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Abstract: Background. The aim of this study was to propose and establish the proof of concept of an
approach to synchronize 3D Electromagnetic Articulography (3D-EMA) with Surface Electromyo-
graphy (SEMG) based on the standard components of this equipment. Methods. The appropriate
equipment and instruments were selected according to specifications stablished for this study. Once
the necessary equipment was gathered, the proper conditions to synchronize the signals were created.
Thus, we selected a SEMG with a switch module incorporated to be able to achieve synchronization
of the signals. After the system setup was stablished, chewing tasks were recorded on a healthy
volunteer, collecting a proof-of-concept database. The variability among recordings of the database
were analyzed in terms of its standard deviation in order to detect possible interferences. Results. The
analysis of the chewing task recordings obtained with the synchronized 3D EMA and SEMG signals
in the present study did not reveal significant distortions, and all values were within those that had
been given by the manufacturers of both of the systems. The method presented the advantage of
using only components that are already included with the equipment employed. Conclusion. The
method of analysis described in this paper is an effective tool that facilitates the investigation of
mandibular movements synchronized in two domains: articulatory movements and electromyo-
graphic activity. Thus, it seems promising that it can be applied in different clinical situations to
improve the analysis of the complexity of masticatory activity in addition to being able to generate
new insights on this topic.
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1. Introduction

For a complete understanding of the kinesiology of the mandible, it is necessary to
record muscle activity and movement pattern simultaneously as a strategy to relate the
phases of chewing cycles to muscular contractions [1]. Neuromuscular analyses involv-
ing surface electromyography (SEMG) of the masticatory muscles and kinematics of the
mandible have been widely employed in clinical practice and research. These techniques
allow quantification of disharmony in pathological conditions as well as the outcome
of given therapies [2]. Some studies involved simultaneous recordings of both kinds of
signals [1,3-18] but only a few achieve synchronization [1,3-5,15]. To synchronize signals
from different acquisition systems is a challenging task, and the methodology employed by
researchers is not always clearly reported.
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Current advances in technology have allowed dentists precise methods to evaluate
mandibular movements (MM) and muscle activity. Surface EMG is a non-invasive tech-
nique that provides information on muscle properties through electrodes located over
the skin. The surface EMG is the sum of the electrical contributions of the active motor
units and reflects both the muscle membrane properties and the central control strate-
gies [19]. Many researchers apply surface EMG recordings in both basic research and
clinical studies [20]. In controlled experimental conditions, surface EMG has been shown to
be a powerful tool to study the jaw elevator muscles physiology and muscle impairments
associated with different temporomandibular disorders (TMD), and also to detect muscle
hyper- and hypo-activity, muscle imbalance, rest position, and fatigue [20].

Electromagnetic articulography (EMA) is a non-invasive technique that can be em-
ployed to analyze kinematics of the mandible [21]. It is based on the inductive measurement
of distances, originally introduced to track the movement of articulators such as the tongue
and lips during speech production [22]. EMA systems generate an alternating magnetic
field of controlled frequency in the measurement area by the implementation of transmitter
coils [22-24]. The magnetic field induces an alternating electric current in small receiver
coils, which are also called sensors [22]. The induced current is analyzed to calculate the
spatial position of the sensors [22]. Fuentes et al. employed the AG501 articulograph to
assess cinematic characteristics of masticatory cycles in healthy participants with normal
occlusion, tracking the position of an EMA sensor placed in the interincisal midline of
the mandible [25-29]. Hoke et al. employed the Wave articulograph to analyse the micro-
movement of dental prosthesis during mastication [30]. Compared with other methods
employed to track MM, EMA systems allow more natural movements because they do not
restrict the movement of body—including the head—and also achieves high spatial preci-
sion (up to 0.3 mm) and temporal precision (sample frequency of up to 1 kHz) [25,26,31].

Fusing electromagnetic articulography with surface electromyography provides new
opportunities to analyze the biomechanics of the mandible. Our goal is to propose and
establish the proof-of-concept of an approach to synchronize a 3D electromagnetic articulo-
graph with a surface electromyograph based on the standard components of the equipment,
showing that there is no significant interference between the systems.

2. Materials and Methods

At first, it was necessary to plan and gather the required equipment. The next step
was to create the necessary conditions to register and synchronize the signals provided
by the different systems. For this purpose, we selected a surface electromyograph with a
switch module incorporated, which is usually employed to synchronize the EMGs’ signal
with mechanical events. After the system setup was ready, a proof-of-concept database was
collected for further analysis.

2.1. Equipment and System Setup

A 3D electromagnetic articulograph (AG501, Carstens Medizinelektronik, Bovenden,
Germany) was selected to register MM [21]. This equipment is classified as a Low Power
Communication Device Transmitter by the Federal Communications Commission of the
United States (FCC ID 2AHFP-AG501). A surface electromyograph (SEMG VIII, ArtOficio,
Santiago, Chile) was selected to register the electromyographic activity of the Temporal
(anterior portion; right and left) and masseter (right and left) muscles. An essential ac-
cessory to achieve the proposed synchronization is the EMGs “switch”. When pressed,
this accessory generates an electrical event on the SEMG signal and, at the same time, an
acoustic signal that can be easily recorded using the EMA microphone. The audio recording
is synchronized with the articulographic recordings. Therefore, when synchronizing SEMG
and audio signals, all articulographic recordings will be synchronized, too.

