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Design and Test of an Intraoral Electrode Grid
for Tongue High-Density Electromyography

Alberto Botter™, Member, IEEE, Taian Vieira™, Chiara Busso*, Federica Vitali,

Marco Gazzoni

Abstract—Tongue motor function is crucial in a wide
range of basic activities and its impairment affects quality
of life. The electrophysiological assessment of the tongue
relies primarily on needle electromyography, which is
limited by its invasiveness and inability to capture the con-
current activity of the different tongue muscles. This work
aimed at developing an intraoral grid for high-density sur-
face electromyography (HDSEMG) to non-invasively map
the electrical excitation of tongue muscles. We developed
a grid of 4 x 8 electrodes deposited over an adhesive
8-um thick polyurethane membrane. The testing protocol
was conducted on 7 healthy participants and included func-
tional tasks (vowels articulation and tongue movements)
aimed at activating different regions of the tongue. The
electrical stability of contact was assessed by measuring
electrode-tongue impedances before and after the tasks.
The spatial amplitude distribution of global EMG and single
motor unit action potentials (MUAPs) was characterized.
Electrode-tongue impedance magnitude showed no sig-
nificant changes in the pre-post comparison (58+46kQ
vs. 67+58k2 at 50Hz). Contact stability was confirmed by
the quality of the signals that allowed to quantify spa-
tiotemporal characteristics of muscle activation during the
different tasks. The analysis of the spatial distribution of
individual MUAPs amplitude showed that they were con-
fined to relatively small areas on the tongue surface (range:
0.5cm? — 3.9cm2). A variety of different spatiotemporal
MUAP patterns, likely due to the presence of different mus-
cle compartments with different fiber orientations, were
observed. Our results demonstrate that the developed elec-
trode grid enables HDSEMG acquisition from the tongue
during functional tasks, thus opening new possibilities in
tongue muscle assessment both at global and single motor
unit level.
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[. INTRODUCTION

ONGUE motor function is essential in several physiolog-
ical processes such as speech, swallowing, mastication,
and respiration. These functions are ensured by a complex
muscular system composed of various muscles and muscular
compartments, with distinct anatomical and functional proper-
ties [1]. Tongue muscles are spatially organized in layered
patterns spanning the internal-external direction, symmetri-
cally with respect to the sagittal plane and can be categorized
into two main families: extrinsic and intrinsic. Extrinsic mus-
cles - genioglossus (GG), hyoglossus (HG), and styloglossus
(SG) - have at least one attachment to a bone and are
mainly responsible for tongue position changes, as defined
in [1]. Conversely, intrinsic muscles - superior longitudinal
(SL), transverse/vertical (T/V), and inferior longitudinal (IL)
- have no bony attachments and their activation contributes
predominantly to tongue shape changes. Pathologies affecting
the central nervous system can disrupt the motor control of
the tongue, leading to debilitating effects that impact diverse
aspects of daily life, ranging from speech to food swallow-
ing [2], [3], [4]. Similar functional impairments can arise
from anatomical and physiological alterations due to injuries,
oncological surgery and radiotherapy [5], [6], [7].
Characterizing the tongue muscles from a neuromechan-
ical perspective is essential for assessing and rehabilitating
specific motor functions. Over the past few decades, biome-
chanical models of tongue function have made significant
contributions to understanding how various neural and physical
factors interact in speech production [8], [9], [10], [11],
[12]. However, the development of these models has not
been supported by a corresponding advancement in exper-
imental methodologies capable of providing input data or
experimentally verifying model predictions. This observation
applies particularly to neural aspects, which are crucial for
understanding tongue motor control. Indeed, to date, the
electrophysiological assessment of tongue muscles is mainly
performed with intramuscular electromyography iIEMG, using
either needle or wire electrodes) [13], [14] that exhibits
evident limitations related to the patient discomfort and the

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. a) The 4 x 8 grid of electrodes for tongue HDSEMG. Four mylar strips of 3 — mm width house the electrodes and the electrical connections.
Individual electrodes are dome shaped (base diameter: 3 mm, height: 0.5 mm) and are obtained though the deposition of biocompatible silver ink.
b) Schematic representation of the grid positioning on the tongue. The red cross represents the origin of the cartesian coordinate system used to
analyse the spatial distribution of the detected signals. c) Picture of the grid positioned on the tongue and connected to the HDSEMG ampilifier.

high spatial selectivity of the sampling. In fact, intramuscular
electrodes usually employed in tongue studies are sensitive to
electrical events occurring within an area of a few mm? in
correspondence of the needle tip [15]. While this technique
enables the accurate study of few individual motor units, its
high spatial selectivity provides information limited to the
muscle or muscle compartment where the needle is inserted.
Given the large number of muscles composing the tongue
and the differential spatial arrangement of their fibers, these
characteristics represent a limitation when it is necessary to
assess the coordinated activation of several tongue muscles
during functional tasks. In this case, a less selective yet more
representative sampling of the entire lingual muscle activity
might be advisable.

