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Abstract: The barbell piercing can be used as an assistive device that allows people with severe
disabilities, such as tetraplegia, to control their environments using the movement of the tongue. The
human tongue can move rapidly and accurately, such that the tip can touch every tooth. Lingual
control systems allow people with disabilities to take advantage of their residual skills for easier
communication and to improve the control of mobility and the surrounding environment. The
aim of this study was to conduct a narrative review of the development and dissemination of the
assistive technologies based on tongue control by means of the barbell piercing. The design of the
study was based on: (I) an overview of Pubmed complemented with other databases and Web
searches (also institutional); (I) an organization according to a standardized checklist for narrative
reviews; (III) an arrangement with four different perspectives: the trends in the scientific literature,
technological evolution and categorization, dominant approaches, issues of incorporation into the
health domain—such as acceptance, safety, and regulations. The results have highlighted: (1) that
the volume of scientific productions, which started in this sector before the smartphone expansion,
has not increased; (2) that it is possible to make a map point of the technological evolution and
categorization; (3) that these assistive technologies have a high degree of acceptance and performance,
especially when integrated with aid tools with mechatronics; (4) and the complexity of the regulatory
framework in this area. The study, from a general point of view, highlighted the high potential of
these systems and we suggest investing the energy into agreement tools for assistive technologies
(AT)s, such as health technology assessment studies, comparative assessment analysis, or consensus
conferences that could allow a better diffusion and use of ATs, including these systems.

Keywords: spinal cord injuries; assistive technology; tongue barbell piercing; tongue drive system;
inductive tongue control system

1. Introduction

This study moves into the sector of severe motor disabilities. Among these dis-
abilities, quadriplegia has an important impact on the autonomy and quality of life of
a person. Assistive technologies have enormous potential for supporting the commu-
nicative functions of people with tetraplegia and are therefore the theme of important
studies relating to engineering developments and clinical applications. Among the assistive
technologies used in quadriplegia, it is also possible to find some technologies based on the
barbell piercing.

1.1. Spinal Cord Injuries and Tetraplegia: Definition

A spinal cord injury is the result of damage to any portion of the spinal cord or the
nerves at the base of the spine. The spinal cord is a bundle of nerve fibers and tissue, which
lies within the spine forming the brain’s connection to the body.

Damage to any part of the spinal cord can affect sensory, motor, and reflex capabilities
if the brain is unable to send information past the location of the injury.
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A severe spinal cord injury (SCI) or traumatic brain injury (TBI) can have a variety
of impacts [1]. Patients of SCIs and TBIs can suffer a certain type of constant paralysis.
An SCI can be complete (totally affecting the spinal cord) or incomplete (partially affecting
the spinal cord). Furthermore, it should be considered that the higher the damage is
positioned on the spine, the more serious the paralysis will be. We must consider that the
spine is divided into four districts: cervical (C1-C7, C8*), thoracic (T1-T12), lumbar (L1-L5),
and sacral (S1-S5) (*there is an additional cervical-level injury known as a C8 injury, which
relates to damage to the spinal cord root that exits the spinal column between vertebrae C7
and T1). Tetraplegia refers to damage in the cervical district.

The simplest Tetraplegia definition [1] is “a form of paralysis that affects both arms
and both legs “This term is often replaced with the term “Quadriplegia”. Table 1 reports
the neuromotor limitations as a function of the location of the damage [1]. The level of
individual disability depends on several factors, such as the position of the injury, its
completeness, and the timeliness of the treatment of the injury. Therefore, the technologies
must be properly planned and assigned to support the disability considering this.

Table 1. Map between the level of the lesion and the state of neuromuscular functions in quadriplegia.

District/Level Neuro Respiratory Function Neuromuscular Function

C1-C4 Need for mechanical breathing Total paralysis of the arms

Difficulty in coughing, there may
(€5 be a need for help in cleaning
up the secretions

Paralysis of the wrists, hands,
and triceps muscles

Paralysis of the wrist flexors,

6 As above triceps, and hands

Some muscle weakness in the
C7-C8* As above hand, difficulty in grasping
and releasing

1.2. The Assistive Technologies and the Tetraplegia

The WHO has addressed the issue of Assistive Technologies (ATs) and reports on its
website [2] as they are a fundamental instrument of equity, independence, and dignity. In
other words (literal quote),

“Assistive technology enables people to live healthy, productive, independent, and dig-
nified lives, and to participate in education, the labour market and civic life. Assistive
technology reduces the need for formal health and support services, long-term care and the
work of caregivers. Without assistive technology, people are often excluded, isolated, and
locked into poverty, thereby increasing the impact of disease and disability on a person,
their family, and society.”

According to the Assistive Technology Industry Association (ATIA), an AT is any
item, piece of equipment, software program, or product system that is used to increase,
maintain, or improve the functional capabilities of persons with disabilities [3]. An AT
supports people who have difficulty speaking, typing, writing, remembering, pointing,
seeing, hearing, learning, walking, and many other things.

These aids are complex devices that often use special materials and complex mechanics.
They are controlled by high-level electronics and information technology (e.g., motorized
exoskeletons). In the case of aids for supporting the communication capabilities of people
with communication disabilities, so-called devices for “alternative and augmentative com-
munication” (e.g., eye pointers) are used [4]. The ATs for quadriplegia have been greatly
affected, as for other forms of disability, by the exceptional technological developments
of recent decades, and, more specifically, by the miniaturization of electronics, and the
diffusion and integration into the health domain of mobile technology, micromechanics, and
materials. These ATs allow people with tetraplegia both to interact with the environment
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and to communicate. They allow for the control of your smartphone, tablet, computer,
wheelchair, robotic devices, and more, usually from one singular controller/device. This
gives the person control over the Ambient Assisted Living systems for domotics, communi-
cation, and displacement.

