
speed over complexity, even more than they might have in a typical, everyday
scenario.

4.4 Classification of gestures by score

Following each gesture performance, the participant was asked to rate their
gesture on a scale of 1 to 10 to evaluate its quality. Different categories of scores
were defined to classify the gestures. Scores 1 and 2 are considered very bad,
3 to 4 are bad, 5 to 6 are average, 7 to 8 are good, and 9 to 10 are excellent.
The frequency of scores is illustrated on average in Figure 7.

Most participants showed great enthusiasm for the proposed gestures, with
around 64% of gestures receiving good and very good scores, while only 6%
were rated bad or very bad. A majority of participants expressed satisfaction
with their actions, despite low Agreement rates. Notably, referent No. 13, which
involves decreasing luminous intensity, mainly received good grades, despite
a low Agreement rate. However, due to participants’ lack of familiarity with
using only tongue movements to communicate, agreeing on the gestures to
perform was challenging. Nevertheless, 50% of the notes attributed to gestures
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Fig. 10: Scores of gestures by referent.

were 7/10 and 8/10, indicating a high level of success. Figure 9 provides further
insight into the distribution of scores.

4.5 Classification of gestures by the time of reflection

The time participants take to reflect on the gesture they want to achieve can
provide valuable insights [40]. A shorter reflection time usually indicates a
more natural and coherent gesture. However, when participants take too little
time to reflect, they may make a gesture that does not align with the desired
action. To simplify things, the reflection times are grouped into five-second
categories (always rounded to the nearest integer), as illustrated in Figure 10
and in greater detail in Figure 11.

Only 22.8% of gestures are performed with a relatively short reflection time
(1 to 5[s]). This is relatively minor, thus reporting the difficulty of some par-
ticipants to find a multitude of gestures only with the tongue, especially after
some actions have already been done. 35.7% of the gestures are in the category
of gestures of average duration (from 6 to 10[s]). In contrast, about 40% of
the gestures are performed after a considerable time for reflection (more than
10[s]). To deepen the analysis, examining the correlation between reflection
times and mean scores by referent would be helpful, as shown in Figure 9.

We can notably note that referent No. 6 (“Next”) has the best Agreement
rate, the average reflection time is the lowest, and the given score is the sec-
ond best. The referent No. 7 (“Previous”) scored the highest score. It is also



Springer Nature 2023 BTEX template

Lingual and Palatal Gestures 21

0 2 4 6 8 10 12 14 16 18 20 22 24
Tum TV on 4 4
Turn TV off 6 6
Start player [N B S —— 5 7
Increase volume 9 4
Decrease volume I BN 22— 5

Next
Previous
Turn AC on
Turn AC off
Turn light on
Turn light off
Brighten light
Dim light
Turn heat on
Turn heat off

Referent [name]
i ~ i ~ ~
w
(3,
(3]
N
(3,1 (3,]
»
.
©
~ ~
o N
(3,1 (3] [3,]
w
N

Turn alarm on

©
A

Turn alarm off
Answer call

©
3]
& B

w
~

Hang up call
m1s - 5s u6s —»10s 11s — 15s 16s — Number of participants

Fig. 11: Reflection time of gestures by referent.

interesting to note that referents such as No. 8, 9, 4, and 15 (“Turn AC/heat
on/off”) somewhat surprised or confused the participants, who needed more
reflection time and gave their choices lower scores. For referent No. 3, the
reflection time is the most important, and the assigned score is high, thus
going against intuitive reasoning. The referents are generally achievable on a
smartphone-type device, have frequently needed less time for reflection, and
have better ratings because they seem more logical for the participant.

4.6 Experiment appreciation

Following each study, participants were asked to complete the IBM Post-Study
System Usability Questionnaire (IBM PSSUQ questionnaire) [41]. It is a tool
used for evaluating the usability of systems. The questionnaire consists of
19 items measuring user satisfaction, such as system usefulness, ease of use,
and interface quality. The responses are collected on a 7-point Likert scale,
ranging from strongly agree to disagree strongly, or the participant can opt
to abstain from answering questions irrelevant to the study. We utilized a
proposed questionnaire version by UIUXTrend consisting of 16 questions and
maintained a scale of 1 to 7 (See Figure 13).

The average score for most questions ranges from 4 to 6, as demonstrated
in Figures 12 and 13. However, participants deemed questions 7, 8, 9, and 10
off-topic, yet some still provided scores for these questions. Participants rated
question 12 highly regarding clarity of information and question 13 for the
acceptability of the proposed interface. However, the ratings for questions 1
and 2, which are related to the ease of use of the system, were the lowest.
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Fig. 12: Score by question.

Of the participants, 15 were satisfied with the design, while seven were not.
Furthermore, nearly half of the participants were uncertain about the device’s
learning ability and felt uneasy using it.

Along with the IBM PSSUQ questionnaire, participants were asked to pro-
vide three positive and negative aspects of their experience. Only relevant
and notable occurrences were considered to draw accurate conclusions. Partic-
ipants faced various challenges, such as navigating between opposite gestures
(e.g., turning the TV on/off), finding gestures, and understanding the cre-
ativity test. However, they also highlighted positive aspects of the experience,
including the device’s originality, innovation, practicality, and entertainment
value. Refer to Figure 7 for more information on participants’ opinions.