As compared to iEMG, surface electromyography (sSEMG)
allows to detect myoelectric activity form a larger detection
volume [16]. Furthermore, by using multiple electrodes on
the muscle surface (high-density surface electromyography
or HDSEMG), it is possible to non-invasively map muscle
electrical activity across surfaces spanning several cm”. This
approach enables the investigation of how muscle activity
is distributed in space among muscles and within muscle
compartments, providing, in comparison with single channel
detection, a more representative description of the neural input
to the muscle(s) [17], [18]. Extensive literature demonstrates
how the analysis of HDSEMG allows to reveal anatomical and
physiological information, either at the muscle or at the motor
unit level [19]. Given the complex arrangement of tongue
muscles, the spatiotemporal mapping provided by HDsEMG
could contribute to distinguish the different, abutting muscles
and characterize their activation during motor tasks. To date,
although some non-invasive detection systems have been pro-
posed [20], [21], [22], [23], intraoral surface EMG form
the tongue is limited to a single channel detection. This is
mainly due to: (i) the technological challenge of obtaining
a stable electrode contact during tasks demanding tongue

shape changes, while preventing saliva from compromising
the electrical contact properties; (ii) the lack of minimally
invasive instrumentation used to acquire HDSEMG signals.
While the latter limitation was partially overcame by the avail-
ability of wireless and miniaturized biopotential acquisition
systems [24], the challenges related to the detection system
design is still worth of investigation. The aim of this study is
to develop an intraoral grid for HDSEMG detection and test
for its potential in discriminating the regional changes in the
distribution of tongue muscle excitation.

[I. METHODS
A. Electrode Grid Design

The design of the electrode grid was derived from prior
insights into EMG spatial mapping of skeletal muscles and
muscle compartments [17], [25], combined with specific con-
siderations stemming from the unique characteristics of the
intraoral environment. The need to arrange several electrodes
on the tongue, without compromising its mobility led to the
design of an electrode system with a few tens of surface
electrodes distributed over an area of approximately 20 cm?,
covering the dorsal surface of the tongue. Additionally, the
grid structure and its attachment to the tongue’s surface were
devised to accommodate basic tongue movements and fun-
damental functions, while ensuring mechanical and electrical
stability for the time required to perform an electrophysiolog-
ical evaluation of tongue, which has been estimated to take up
to 20 minutes. A grid of 32 silver electrodes (4 columns x
8 rows) printed on a polyimide substrate was developed
(Fig. 1a). Each column of electrodes was mechanically inde-
pendent from the others and consisted of a thin (3 mm width)
polyimide strip housing the electrical connections between
the electrodes and the connector and acting as encapsulant
layer. The electrodes were dome-shaped (base diameter: 3 mm,
height: 0.5 mm) to improve the stability of the electrode-
tongue contact. Electrodes were obtained by depositing a
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silver ink (Dycotec DM-SIP-3060S, Dycotec materials Ltd,
Calne, UK) on the electrical pads of the mylar strips with a
SmL syringe. The mylar structure was covered by a flexible
polyurethane membrane (thickness: 8 um) treated with a
biocompatible adhesive to protect the electrical connection
from saliva and secure the grid to the dorsal tongue surface.

B. In-Vivo Testing of the Grid

1) Experimental Protocol: The objectives of the experi-
mental protocol were twofold. First, to verify the feasibility
of HDSEMG acquisitions from the tongue, and second to
assess the capability of the developed grid to characterize the
spatiotemporal properties of global EMG and single motor unit
action potentials during different motor tasks. Seven volunteers
(age: 31 £ 5 years, height: 179 £ 4 cm, body mass: 72 £
5 kg) were recruited for study purposes. No subject had any
relevant ongoing neurological or other diseases that may alter
muscle activity. The study was conducted in accordance with
the Declaration of Helsinki and with the approval of the Ethics
Committee of the University of Turin (Approval number:
260700 - 01/06/2022). The informed consent was obtained
from all participants prior to the beginning of the study.