When quadriplegia is addressed, it is necessary to carefully consider both the different
forms of neuromotor disability and other aspects such as age, literacy, and the presence of
any cognitive disorders, while also considering other factors such as the patient’s ability to
accept a certain assistive technology. In this context, it is important to adapt the ATs to the
person [5].

All of this is also in compliance with the latest document, the “International Classifica-
tion of Functioning, Disability and Health” [6], which no longer looks at disabilities but at
the health components of the person.

1.3. The Barbell Piercing as an Assistive Technology

In recent years, among the various AT solutions that have been developed to support
tetraplegia patients with environmental control, communication, and displacement, it is
possible to find those based on barbell piercing. Body piercing is defined as the penetration
of an ornament into openings made in the skin or mucosa. Intraoral and perioral sites are
often selected for piercing with the tongue, lips, and cheeks being the most pierced sites.

The spread of “body art” practices has given rise to increasing concerns.

We previously performed studies and analyses on tattoos and piercings designed to
improve the lives of those who suffer from particular diseases [7]. Medical tattoos applied
to restore the bodily integrity of cancer patients are an example.

There is also a great interest in the application of piercing in assistive devices, based
on tongue control systems that can help to improve the autonomy of people with severe
motor disabilities.

The barbell piercing can also be used as an assistive device that allows people with
severe disabilities to control the environment using the movement of the tongue. The
human tongue can move rapidly and accurately and the tip can touch every tooth. Lingual
control systems allow people with disabilities to take advantage of their residual skills
for easier communication and to improve the control of mobility and the
surrounding environment.

Regarding the sensor in these ATs, an activation unit made of a soft ferromagnetic
material magnet can be used to carry out actions based on distance or support with
appropriate devices.

Therefore, such an activation unit placed, for example with adhesive, on the tongue
can interact with other receiving devices internally or externally from the mouth.

The use of a piercing as an alternative solution guarantees better stability, as the
actuator is firmly anchored on the tongue through it. The positioning of the actuator by
means of an adhesive solution presents less stability at the price of easier removal.

A technological study proposed at the Micro and Nanotechnology Sensors, Systems,
and Applications IX congress in 2017 [8], highlighted the technologies used, and the
classification of the devises used in this field.

1.4. Purpose, Organization and Key Questions to Answer
The main objectives of this study are to:

e Investigate the evolution of these devices; the volume of scientific production; describe
the use of tongue piercing as a driving tool for AT systems in quadriplegic patients
enrolled in the study protocols.

e  Analyze the use of these devices and their integration into the health domain.

The work is organized into five sections plus the introduction (section one).
Section two is the methods.
Section three reports the results. It is divided into four parts:
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o  The first part analyses the scientific production in this area, highlighting the progress
and the evolutions.

This part answers the key question: “How has scientific production evolved in this area?

e  The second part reports the technological evolution and categorization of the tongue-
based devices.

This part answers the key question: “What are the technological evolutions of these devices
and how can they be categorized?”

o  The third part, reports the consolidated approaches using the barbell piercing.

It answers the key question “What are the dominant approaches regarding the use of the
barbell piercing inside the mouth?”

e  The fourth part analyses the integration into the health domain with a particular focus on
the acceptance, safety, comparison, and regulation issues. It answers the heterogeneous
question “What can be said about the acceptance, comparison, safety, and regulation of
these devices?”

Section four reports a discussion on the evidence gathered also based on the deploy-
ment, and the development prospects.
Section five is dedicated to the conclusions.

2. Methods

This study made use of a standardized checklist for narrative reviews (Available
online: [9]).

Given that this study investigated the integration in the health domain, the search was
conducted on Pubmed. The search was also complemented, when necessary based on the
topic addressed (for example legislation), by deepening the search using other databases
dedicated to technological studies, and websites, including institutional ones. Tables 2 and
4 show the search terms used in the relevant sections.

The design of the study, in line with the objectives, addressed four specific points
of view with targeted searches to give the reader a complementary image from multiple
angles and perspectives on specific aspects. The first search was dedicated to analyzing the
trend of scientific production. The second search addressed the technological evolutions
and the categorization of the devices. The third search was dedicated to the dominant
approaches in the development of the sensor—actuator chains inside the mouth. The fourth
search addressed aspects related to integration into the health domain, such as acceptance,
comparison, security, and regulatory aspects.

3. Results
3.1. The Development of the Tongue Piercing as a Driver for Assistive Technologies in the
Scientific Literature

In line with the purpose of the study, we:

e  Turned to the PubMed database to analyze the evolution of scientific production in
this area in relation to integration into the health domain.
Defined a search key suitable for the purpose.
Checked for any reviews.

The composite key is available and can be found in Table 2 [10].

The first piece of general evidence to be noted is that the list did not show the presence of
reviews. This is certainly a comforting finding for our study in relation to the need to make
a map point.

The second piece of general evidence is that the search returned 72 contributes, starting
from the year 2006 up to the date of this review (the year 2022), a span of about 16 years.
This means that the spread of these systems began before the boom of smartphones, as
we know them today [11], and followed its evolution. With a few exceptions, regarding
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studies dealing with the biocompatibility of materials and lingual models (and the related
issues), all the studies are focused on this area.

Table 2. Search terms in Section 3.1.

Search Key

“tongue drive system”[Title/Abstract] OR “tongue control system”[Title/Abstract] OR “tongue
computer”[Title/Abstract] OR “tongue computer interface”[Title/Abstract] OR ((“tongue”[MeSH Terms]
OR “tongue”[All Fields] OR “tongues”[All Fields] OR “tongue s”[All Fields]) AND “elaborator”[All
Fields] AND (“interface”[All Fields] OR “interface s”[All Fields] OR “interfaced”[All Fields] OR
“interfaces”[All Fields] OR “interfacing”[All Fields]))

The third general consideration concerns the progress of scientific production.