4.7 Implications for Designing Palatal and Lingual
Gestures

Throughout the elicitation process, participants could perform their gestures
without any restrictions. However, we did not gather information on whether
the participants would feel comfortable performing these gestures in private
or public settings, such as work meetings. We assumed that the participants
were in their personal or family space, so their proposed gestures should not be
influenced by their surroundings or any criticism from others. It’s important
to note that some gestures, like No. 7, where the user sticks their tongue out
to turn off the light, may elicit laughter from onlookers. Additionally, many
suggested gestures require the user to open their mouth, which can be awkward
in public settings. If others don’t understand these gestures, it could lead to
confusion or mockery, harming the user’s social standing.

We relied on the frequency of open-mouth gestures proposed by end-users
(see Figure 5) as they felt at ease suggesting these gestures. In contrast to
Gemicioglu et al. [20], who proposed eight gestures with closed mouths for
privacy purposes.

This work and the one carried out by Chen et al. [21] are independent
studies. They focus on gestures made by the mouth; for example, there is the
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M Strongly disagree Disagree Neither disagree nor agree Agree W Strongly agree

Fig. 13: Distribution of scores by question. M represents the mean score of
each question and the level of significance results from a Wilcoxon sign-rank
test to determine whether the scores depart from the median Mdn=4.

gesture to close the mouth (G6); this gesture would not be taken into account
in our study since we focus on gestures that can be produced with the tongue
and can interact with parts of the mouth. In study 3, it is illustrated that 12
of the 20 (from G1 to G20 gestures) gestures were with the tongue. These 12
gestures are found in our classification (see Table 2). G2, G3, G11, G2, and
G15 (in total, five gestures) match the gestures associated with references from
our study (see Figure 4). Users prefer to propose gestures where the tongue
interacts with the teeth and the palate.
We suggest the following:

—~

A Consider that the gestures are made with the mouth open.

A For opposite referents or commands, such as turning the volume up or down,
consider gestures that move in opposite directions.

A Users prefer to interact with their teeth and palate.
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The gestures that received agreement for executing a referent are displayed
in Figure 4. The participants tended to favor gestures where the tongue moved
independently and interacted with the teeth as a secondary option.

5 Conclusion and future work

For many people, controlling remote objects is no big deal, thanks to the
increasing use of smart gadgets. However, for those with disabilities, it can be
a complex task. This study focuses on using a device to control objects through
tongue movements. To determine appropriate gestures to remember, 24 partic-
ipants were interviewed, and their elicited gestures were sorted. Surprisingly,
there was little correlation between the participants’ gestures.

Nonetheless, of the 80 gestures retained, many related to actions that can
be performed on devices like smartphones. We matched 16 gestures with 19
IoT referents based on the Agreement Rate calculation. However, the inexperi-
ence of users in using their tongue as a remote control tool led to relatively long
reflection times to make gestures, resulting in a lack of spontaneity and concor-
dance among participants. Despite this, participants were somewhat satisfied
with their proposals. Finally, after analyzing the results and as a conclusion of
our discussion, we establish implications for the design of a lingual and palatal
interaction.

The participants perceived the lingual and palatal interaction as very useful
in raising awareness about the cause of the disability. There is great enthusi-
asm, and interest in the development and standardization of use in the future.
However, this will necessitate new studies on acceptance. In Section 2, we
provide examples of this interaction.

Although our work in part of Section 2 focuses on the study of mobility
and the ability to move the tongue of people with disabilities or paraplegia, the
participants in our experience were non-disabled. This means that the proposed
gestures may not consider the challenges of people with disabilities. As future
work, we consider carrying out a GES with disabled people, comparing the
final gestures, and evaluating the difference between the two studies. Waiting
for a lingual and palatal interaction to become popular, that is, systems that
interact with gestures of the language are developed, we could compare these
with the set of gestures of the system and gestures proposed by end-users. This
study could be replicated to assess the influence on users when an interface
becomes popular and commercial systems are available.

Appendix A Creativity test

TestMyCreativity is an online tool that comprises 40 questions. We specifi-
cally selected this test due to its convenience in administration and its ability
to assess a wide range of factors. The test evaluates various dimensions of cre-
ativity, including abstraction, which involves extracting fundamental concepts
from ideas. It also measures connection, which focuses on identifying rela-
tionships between seemingly unrelated elements. The test assesses perspective,
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which entails the ability to shift viewpoints in terms of space, time, and other
individuals. Additionally, it examines curiosity, which reflects a willingness
to challenge and improve established norms. The test also measures boldness,
which encompasses pushing boundaries beyond conventional limits. Paradoz is
another dimension evaluated, which involves embracing and effectively work-
ing with contradictory concepts. Furthermore, the test assesses complerity,
which evaluates an individual’s ability to handle and process a large amount
of information. Finally, persistence is examined, focusing on the determination
to continue seeking stronger solutions even after generating satisfactory ones.
Figure A1l shows an example of the questions asked in this questionnaire.

QTEST MY
CREATIVITY

On a typical day at work, do you censider yourself to be:

17.A person who q!"s angry ‘when they see thlﬂgs that are not as well done as they should be?
Not like ‘ ' ‘ ‘ ‘ ‘ ‘ ' Alot like
me at all me

18. A person who likes to take charge of a situation?

A lot like
me

19. A person who is eager?

Not like ' : ' ' ' ' ‘ A lot like

me at all me

20. A person who likes crossword puzzles?

Alot like
me

A lot like
me

Fig. A1l: Example of creativity test questions (TestMyCreativity)
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