The study was conducted within a single experimental
session that lasted approximately one hour. After drying the
tongue surface with a tissue, the grid of electrodes was
positioned on the dorsal surface of the tongue. The impedance
between consecutive electrodes of the grid was measured to
evalua 7-10 minutes. Afterwards, surface electromyographic
signals were detected during articulation of the vowels /a/,
/i/, lu/, and the tongue retraction, in this fixed order. During
tongue retraction participants were asked to limit the superior
bending of the tongue tip (see Fig. 5 in [1]). These tasks
were selected to activate different regions of the tongue while
inducing moderate alterations in tongue shape [1], [9], [13].
Each task was executed for a duration of 20s, with 30 s rest
periods between consecutive tasks. After tongue retraction,
participants were engaged into conversation, demanding pro-
nunciation of brief words until 20 minutes had passed since
the application of the grid. Subsequently, the impedance of the
electrodes was measured to assess the capability of the grid to
maintain a stable contact also after stress caused by the tongue
movements.

Participants were allowed to swallow saliva at any time
during the experiment, and no saliva aspirator was utilized
during the experimental protocol.

2) Electrode-Tongue Impedance Measure and Analysis:
The electrical impedances between consecutive electrodes of
each column of the grid were measured at 50 Hz (Power
Line frequency) [26] before (|Z50|g) and after (|Z50|g) the
motor tasks. Impedances were measured with a custom-made
impedance meter (LISiN, Politecnico di Torino, Italy). This
device converts a sinusoidal voltage input into a proportional
current signal (200 nA peak-to-peak amplitude) and measures
the voltage drop between the electrodes tested. Both the sine
wave, used to drive the current signal, and the voltage drop
were sampled with a National Instrument data acquisition
device (USB-6210, sampling frequency:10 kHz, resolution of
the A/D converter: 16 bits). The magnitude of the impedance

TABLE |
MAGNITUDE OF THE ELECTRODE-TONGUE IMPEDANGES AT 50 Hz AND
NUMBER OF MISSING CONTACTS AT THE BEGINNING (|Z50|g) AND AT
THE END (|Z50|g) OF THE EXPERIMENTAL SESSION

Subj# 1Z50[5 (kQ2) 1Z50]: (kQ) [0 >|21513[‘;2
T 199(130-87.1) _103(72-272)§ 2 2
2 273(227-298)  18.0(8.6-23.9)§ 0 0
3 138(11.5-21.0) 7.1 (6.6-162)§ 0 0
4 302(108-604) 27.5(161-469)* 0 0
S 306(225-384) 279(237-431)§ 0 2
6 262(157-351) 193(102-247)§ 0 0
7 374(117-835)  30.8(9.7—68.8)§ 0 0
Pooled
coed  247(134-457)  200(80-359)§

Wilcoxon signed rank test p<0.05 (*), p<0.001 (§).

was quantified as the ratio between the measured voltage
and injected current at 50 Hz [27]. The number of channels
displaying an impedance larger than 1M were regarded as
missing contacts [27], [28].

3) HDSEMG Detection and Analysis: EMG signals were
detected in monopolar configuration using a wireless and
miniaturized high-density EMG amplifier (MEACS - LISiN,
Politecnico di Torino, Italy and ReC Bioengineering Laborato-
ries, Turin, Italy) [29]. The reference electrode for monopolar
recordings was positioned behind the right ear on the mastoid
process. Signals were amplified (192 V/V), band-pass filtered
(10 Hz -500 Hz), sampled at 2048 Hz, digitalized with a
16 bits A/D converter and transmitted through a Wi-Fi link
to a personal computer for real-time visualization and storage.
Offline analysis was performed with Matlab (version R2023a;
The Math-Works, Natick, MA, USA). Signals were band-pass
filtered with a second-order Butterworth filter (20400 Hz
cutoff frequencies) and visually inspected to identify bad
channels, i.e. channels showing unstable baseline or high level
of power line interference due to a non-optimal electrode-
tongue contact. Bad channels (2 out of 32 at most, see Table I)
were either removed and interpolated with neighbor channels
or cleaned with filtered-virtual reference method [30].