The peak of scientific production was in 2012 with 10 papers. In the first 5-6 years, up
until the year 2012, the year in which the maximum number of studies, 10, was proposed,
there was a growth in production. After this period, the trend changed. Figure 1 shows
how: (a) up to the year 2013, approximately the first half-period of the scientific production
period, we had 41 papers (57% of scientific production). (b) From the year 2014 up to today,
approximately the second half-period of the scientific production period, we have had
31 papers (43% of scientific production). Twenty-five (34.7 %) of the total scientific works
are contributions to International Congresses.

Number of contributes

31;43% 41;57%

H 2006-2013 = 2014-today

Figure 1. Scientific production for tongue electronic systems.

By addressing the scientific aspects, it is possible to see that the history and evolution
of this technology are due to two international groups, which, starting from the year 2006,
through initial contributions in [12,13], contributed to the theme with a different approach.
In fact, with a few isolated exceptions [14,15], the scientific contributions were made by
these scholars.

The technological approaches have evolved and adapted from time to time into differ-
ent applications for the health domain and have shown important potential for integration
with Alternative and Augmentative Communication, for integration with the environment
(Ambient Assisted Living), and other home automation applications [16-21].

These two intraoral technological approaches produced through the two groups, in
their different versions, integrations, and evolutions, demonstrated potential in the field of
assistive technologies.

3.2. Applied Technologies and Categorization

In order to analyze the applied technologies and approaches in this area, the search
was integrated with other technology-focused databases. Some scholars reported in [8]
an interesting categorization useful as a reference. We briefly report the technological
evolutions and approaches according to this categorization also resumed in Table 3.
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Table 3. Categorization of the tongue-based systems.
Young Participants Brief Description References
. Actuator and receiver use magnetic
! Tongue drive system fields. Sensors are external [8,22-26]
Intraoral toneue Actuator and receiver use
2 & magnetic fields. Sensors placed [8,27-32]

dri tem .
1ve syste inside the mouth.

Standalone tongue

3 drive system Completely wearable [8,33-35]

Multimodal Tongue  The system integrates a head-mounted
4 : . o : [8,36]
Drive System device and a speech recognition device
Inductive tongue Actuator and receiver (external) use

5 control svs te%n magnetic fields. Inductive sensors are [8,37-41]
y used (placed on a PCB for the palate)
They are emerging technologies based

on light emitting diodes and light
6 Further tongue- detectors, the IBM tongue track point [8,42-45]

based systems . . .
technologies, piezoelectric sensors,

and a tongue-based Joystick (Jouse3)

3.2.1. Tongue Drive System

The first device, the Tongue Drive System (TDS) [8], used a magnetic field generated
by a magnetic actuator-tracer on the patient’s tongue to detect instructions based on a set
of tongue-based gestures [22]. The authors designed a headset with a pair of lateral poles
arranged with sensors to detect and measure the variation of the magnetic field, correlated
to the tongue-based gestures. The detectors were four tri-axial magnetic sensors. The
communication to the receiver was wireless. The authors used a Texas Instrument device.
The frequency was set at 2.4 GHZ [23-25]. The interface used the software Labview for
both the A/D conversion and display [26].

3.2.2. Intraoral Tongue Drive System

An evolution of the TDS [8,27-29] considered the placement of the receiver in the
mouth. This new architectural design improved the detection of the magnetic field cor-
related to the tongue-based gestures, as the detectors were closer to the actuator-tracer
placed on the tongue [30]. The receiver was anchored on the teeth. This allowed for
better steadiness and discretion (with the system being hidden inside the mouth) [31].
Two evolutions were proposed. The first version used a custom system-on-chip de-
vice placed in the center of the device’s printed circuit board (PCB). Four 3-axial mag-
netic sensors were affixed on the four corners of the PCB. The system used a dual band
(27 MHZ, 433 MHZ). The system communicated the data similarly to the previous system.
The second version [32] proposed an arch-shape device, placed on the lower jaw, with the
electronics located in the buccal shelf area. The frequency used was the same. The reception
on the receiver side was improved using a super-regenerative approach.

3.2.3. Standalone Tongue Drive System

The design of a device that could fit completely inside the mouth, i.e., a standalone
device, was the next step [8]. The first device used a common open-source miniaturized
platform, named Beagle Bone Black (BBB) [8]. The calibration based on an ARM A8
processor included a classifier designed by means of a support vector machine. This system
allowed for successful interfacing with an electronically driven wheelchair [33]. Another
device included a field programmable gate array (FPGA). The FPGA collected digitized
raw information from the detectors using a serial peripheral interface [34,35]. A properly
designed classifier algorithm based on the Earth’s magnetic field attenuation and logistic
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regression was implemented in the FPGA. Bluetooth low energy (BLE) was also used to
interface with the pc or the smartphone.

3.2.4. Multimodal Tongue Drive System

The integration of the TDS with further assistive technologies has been proposed [8].
The authors named it the Multimodal Tongue Drive System [36]. It integrated a head tracker
and a speech recognition system [36]. The head tracker used an Inertial Measurement Unit
comprising both one 3D gyroscope and one 3D accelerometer. The Dragon Naturally
Speaking tool was used as an interpreter/speech-to-text translator.

3.2.5. The Inductive Tongue Control System

A further device used inductive sensors [8,37-41]. It was proposed at Alborg Univer-
sity in Denmark. It comprised: (a) a ferromagnetic actuator-tracer placed on the tongue;
and (b) a group of 18 inductive switches placed on a PCB designed to be affixed on the
palate. When the actuator touches the switches, the result is a voltage change and therefore
a command. We will return to this later in the paper (see Section 3.3).

3.2.6. Further Tongue-Based Systems

Further approaches [8] in progress are using light-emitting diodes and light detec-
tors [42], the IBM tongue-track-point technologies [43], piezoelectric sensors [44], and
a tongue-based Joystick (Jouse3) [45].

3.3. The Tongue Piercing in Assistive Technologies in Quadriplegia Today: The Two Most
Important Approaches

Different technological approaches have been followed in the use of assistive systems
based on the movement of the tongue. It was possible to carry out the categorization
shown in Table 4. Surely, future efforts will be directed towards the bringing of all the
ICT inside the mouth, and pushing towards miniaturization, towards greater comfort of
the Stand-Alone Tongue drive system (Position 3, Table 3), and towards the expansion of
Multimodal Tongue Drive Systems (Position 4, Table 3).

Looking from another perspective, however complementary, in line with the objectives
of the study, which intends to address the processes of inserting the barbell piercing into
these systems, we can focus on the Tongue Drive System and its intraoral evolution
(Position 1-2, Table 3) and on the Inductive Tongue-Based System (Position 5, Table 3). In fact,
two different approaches [12,13] have been proposed by scholars in the past, evolving in
the recent two decades that use the movement and the multiple capabilities of the tongue,
providing a specific tongue cockpit, which led to the insertion of the barbell piercing.
One approach is the Tongue Drive System device, also available in the intraoral version
(iTDS). Another approach is the Inductive Tongue Control System (Itongue). A description
of the functioning and of the evolution of the two systems is provided below.

3.3.1. The Tongue Drive System (TDS) in detail

The TDS designed and developed initially at the North Carolina State University is
a wireless and portable human-computer interface. The device consists of a small magnetic
disk, attached by means of a dental adhesive onto the tongue, capable of generating
a magnetic field [13]. The movements of the tongue induce variations in the magnetic field,
which are detected using a kit of sensors positioned on an earphone. The signals are then
sent wirelessly from a control unit, placed in the headset, to a receiver that processes them
and translates each movement into a specific function defined by the user, such as moving
the cursor on the screen of a computer, dialing a phone number, driving a wheelchair, or
turning the light on and off. The TDS was capable of detecting six positions in the mouth,
which are activated when reached by the tongue and translated into six commands. The
TDS featured several important upgrades. Figure 2 shows a sketch of the first release. We
report here two important upgrades (see in Figure 3 the sketch of the two upgrades).
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Table 4.

The Search Keys in Section 3.4.

Search Key

(“tongue drive system”[Title/Abstract] OR “tongue control system”[Title/Abstract] OR
“tongue computer”[Title/Abstract] OR “tongue computer interface”[Title/Abstract] OR
((“tongue”[MeSH Terms] OR “tongue”[All Fields] OR “tongues”[All Fields] OR “tongue
s”[All Fields]) AND “elaborator”[All Fields] AND (“interface”[All Fields] OR “interface
s”[All Fields] OR “interfaced”[All Fields] OR “interfaces”[All Fields] OR
“interfac-ing”[All Fields]))) AND (“accept”[All Fields] OR “acceptabilities”[All Fields] OR
“ac-ceptability”[All Fields] OR “acceptable”[All Fields] OR “acceptably”[All Fields] OR
“acceptance”[All Fields] OR “acceptances”[All Fields] OR “acceptation”[All Fields] OR
“accepted”[All Fields] OR “accepter”[All Fields] OR “accepters”[All Fields] OR
“accepting”[All Fields] OR “accepts”[All Fields])

(“tongue drive system”[Title/Abstract] OR “tongue control system”[Title/Abstract] OR
“tongue computer”[Title/Abstract] OR “tongue computer interface”[Title/Abstract] OR
((“tongue”[MeSH Terms] OR “tongue”[All Fields] OR “tongues”[All Fields] OR “tongue
s”[All Fields]) AND “elaborator”[All Fields] AND (“interface”[All Fields] OR “interface
s”[All Fields] OR “interfaced”[All Fields] OR “interfaces”[All Fields] OR “interfacing”[All
Fields]))) AND (“comparison”[All Fields] OR “comparisons”[All Fields])

(“tongue drive system”[Title/Abstract] OR “tongue control system”[Title/Abstract] OR
“tongue computer”[Title/Abstract] OR “tongue computer interface”[Title/Abstract] OR
((“tongue”[MeSH Terms] OR “tongue”[All Fields] OR “tongues”[All Fields] OR “tongue
s”[All Fields]) AND “elaborator”[All Fields] AND (“interface”[All Fields] OR “interface
s”[All Fields] OR “interfaced”[All Fields] OR “interfaces”[All Fields] OR “interfacing”[All
Fields]))) AND (“legislation and jurisprudence”[MeSH Subheading] OR (“legislation”[All
Fields] AND “jurisprudence”[All Fields]) OR “legislation and juris-prudence”[All Fields]
OR “regulations”[All Fields] OR “social control, formal”[MeSH Terms] OR (“social”"[All
Fields] AND “control”[All Fields] AND “formal”[All Fields]) OR “formal social
control”[All Fields] OR “requlate”[All Fields] OR “requlates”[All Fields] OR
“requlating”[All Fields] OR “regulation s”[All Fields] OR “regulative”[All Fields] OR
“regulator”[All Fields] OR “regulator s”[All Fields] OR “regulators”[All Fields] OR
“requlated”[All Fields] OR “requlation”[All Fields])

(“tongue drive system”[Title/Abstract] OR “tongue control system”[Title/Abstract] OR
“tongue computer”[Title/Abstract] OR “tongue computer interface”[Title/Abstract] OR
((“tongue”[MeSH Terms] OR “tongue”[All Fields] OR “tongues”[All Fields] OR “tongue
s”[All Fields]) AND “elaborator”[All Fields] AND (“interface”[All Fields] OR
“interfaces”[All Fields] OR “interfaced”[All Fields] OR “interfaces”[All Fields] OR
“interfacing”[All Fields]))) AND (“safety”[MeSH Terms] OR “safety”[All Fields] OR
“safeties”[All Fields]))
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Figure 2. Sketch (realized by D.G.) of the first version of the TDS.
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(A)
First Upgrading ‘ \—\)

Components of the magnetic piercing

Tongue

!

|

X .’— Piercing (with permanent magnet)

Second Upgrading  ——e

!