The root mean square (RMS) amplitude was computed for
each monopolar channel of the grid and used to describe the
spatial distribution of EMG amplitude over the tongue surface.
After interpolating the RMS maps with a factor 4, the size of
the tongue surface providing greatest EMG signals was defined
by segmenting the interpolated RMS map. This segmented
area was defined as the sum of the areas of the interpolated
channels providing an RMS amplitude higher than 70% of
the maximum. The barycenter of the RMS maps was used
to describe the location of the identified area. A cartesian
coordinate system with the origin in correspondence to the
intersection between row 1 (most external row, Fig. 1) and
the midline between columns 2 and 3 was used to define the
barycenter coordinates.

HDSEMG signals were then decomposed into their con-
stituent motor unit action potential trains using a validated,
semi-automated algorithm based on Convolutive Kernel Com-
pensation [31], [32]. The spike trains were manually edited,
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and MU action potentials (MUAPs) were computed through
spike trigger averaging over the edited spike trains. The quality
of identified MUs from HDSEMG was quantified using the
Pulse-to-Noise Ratio (PNR) and the MUAP spatiotemporal
properties [33], [34]. The RMS distribution of MUAP ampli-
tude was used to characterized MUAPs in terms of area
occupied on the tongue surface (MUAP segmented area) and
barycenter, using the same approach adopted for global EMG
signal analysis. Furthermore, the alignment between muscle
fibers generating the decomposed MUAPs and the columns of
electrodes was assessed through the conduction velocity (CV).
MUAPs were detected from fibers deemed to be parallel to the
columns of electrodes when CV estimates fell within the phys-
iological range of 2-6 m/s [35]. MUAPs exhibiting conduction
velocities within this physiological range were categorized
as propagating potentials, whereas those falling outside this
range were classified as non-propagating potentials. It is worth
noting that ‘propagating’ and ‘non-propagating’ potentials
refer to the electrical potentials measured by the EMG detec-
tion system on the tongue surface. These electrical potentials
are associated with action potentials, which always propagate
along the muscle fibers. However, they may appear as either
propagating waves or not, depending on the alignment between
the electrodes and the muscle fibers [17].

C. Statistical Analysis

Wilcoxon signed rank test was used to compare the mag-
nitude of the electrode-tongue impedances measured at the
beginning (|Z50|g) and at the end (]Z50|g) of the experi-
mental protocol. The effect of the motor task on the spatial
distribution of global EMG activity on the tongue surface
(x and y coordinates of the distribution’s barycenter, size of the
segmented area) was tested with Friedman’s ANOVA followed
by post-hoc comparisons with Bonferroni correction. Mann
Whitney test was used to compare the spatial distributions
(x and y coordinates of the distribution’s barycenter) of
propagating and non-propagating MUAP. All statistical tests
were performed in Matlab (version R2023a; The Math-Works,
Natick, MA, USA). The threshold for statistical significance
was set at p < 0.05 for all comparisons. Results are reported
as median (first quartile — third quartile).

[1l. RESULTS

None of the participants reported discomfort or pain during
and after all phases of the experiment, including attachment or
detachment of the grid. Possible adhesive residues remaining
on the tongue surface, were removed by gently scraping the
tongue with a toothbrush and rinsing the mouth after the
experiment.

A. Electrode-Tongue Impedance

Table I reports the median and inter-quartile range of the
electrode-tongue impedance values of the 32 electrodes at
the beginning (|Z50|g) and at the conclusion (|Z50|g) of
the experimental session. A statistically significant reduc-
tion of electrode-tongue impedance was observed (|Z50|p =
24.7 (13.4 — 45.7) k2 vs |Z50|g = 20.0 (8.0 — 35.9) kQ;

100 _
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Fig. 2. Magnitude of the electrode-tongue impedance at 50 Hz mea-

sured before (|Z50|g) and after (|Z50|g) the motor tasks. The scatterplot
reports the values lower than 100kS2, representing respectively 91% and
95% of |Z50|g and |Z50|g distribution sizes.

p < 0.001, Wilcoxon signed rank test). This reduction is
further shown by the scatterplot reported in Fig. 2. The number
of missing contacts before and after the motor tasks (last two
columns of Table I) confirms the quality of the electrodes’
contact throughout the entire experiment.