Sensor

Control unit

Figure 3. Sketch (realized by D.G.) of the upgrade to the TDS: (A) the introduction of the magnetic
piercing; (B) the introduction of the oral control unit.

The first important upgrade in the year 2014 consisted of inserting a magnet inside
a barbell piercing to maintain the greatest level of efficiency over time. The magnet that
generates the magnetic field was placed inside the dorsal sphere of a titanium barbell
piercing, internally drawn, to which, after insertion into the tongue, a retainer is screwed
in the ventral position, like a common lingual piercing. A medically performed tongue-
piercing method was developed and tested for use with the TDS by people with high-level
SCIs [46,47]. The piercing attached to the magnetic disc with adhesive has different impli-
cations due to the stable implant inserted into a body part (the tongue). The adhesive disk
is not a stable device; however, it is useful for running some proof-of-concept experiments.
The patients involved in the study evaluated the TDS as effective in interfacing with com-
puters, driving wheelchairs, dialing telephone numbers, and other tasks, as described later
in the paper. This device turned out to be even easier to use than the sip-n-puff device, as
described later in the paper (see Section 3.4).

The second important upgrade eliminated the headset. In this device, named Internal TDS
(iTDS), the control unit was inserted into an apparatus similar to an orthodontic appliance
(Figure. 3). The use of the iTDS by patients showed better compliance in comparison with
the TDS, due to the absence of the earpiece [34].

3.3.2. The Inductive Tongue Control System (Itongue) in Details

The Itongue was developed at the Center for Sensory—Motor Interaction at Aalborg
University in Denmark [39,48-50].

This device, like the previous one, allows persons with severe motor impairments and
loss of limb functionality to directly type a text or command a pointing device in order to
control, for example, an electric wheelchair or a personal computer. The system consists
of an orthodontic appliance (OA) placed on the palate (see the sketch in Figure 4) which
contains two blocks of inductive sensors (in total 18) organized in a front panel (8 sensors)
that can be used as a pointing device (mouse, joystick) and a rearmost panel (10 sensors)
that can function as a keyboard.

Inductive sensors are activated using an activation unit on the OA, which changes the
inductance. The activation unit consists of a small cylinder of ferromagnetic material. The
activation unit is placed inside the upper sphere of a barbell piercing which is inserted into
the tongue and activates a given sensor every time the tongue selects it. The raw activation
signals are sent wirelessly to an integrated electronic component (embedded controller)
which processes and transforms the data, and sends them to a composite USB peripheral.
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The USB peripheral then interacts with the PC through a standard USB interface [48]. The
high number of sensors and their particular arrangement allows the system to be used
both for writing, by the use of each sensor as a key (keyboard mode), and to obtain the
functionality of the joystick (mouse mode) combining sensor signals. In addition, the ability
of the system to interact with the PC through the USB interface, and therefore without
customized software, means that the device can be used with any PC, even one that is not
your own. The use of this device gave encouraging results in terms of speed and accuracy
from the point of view of the acceptance [39] as described later in the paper (see Section 3.4).
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Figure 4. Sketch (realized by D.G.) of the Itongue and its components.

3.4. Incorporation in the Health Domain: Acceptance, Safety, Comparison, Regulation Issues

One of the key aspects of the use of these devices is integration into the health domain.
This integration is based on an accurate assessment of aspects related to interoperability,
comparison with the other devices, safety, and the regulations. Targeted searches were
carried out on Pubmed, as it is the reference database for the subject of integration into
the health domain. Other databases and websites (including institutional ones) were also
analyzed in order to complement and integrate the available information. Table 4 shows
the key search terms used.

3.4.1. Acceptance

The search of studies on acceptance was performed by means of the key in Position
1 of Table 4. The study reported in [51] analyzed the acceptance of the intraoral induc-
tive tongue system interface in typing text. Both able-bodied and tetraplegic persons
were recruited. The experimentation lasted five days. The average error-free typing rate
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ranged between 11.6 correct characters/min for all participants and 15.5 correct charac-
ters/min for those participants familiar with the piercing. The functionality of inductive
systems was demonstrated in two quadriplegic subjects and two able-bodied participants in
a study reported in [41]. It was particularly appreciated that the device was invisible.
A maximum speed of 1.4 s has been reached for the repeated typing of a correct character
with the use of the mouse function. The results highlighted both the effectiveness and the
aesthetic acceptability of the device. The effectiveness of these devices was also evaluated
in an application that involved both the interaction of the TDS with the computer and
interaction with the driving systems of an electric wheelchair [52]. Moreover, in this case,
both able-bodied participants and participants with spinal cord injuries were recruited [52].
Comparisons were also made with the sip-and-puff (SnP) system, with which patients
with spinal cord injuries were already familiar. These comparisons showed that the lin-
gual device obtained three times better speed performance than the SnP. The acceptance
of these systems was also investigated in the control of Apps available in the stores for
smartphones. A Bluetooth module was used that emulated the interactions of the fingers
on the touchscreen [53]. The study was carried out on able-bodied people. The errors were
negligible at the typing speed measured.

3.4.2. Comparison

The search of studies on comparison was performed by means of the key in Position 2 of
Table 4. The search returned studies focused on comparison with other systems and on the
learning process of the use of these ATs [21,54,55], also highlighting in some cases that these
systems could be useful in healthy people to fast control elaborators and mechatronics (e.g.,
robots). In the study reported in [21], the authors suggested that the inductive tongue
control system allowed the user control over the environment. The Cartesian control of
an assistive robotic arm was mapped with the device. Two healthy participants were re-
cruited. Trials compared the tongue interface with the manual control based on a keyboard.
The results showed that the tongue-based system performed better than the keyboard
with an increase in the task duration of up to 30%. The study available in [54] assessed in
18 health participants the ability of the tongue tip to accurately select intraoral targets
enclosed in a palatal device. The outcome showed: (a) that the performances were
faster and more accurate for targets located farther away from the base of the tongue;
(b) an improvement in the speed and accuracy of the learning and familiarity; (c) the evolu-
tion of the medical knowledge on the processes of learning related to tongue interaction.
Nine able-bodied participants, who already had tongue piercings, were enrolled in another
study lasting 5 weeks. The study was focused both on the learning processes on this device
and on the limiting factors [55]. Medical knowledge on the human factors affecting the use
of these ATs was obtained thanks to the comparison with the index-finger-keypad tools.

3.4.3. Regulation and Safety

The search on regulations with the key in position 3 of Table 4 did not produce re-
sults. This indicates: (a) the need for scholars to focus internationally on these aspects;
(b) fragmentation and non-uniformity at an international level, with regard to the applica-
ble regulations. This fragmentation is already present with regard to medical devices, for
those with high technological innovation [56]. This causes scarce initiatives and scholarly
interest in these issues [56].

The paths for the process of the commercial introduction of these devices, as with
the other ones, depend on the country or area (for example, Europe) where they are used,
and on the intended use and the relevant application. In fact, there are different legislative
frameworks introduced as the country or area changes. These different regulatory frame-
works determine different approval and insertion procedures. Thus, the approach, just to
give an example, is different if we are in the USA, where the FDA follows a certain road
map, than if we are in England, where Nice follows a different approval process, or if we
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are in Europe where, at the community level, the regulations are determined and must then
be implemented in the countries belonging to the community.

These ATs can be used in different applications and with different intended uses. They
can be used in clinical or non-clinical applications. They can be used in home automation
both to drive electric wheelchairs and to interact generally with the automated home
environment. They can be used as a high-tech medical aid to help with expressive language
and for communication, or as a part of a mobility or rehabilitation aid. They can be used in
a standalone mode or in connection with a network (e.g., local area network, world area
network), with different potential implications for cybersecurity.

Regarding safety, AT systems have some requirements to consider relating to the
insertion of sensors, actuators (e.g., the barbell piercing), and electronics into the oral cavity.

With these devices being based on electronics, electronic medical safety and electro-
magnetic compatibility must also be considered. In light of all these considerations, it is
evident that a detailed analysis would be impossible and far from the scope of this study
given the multifaceted characteristics of the possible applications and their intended uses.
With the idea of considering a more general and less specific possible framework, we report
the European regulatory framework as an example that is applicable here.

If we focus on the European reality, we find that all the systems in free commerce
must follow both the General Product Safety Directive [57] on general product safety and
the Directive 85/374/EEC on liability for defective products [58], which together regulate
the safety of products on the market and the responsibility for their defects. Furthermore,
these AT systems, based on their destination of use, can be classified as a specific medical
device (MD). Medical Devices are regulated by (Regulation (EU) 2017/745) [59], which
from the year 2020 replaces the previous directive. As electro-medical devices, based on the
application, they must comply with the CEI EN 60601-1 standard in force in Europe [60].
As far as electromagnetic compatibility is concerned, the reference standard is Directive
2014/30 /UE EMC [61]. There are three documents that regulate cybersecurity in the
EU [62-64]:

e  The EU Cybersecurity Act (Regulation (EU) 2019/881) which launched an EU certifi-

cation path dedicated to cybersecurity [62].

e  The directive on the security of the network and the information systems (commonly
referred to as the NIS Directive) that provides procedures for improving cybersecu-

rity [63].

o  The General Data Protection Regulation (GDPR) which necessitates the design of

suitable actions to counter cyber risks [64].

The first document made available a procedure for a purely voluntary certification
process. The last two documents delegate and pass on security matters to the providers in
the health domain.

As for biocompatibility, there is ISO 10993 [65], although it is not mandatory, (this is
also applicable in dentistry). It establishes the parameters for the biological evaluation of
all medical devices in contact with the human body.

A search on Pubmed, dedicated to safety (Position 4, Table 4), highlighted three
important studies [46,66,67] in this field. The study reported in [66] investigated the
biological consequences of the titanium-magnet tongue implants of the TDS. The authors
reported an oromotor and tongue-tissue response in the miniature pig, having a tongue
similar to the human tongue. The results suggested the safety of the material used in the
implants. Another study addressed this issue [67]. The authors analyzed the behavior of
a smooth steel spherical implant in the anterior tongue of the rat. The study showed that the
device did not create migration problems or tissue biocompatibility problems. Furthermore,
it also showed that tongue functionality was not affected. The study also supports the use
of these devices in humans.

In the study reported in [46], the authors designed and tested a tongue-piercing
protocol and the application of the magnet barbell piercing to the tongue. They concluded
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that by using both careful procedures and medical protocols, the risk could be controlled
and strongly minimized.

The regulatory framework, with reference to Europe, is of a general nature. It
was reported considering the most general and broadest possible cases. It is not cer-
tain that, according to the intended use and applications, all regulations must always
be applied to these ATs, such as for example what is reported for cybersecurity and
electromagnetic compatibility.