B. Global HDSEMG Variables

EMG activity distributed unevenly over the tongue surface
during the considered motor tasks. Fig. 3b shows four repre-
sentative examples of monopolar EMG signals and their RMS
spatial distributions during the articulation of the vowels /a/,
/i/, lu/ and during tongue retraction. Different locations of
the active regions in the longitudinal tongue direction were
observed for different tasks. When considering all participants
(Fig. 3c), the longitudinal coordinate of barycenter of the
EMG distribution changed significantly (p < 0.05) for the
four tasks (vowel /a/: 13.6 (12.5 - 14.8) mm, vowel /i/: 15.0
(14.5 - 16.7) mm, vowel /u/: 17.3 (16.4 - 19.3) mm, and
retraction: 19.5 (17.3 - 20.7) mm, Fig. 3c), indicating a shift of
the EMG distribution from the anterior (0 mm) to the posterior
part of the tongue. The transversal coordinate of the EMG
distribution barycenter did not change significantly across the
tasks (p = 0.16) and was centered in the longitudinal axis of
the tongue (grand average: 0.1 (—0.38 - 0.40) mm, Fig. 3c).
The size of the segmented areas was 1.3 (1.0 — 2.1) cm?
(values computed across participants and tasks) and did not
change significantly across the tasks (p = 0.06) (Fig. 3c¢).

C. Single Motor Unit Characterization

A total of 116 MUs were identified across all the partic-
ipants. The number of MU identified per contraction was 3
(2 - 5), the average PNR was 28 (26 — 30.2) dB, the firing
rate was 19 (16 — 22) pps. Fig. 4a depicts the firing pattern
of a representative signal (vowel /i/). The analysis of the
spatiotemporal evolution of action potentials showed that both
propagating and non-propagating potentials are concurrently
present on the tongue surface during all motor tasks. Fig. 4
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grid are superimposed to the amplitude maps. c) x and y coordinates of the barycenter of the RMS maps and size of the segmented area for each

task (N = 7 subjects). (*p < 0.05).
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e) Four examples of motor unit action potentials (MUAPS) showing different spatiotemporal properties. Red-dotted lines indicate

the propagation of single differential MUAP #1 and #2 (IZ: innervation zone). No propagation was observed in MUAPs #3 and #4, displayed in
monopolar configuration. Note the clear differences in MUAP shape and location for each of the identified units.

reports four examples of MUAPs with different spatiotemporal
properties within the same contraction in an individual subject.
MUAP#1 and MUAP#2 show a clear propagation highlighted
by red-dotted lines in Fig. 4b,c. MUAP#2 shows the typical
V-shape propagation pattern [36] arising from the innervation
zone (IZ). This pattern was not observed in MUAP#1, where
the innervation zone is likely outside the region covered by the
grid. In both cases single differential MUAPs are reported to

highlight the propagating component that would be less visible
in monopolar configuration [37]. MUAP #3 and MUAP #4
are non-propagating potentials that are spatially represented
in correspondence of the tongue tip, either in a narrow area
(MUAP #3) or in a wider area spanning the whole width of
the grid (MUAP 4#).

Taking into account the entire decomposed dataset, indi-
vidual MUAPs were represented over a restricted number of
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channels, spanning from 2 to 17 (i.e. from 0.5 cm? to0 3.9 cm?,
considering a total area of 7.4 cm? covered by the 32 channels
grid). The distribution of MUAP spatial dimension was skewed
towards low values (median = 1.2 cm?; i.e. 5 channels),
as shown in Fig. 5a (grey bars). Considering all decomposed
MUAPs, 25% were propagating potentials and 75% did not
show any propagation. On average, the conduction velocity
of propagating MUAPs was 3.5 (2.9 — 4.2) m/s. Propagating
and non-propagating potentials were distributed differently
over the tongue surface, with the former occupying a larger
region in the internal-external direction compared to the latter
(20 (14 - 25) mm vs 10 (5 - 15) mm, p < 0.001 Mann-
Whitney test). Moreover, propagating MUAPs predominantly
located toward the posterior region, while non-propagating
MUAPs were more evenly dispersed across the tongue surface
(Fig. 5b). These distributions led to statistically significant
differences in the longitudinal coordinates of the MUAPs’
barycenter (25 (10 — 17.5) mm for propagating potentials vs
15.5 (8 - 20.5) mm for non-propagating potentials, being 0 mm
the most external electrode, p < 0.001 Mann-Whitney test),
while no statistically significant differences were observed in
the transversal coordinates of the MUAP barycenter (Fig. 5c).

IV. DISCUSSION

In this study we developed and tested an intraoral grid for
HDSsEMG recordings to map the electrical activation of tongue
muscles during functional tasks. Experimental results revealed
good contact stability throughout the motor tasks enabling
the characterization of the spatial distribution of global EMG
activity over the tongue surface. Furthermore, we showed the
possibility to assess the firing characteristics of individual
motor units as well as the spatiotemporal properties of their
action potentials. The analysis of both global and single motor
unit EMG showed a variety of spatial activation patterns
presumably associated with the activity of different tongue
muscles. The results of the current study prove the feasibility

of tongue HDSEMG detection, providing a new tool for the
investigation of this complex muscle group.

The approaches previously used in literature to investi-
gate the electrophysiological properties of tongue muscles
are based on needle electrodes [13], [14], bipolar surface
electrodes positioned on the surface of the tongue [20], [21],
[23], or multichannel surface electrodes placed externally in
the submental region [23]. If the objective is to study the
coordinated activation of tongue muscles, all these approaches
present potential limitations that restrict their applicability:
invasiveness (needle electrodes), poor spatial selectivity of
measurement (bipolar electrodes positioned on the surface of
the tongue), and the presence of other muscles not belonging
to the tongue in the sampling volume (externally placed elec-
trodes). In this context, the use of a multi-channel approach
to EMG signal acquisition aims to address and overcome
these limitations, providing a valuable tool for studying the
activation of a highly complex muscle group in terms of
anatomy, movement, and control.

The measurement of HDSEMG signals from the surface
of the tongue poses various technological challenges, primar-
ily related to the quality and stability of electrical contact.
The technological solution proposed in this work allowed to
achieve a good compromise between the temporal stability
of electrical contact and the tongue’s mobility necessary
to perform simple tasks. The technology presented in this
study builds upon standard grid technology using flexible
PCBs [38], [39] with specific innovations. Unlike traditional
technology, it does not require bi-adhesive pads and conductive
gel between the electrodes and the skin. Instead, it utilizes
dome-shaped electrodes to enhance dry contact and incor-
porates a thin and flexible PCB design with independent
columns, allowing the grid to conform to the tongue’s shape
changes. Additionally, an external membrane protects the
sampling system from saliva infiltration, which could degrade
both the mechanical and electrical interface with the tongue.
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Recent literature has proposed other solutions based on thin
films or polymer composites electrodes [40], [41] that may
be employed in tongue EMG. Although these technologies
provide highly conformable electrodes, at present, their fab-
rication processes are often complex and expensive, and the
electrode characteristics (size, behavior in wet environment)
may not be adequate for this specific application. Moreover,
interfacing with the front-end electronics can be challeng-
ing due to the coupling between the soft film support and
the rigid electronic connectors. While these issues do not
compromise electrode usability in well controlled, laboratory
conditions, currently they may result in a limited practical
usability in applied contexts requiring tongue EMG detection.
In this study, we opted for a more conservative approach that
allowed to achieve a device with good performance in terms
of mechanical adhesion and signal quality, while also uti-
lizing standard production processes and ensuring immediate
usability.

The quality of electrical contact between electrodes and
tongue was assessed through the measurement of the
electrode-tongue impedance magnitude, and further confirmed
by the quality of the detected signals. Electrical impedances
between electrodes and tongue were stable throughout the
tests and comparable to those of gelled electrodes with sim-
ilar sizes positioned over the skin [26]. This evidence can
likely be attributed to the wet environment that improves
the electrode-tongue contact allowing to reach relatively low
impedance values even without the use of conductive gel. It is
important to note that in this study we measured the impedance
between two exploring electrodes of the grid, meaning that
the reported impedance values included two electrode-tongue
interfaces as well as the impedance of the interposed tissue
(often considered negligible [26]). Therefore, assuming that
the two electrode-tongue interfaces have similar impedances,
the impedance of single electrodes is approximately half the
reported values [27]. The impedance measurement between
pairs of exploring electrodes was used because it enables
the identification of short circuits or low impedance paths
between consecutive electrodes. This occurrence, which may
arise from saliva infiltration under the grid, represents a
particularly significant issue in tongue EMG, as it can result in
the attenuation of single differential signals and consequently
affect the accuracy of amplitude estimation. After 20 minutes
we observed an overall reduction of the electrode-tongue
impedance (Table I and Fig. 2) and a negligible number of
missing contacts (last two columns of table I), indicating
good quality and stability of the tongue-grid contact. It is
worth noting that when the impedance is measured between
two exploring electrodes, a single missing electrode-tongue
contact will result in two high impedance values (]Z50| >
IMQ in table I), unless the missed contact is in the most
internal or external row (rows 1 and 8). Our electrodes showed
a good electrical contact throughout the experiments, with
just one missing contact in participants 1 and 5 (table I).
The observed reduction of impedance with time from the
electrodes’ application is in line with previous studies on
electrode-skin contact [26]. These results suggest it could be
a good practice starting EMG acquisition after few minutes