Based on the above, an assessment of the marketing status of these devices requires
a country-by-country analysis. For the sake of completeness, we report that an inductive
operating device is marketed in Europe and is accessible at the site https:/ /tks-technology.
dk/en/produkter/#itongue/ (accessed on 7 November 2022) [68].

4. Discussion
4.1. Highlights from the Study

The study in the first part recalled that: - quadriplegia has an important impact
on the autonomy and quality of life of the citizen.-The assistive technologies have both
an enormous potential for supporting the communicative functions of people with tetraple-
gia and are the theme of important studies relating to engineering developments and
clinical application. -Among the assistive technologies used in quadriplegia, there are
technologies based on the tongue barbell piercing. In the second part of the study it
was analyzed the evolution of the tongue piercing as an assistive technology, reporting
four points of view. The true added values of the study are the four points of view.

The first point of view made a map point on the evolution of the scientific literature
on Pubmed. It reported the scientific production trends. It showed that the scientific
production in this sector (see Figure 1) started before the smartphone boom [9] and has
not increased, unlike other technologies that the tongue-based systems are capable of
controlling, such as the robots used in assistance and rehabilitation. In fact, a search on
Pubmed by means of the key “robotics”[Title/Abstract] AND (“assistance”[Title/Abstract]
OR “rehabilitation”[Title/Abstract])” shows how in the latter sector, the growth up to the
year 2021 (the year 2022 is not yet closed) of the scientific production shows a positive
pseudo-exponential trend [69]. On the contrary, in the sector of rehabilitation and assistance
robots, which these ATs are able to pilot, there has been a disruptive growth of interest. It is
therefore important to ask ourselves about the reasons for this disinterest and the factors
that influenced it.

The second point of view reported the technological advances and the categorization
(see Table 3) according to the position of the scientific literature [8]. These systems have
evolved, from time to time, with the evolution of the technologies and processes of minia-
turization and have relied on the use of specific microprocessors, FPGAs, protocols based
on Bluetooth LTE, interface systems, advanced software (see for example Labview), and
typical algorithms of artificial intelligence.

The third point of view, with reference to the barbell piercing, described the two domi-
nant architectural approaches in mouth sensorization (of which, however, there are different
evolutions and additions), without the aim of finding the best of the bunch, (it was not the
objective of the study). One of these approaches was based on magnetic sensors arranged
on orthodontic equipment [32], while another approach was based on palatal equipment
with inductive sensors [37]. Even if it was not the objective of the overview to find the best
of the bunch, the study suggests that HTA or comparative assessment technology (CAT)
studies, focused on the two different systems, could bring a benefit to the development and
diffusion of these ATs for the assistance of frail people. Of course, the feasibility of a CAT
depends on the availability of both scholars in general and of the two groups responsible
for the history of these systems.

The fourth and last point of view discussed the integration of these ATs into the health
domain focusing on the acceptance, comparison, safety, and the requlatory issues. From one side,
the interesting acceptance characteristics of these devices were highlighted, such as:
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The invisibility, which can improve privacy aspects and compliance [41].

The high typing-speed performances [21,41,51-53].

The better performances than the SnP systems in subjects with SCIs [52].

The ability to improve the use with the increasing time of practice and learning [58,59].
The effectiveness of control in home automation applications, such as in the control of
the electronic wheelchair or of a robotic arm [21,52-54].

On the other side, the fragmentation of the legislation at an international level was
highlighted. Some key considerations were reported, in some cases with reference to
clinical studies [46,66,67] and in other cases with reference to the European regulatory
situation [57-64]. It was highlighted that:

o The Pubmed search did not report specific studies on the legislation, useful as
an indication for these devices.

e  These devices may have different applications and destinations of use. Furthermore,
regulatory reference requirements change based on this and according to the coun-
try/area of reference.

e  Safety covers various aspects (which must be respected in the processes of inclusion in
free commerce based on adherence to regulatory requirements) such as, by way of non-
exhaustive example and even if not all of these are always applicable: electrical safety
and electromagnetic compatibility [60,61]; cybersecurity [62—-64]; and the biocompati-
bility of materials [65]. Regarding this last point, in some studies, also based on animal
models, scholars have shown how with such systems it is possible to obtain the risk
control based on accurate procedures and appropriate medical protocols [46,66,67].

4.2. The Tongue-Based Systems versus the Other Assistive Technologies: Pros and Cons

Many technical and psychophysical factors influence the degree of acceptance of
a given assistive technology. Among the important factors are the ease of use and the
simplicity of learning how the AT works. The device should also be small, discreet,
aesthetically acceptable, and of a low cost.

There are currently several AT solutions, with pros and cons [5,16].

The Brain-Computer Interface (BCI), for example, is a technology based on the ability to
read neuronal activity, to process signals, and to send commands to the outside world.

Two approaches are used in the BCI. The first one is Electrocorticography, (ECoG)
which is based on intracortical electrodes allowing access to even more intense brain signals.
However, these electrodes often cause reactions in the neural tissue in the insertion area.
For this reason, the use of these systems is limited to a few cases in which their use is
justified, such as in epilepsy. The second approach uses electroencephalography (EEG). In
this case, the signals are distant from neurons, resulting in signal attenuation limitations
and unreliable performance.

The Eye Tracker (ET) captures the movement of the eye and in particular the position
of the pupil using a digital camera. This system is influenced by the lighting conditions,
sometimes generates eye fatigue, and requires a high level of concentration. There are also
alignment problems. In fact, it is necessary, when using it, to maintain the front position
with respect to the monitor. False detections may also happen because it is sometimes
difficult to distinguish if a point is really of interest for the user or if it is casually pointed.

Head pointers (HP) are only suitable for subjects with good residual ability in neck and
head movement. They often cause fatigue in the neck and shoulder muscles.