from the grid positioning, although further studies focused on
the time course of impedance reduction are required to provide
more detailed indications.

The quality of electrical contact between the grid and the
tongue was confirmed by the analysis of the signals detected
during the motor tasks. The study of EMG spatial distribution
during the articulation of vowels /a/, /i/, /u/, and tongue
retraction highlighted different activation patterns (Fig. 3) that
are consistent with tongue anatomy and previous evidence
from in-vivo and in-silico studies [1], [9], [13]. Specifically,
the observed progressive shift of the center of mass towards
the central-posterior part of the tongue for the vowels /a/,
/i/, and /u/ is in line with the hypothesis of a modulation
of the relative activation of anterior and posterior muscles
of the tongue. For example, the activity of the anterior
genioglossus is required to limit the rotation of the apex and
the elevation of the tongue in vowels /a/ and /i/ respectively,
whereas the posterior genioglossus contributes to increasing
the size of the vocal tract in high vowels like /i/ and /u/ [9],
[13]. Although, several other muscles contribute to vowels
articulation and the maintenance of tongue shape [9], the
described activation pattern is consistent with the observed
spatial shift of EMG. Regarding the retrusion task, it is mainly
performed by extrinsic muscles (hyoglossus, and styloglossus
that are not sampled by our grid of electrodes); however,
the associated tongue shortening is likely due to the action
of the muscles that are oriented lengthwise, primarily the
superior (SL) and inferior longitudinal (IL) [1] While the
IL is deep and its contribution to surface EMG may be
limited, SL is superficial and its fibers run parallel to the
tongue superior surface, mainly in the central-posterior tongue
regions, which is consistent with an EMG distribution reported
in Fig. 3. These results demonstrate that the developed system
is capable of revealing different spatial patterns of activation
associated with the activation of different tongue muscles. This
evidence suggests the potential of spatial mapping of the EMG
signal for identifying active muscles during a motor task for
basic or applied studies (e.g., follow-up after tongue surgery,
biofeedback in rehabilitation protocols). It is important to note
that the experimental protocol was not devised to study the
activity of specific muscles, but only to demonstrate that it
was possible to capture spatial heterogeneity and how this
varied for different motor tasks. For instance, the frequency of
the emitted sound was not controlled, and normalization with
respect to tongue size was not performed, which are aspects
to control to study individual muscles’ activation in a subject
population.

The decomposition of HDSEMG signals has demonstrated
the feasibility of single motor unit analysis from tongue
muscles. The analysis of the spatial distribution of MUAPs
revealed that the electrical activity of individual MUs is
represented locally on the tongue surface. MUAP segmented
areas of few square centimeters were observed both in one
side of the tongue surface (e.g., MUAP#2 in Fig. 4) and
symmetrically to the longitudinal axis (e.g., MUAP#4 in
Fig. 4). This is consistent with innervation patterns described
in the literature [42] and with the muscular anatomy of
the tongue, comprising several layers of muscles, each with
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Fig. 6. Representation of the sagittal section of the tongue. The Supe-
rior Longitudinalis (SL) muscle extends along the length of the tongue,
with fibers aligned longitudinally to the superior surface. The thickness
of the SL muscle diminishes towards the tongue tip. Below the SL
muscle lies the Transverse-Vertical (TV) muscle, with fibers oriented on
the coronal plane in vertical and transverse directions (the latter are
indicated by blue dots). Genioglossus (GG) muscle is deeper and its
fibers organized in a fan-like structure. The approximate position of the
HDsEMG grid is indicated by the green thick line on the tongue surface.

specific functions and fiber orientations [1]. The association
between the identified MUAPs and the muscles to which
the MU belongs is challenging and cannot be systematically
verified with the methodologies used in this study. However,
associations can be hypothesized based on the spatiotemporal
MUAP characteristics (presence or absence of propagation)
and the knowledge on the anatomy of intrinsic tongue muscles.
Indeed, it is known that the ability to observe propagating
potentials depends on the relative orientation between muscle
fibers and surface electrodes [17]. The tongue contains several
muscles with different fascicle architectures whose combined
action enables the complex tongue shape changes necessary
to perform motor tasks (see Fig. 3 in [1]). For example, the
SL muscle spans the length of the tongue with fibers aligned
longitudinally to the superior surface, the vertical-transverse
muscle has fibers positioned on the coronal plane in vertical
and transverse directions, and the genioglossus muscle has
a fan-like structure (Fig. 6). Propagation of the potential
along the longitudinal axis could therefore be associated with
the activation of SL muscle fibers. Instead, non-propagating
potentials may be due to activity of the vertical or genioglossus
muscles, whose fibers not aligned with the tongue surface
(Fig. 6) and generate, on the electrode plane, the typical
MUAP pattern of in depth-pinnate muscles [17]. The spatial
characteristics of the segmented areas of propagating and
non-propagating potentials seem to confirm this interpretation.
Indeed, segmented areas of propagating potentials are larger,
elongated longitudinally (the propagation direction in SL)
and centered in a more posterior position, where the SL
muscle is thicker [1]. Instead, territories of non-propagating
potentials are more localized in the anterior part of the tongue
(Fig. 5 and 6). In this region, the thickness of the SL muscle
decreases, and the fibers of the vertical and genioglossus mus-
cles terminate closer to the tongue surface, resulting in larger
potentials detected by anterior electrodes (Fig. 6). Although
further analysis and studies are required, these considerations
highlight the potential of tongue HDSEMG in distinguishing

the activation of different muscular structures in various areas
of the tongue, which may find relevant applications in basic
and applied research.

The proposed grid of electrodes improves the existing
technologies for the electrophysiological characterization of
the tongue, enabling non-invasive investigations of tongue
function and control. However, it is important to highlight
some limitations of the proposed technology. First, while the
conformability of the grid makes it suitable for the considered
tasks that induce moderate tongue shape changes, it may
not be adequate for more complex shape changes. The con-
formability of our detection system is mainly in one direction
(the transversal direction, where columns of electrodes are
independent), while shape changes in the internal-external
direction are limited by the inelastic polyimide substrate.
Furthermore, it is worth noting that the higher IED in the
internal-external direction compared to the transverse direction
was designed considering the expected symmetrical activation
of the tongue around the sagittal plane for the considered
motor task. However, if there is an interest in studying medi-
olateral asymmetries in tongue activation with higher spatial
resolution in the transvers direction, it is possible to modify the
electrode configuration using the same technological approach
presented in this study. Another limitation to note is that
this study did not include a rigorous mechanical character-
ization of the grid’s adhesion. Due to the unavailability of
methods to perform these evaluations in vivo, we opted for
an indirect method based on the assumption that the lack of
mechanical contact between the membrane and the tongue
would inevitably lead to saliva infiltration under the electrodes,
resulting in short circuits between adjacent electrodes. The
fact that the electrode-tongue impedance assessment did not
show short circuits, suggests that the mechanical adhesion was
sufficiently good for the motor tasks considered.

Finally, various applications can be envisioned for the
proposed grid of electrodes. Structural and functional tongue
changes impairing swallowing and speaking abilities are com-
mon in several patient populations, such as those affected by
pathologies (e.g. motor neuron disorders), individuals affected
by central or peripheral trauma, and patients whose tongue
anatomy and function has been altered due to oral cancer
surgery or chemotherapeutic or radiation treatments. A better
understanding of tongue muscle activation during functional
tasks can contribute, together with other methodologies - e.g.
imaging techniques, kinematic measures, strength assessments,
biomechanical models - to refine rehabilitation protocols, mon-
itor changes linked to pathology development and progression,
and predict functional impairments such as those resulting
from surgery or resection of specific tongue regions [43].
Furthermore, it is worth noting that the tongue is a target
muscle for the assessment of neuromuscular alterations and
for the identification of fasciculation potentials in amyotrophic
lateral sclerosis (ALS) [44], [45], [46], [47]. HDSEMG has
demonstrated feasibility in improving fasciculation sensitiv-
ity [48], [49], [50], and within this context, our proposed
electrode system finds application in the non-invasive identifi-
cation and classification of fasciculation potentials originating
from various tongue muscles.
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