The Voice recognition systems (VRS), dedicated to subjects with an intact ability to speak,
are efficient for writing but are slow and not very intuitive when you want to carry out
home automation control.

The SnP system is one of the most popular ATs. It is based on the pressure value
applied to a tube and whether negative or positive pressure is applied (inhalation and
exhalation, respectively). This device, although easy, only allows a few direct commands.
It also assumes that the user has good control of the diaphragm and airflow, a condition
that, for example, limits its use in people who need mechanical ventilation.
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These tongue-based systems have shown important potential [8,70-72] for wheelchair
navigation, computer access, robotic rehabilitation, exoskeleton-based rehabilitation, home
automation applications, and in the control of the home environment.

These systems, unlike the tools already in widespread use, seem very flexible and
discreet, since they are also able to be hidden [41]. The tongue is connected to the brain
by the hypoglossal nerve, which generally escapes serious damage even in spinal cord
injuries. The tongue is also the last organ to be affected in most neuromuscular degenerative
disorders. It has many degrees of freedom and can move very quickly and accurately within
the oral cavity. With the tip of the tongue, you can touch every single tooth, so it is an organ
suitable for manipulating this type of auxiliary device. The tongue muscle tires slowly.
Therefore, a device based on the tongue motion can be used continuously for long periods,
guaranteeing the user a certain degree of privacy, since it remains hidden in the mouth.

These systems: (I) are less invasive than BCI-ECoG using intracortical electrodes;
(II) can be used on subjects without voice (who cannot use VRSs); (III) can be used on
subjects who do not have head movement (who cannot use head pointers); (IV) are totally
wearable and invisible; (V) do not need complex alignments as in the case of the ET5; and
(V) can be used on subjects with displacement problems in the diaphragm (who cannot use
the SnP).

However, as highlighted, the paths of adherence to the regulations are complex. The
device, with the control electronics, sensors, and an actuator, goes into a cavity of the
human body, the oral cavity. This makes the initiatives to be undertaken around regulation
certainly more complex than those envisaged for other devices such as HP, VRS, SnP, and ET.
Furthermore, the high and complex technology together with the low diffusion increases
the costs and engenders a vicious circle that hinders the diffusion of these ATs.

4.3. Recommendations from the Study

The WHO is suggesting changing the vision [2] for the better diffusion of ATs, giving
great attention to both the needs and acceptance of citizens.

According to the ICDH-2 [2], great attention must be given to the components of health
and to the residual capacities of the citizen. The designers of the tongue-based-systems
have shown great kindness to persons with tetraplegia through both the improvement
and the adaptation of the technology to the various application environments [8,16-21],
also comprising in some cases the integration of augmented reality and of artificial intel-
ligence [73]. The most commercially available devices are not automatically suitable for
everyone as there are different residual capacities, health components, and psychological
acceptance aspects to consider in a person.

There is a lack of studies that address the use and applications of these technologies
in multiple domains. They must include comparisons, costs, acceptance, dissemination
problems, regulatory aspects, ethical aspects, and other issues important for integration
into the health domain. Studies on health technology assessment, comparative technology
assessment, and consensus conferences are therefore now recommended. This would also
allow for a better tailoring of the AT devices to the citizen and a wider diffusion of niche
devices, such as the ones investigated in this study.

There is therefore the need to invest energy into agreement tools that both support the
actors in the health domain through recommendations and give a stimulus for stakeholders
and researchers. In robotic rehabilitation (a theme that we have seen connected to this
topic), for example, the need to face consensus conferences that include experts from
various sectors (usually hundreds) was highlighted, and the experiment in progress in Italy
that was reported in [74], later concluded in [75]. The issues that should be addressed in
a desirable consensus conference for these ATs should include: classification and intended
use; clinical and not-clinical use; models of use and research direction: organizational
models; training; regulations and ethics.

We hope that this review can be a stimulus for this topic.
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4.4. Limitations

This study based on a narrative review focused on the integration of these devices
into the health domain and used Pubmed as the main database, as it is the reference for
the interoperability of the devices in the health domain. In some search integrations, other
databases focused on technologies and websites (including institutional ones) have been
used. As far as the regulatory aspects are concerned, we wanted to give a local example,
as the search showed that the international situation is fragmented. We referred to the
European situation. Further studies are encouraged to expand the regulatory theme to
include other local realities.

5. Conclusions

This overview was intended to make a map point on the development of ATs based
on lingual control with barbell piercing and their integration into the health domain.

The overview provides four points of view. The first point of view highlights how:
(a) the scientific production, which began in this area in the year 2006, has not grown
over time; (b) two international research groups have given the greatest impetus in this
area. The second point of view reported the categorization of these devices together with the
relevant elements of technological evolutions. It has been highlighted here that both the
emerging innovations of microelectronics and the improvements of the miniaturization
processes have been used to achieve the performing results. The third point of view, with
reference to the use of barbell piercing, reports the two dominant approaches in the device
design of the sensorization—activation chain in the mouth. These approaches have been
proposed by two international research groups. The fourth point of view addresses the aspects
of integration into the health domain: acceptance, comparison, safety, and the regulatory
approach. Important studies and results were highlighted, with concern to performance
(three times better than SnP), the learning processes, the high study participant approval
of the invisibility of the device, and the biocompatibility and safety studies of the device
components. The fragmentation of the legislation on medical devices, for this device, as
with all highly innovative technologies, does not help with diffusion. This study highlighted
the high potential of these devices. They can also be used by those patients with very low
residual capacities, who, for example, cannot use the VRS, HP, or SnP. Stakeholders are
advised to invest energy in agreement tools for ATs, such as consensus conferences that
allow for, through specific recommendations, the centered and targeted diffusion and use
of ATs, including these devices.
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