The main characteristics of the equipment employed are summarized in Table 1. The
setup was arranged as shown in Figure 1. The EMA microphone and the EMG switch
should be close to each other.
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Table 1. Equipment characteristics.

Electromagnetic Articulograph Surface Electromyograph

AG 501, Carstens Medizinelektronik, Bovenden, Germany
Sampling frequency 250 Hz and 1250 Hz
16 channels
Electromagnetic field frequencies from 7.5 to 13.75 kHz
Sensors version HQ220-L.120-B
Notebook with dedicated software

SEMG VIII, ArtOficio, Santiago, Chile
Sampling frequency 250 kHz
8 channels
BW from 10 Hz to 500 Hz
Bipolar sensors
PC with dedicated software
Switch Module to synchronize with mechanical event

EMA
SENSOR

EMA
MICROPHONE

--------------

REFERENCE |y
CONNECTOR [ESN

DISPLAY

Figure 1. System setup.
2.2. Recording Protocol

In order to conduct a simultaneous recording for posterior synchronization, the fol-
lowing sequence of steps (Figure 2) should be followed:

1.  The subject under study should be located and connected, as shown in Figure 1.

2. To register an experimental task, both systems should start recording before conduct-
ing the task.

The EMG switch is pressed to generate a visible event in the signals of both systems.
The experimental task is carried out.

Both systems stop recording.

EMA and EMG data are saved as binary files or text files.

Steps 1 to 5 are repeated until all experimental tasks are finished.

All resulting files are organized within a folder containing all of the recordings made
within the whole session.

® N U

Connect the
subject to both
EMA and
EMG systems

Stop both
Trigger th Ask the subject t Label and transfer .
ger the Sk the subject to EMA and © ranste Off-line data
SWITCH perform the the data into a :
. - SEMG - processing
signal experimental task R containing folder
recordings ?

Figure 2. Recording protocol steps.
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2.3. Off-Line Signal Processing and Synchronization

The recordings are processed off-line in order to achieve synchronization. The spikes in
the audio signal and the square signal registered by the SEMG (with both events generated
by the same switch) are employed to synchronize the signals of both systems, as shown
in Figure 3. The switch was pressed three times at the beginning of the simultaneous
recording. Three square pulses of 5 V of amplitude can be observed in the SEMG signal
and six peeks can be observed in the audio recording. Both signals are synchronized when
the spikes coincide with the flanks of the square pulses.

Unsychronized signals
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w
S 2f .
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> 1r 1
g 0 “. II || * i ? > — ;» +’.. .
sl
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Synchronized signals
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WAV level [V*100], EMG switch [V]
EN N

Figure 3. Synchronization of the switch signal of SEMG system (blue) and audio signal of EMA
system (green).

2.4. Proof-of-Concept Database

To prove the viability of the proposed methodology and to analyze possible interfer-
ences between the systems, the following recordings were made in one healthy volunteer
(Ethics Committee Approval number 125/18, Comité Etico Cientifico, Universidad de La
Frontera, Temuco, Chile):

- Articulographic recording the chewing of 3.7 g of peanuts placing 3 active sensors
on the jaw: in the interincisal midline, between first right molar and premolar, and
between left molar and premolar.

- Electromyographic recording of the chewing of 3.7 g of peanuts.

- Simultaneous electromyographic and articulographic recording of the chewing of
3.7 g of peanuts.

Each chewing task was performed two times. First, chewing to the right side, and
then to the left side. These recordings were labeled and stored, generating a proof-of-
concept database.
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2.5. Accuracy Analysis

The proof-of-concept database (EMA and EMG data) was processed to analyze the
differences between simultaneous and individual recordings employing Matlab (R2019a,
MathWorks, Natick, MA, USA). The following parameters were calculated:

- Standard deviation of instantaneous measurements of Euclidean distance between
pairs of sensors for each articulographic recording.
- Average of the EMGrms (40 ms window) signal of each electromyographic recording.

The variation of both of the parameters between the different registration modalities
(simultaneous and individual) were then analyzed.

3. Results

Regarding the analysis of the articulographic recordings of chewing, the standard de-
viation of the distance measurements between the sensors was 0.2 mm for the simultaneous
registration of EMA with EMG and 0.3 mm for the individual registration of EMA. The
values were within the limits indicated by the manufacturer. Figure 4 shows the trajectory
of the mid-incisal point registered with EMA with and without connecting the SEMG
device to register the muscle activity.
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Figure 4. EMA recordings: trajectories of the mid-incisal point. When combined with EMG, chewing
to the right side (A) and to the left side (B). Without connecting the EMG device, chewing to the right
side (C) and to the left side (D).

A difference between 1% and 10% was found between the means of the EMGrms
(Figure 5) associated with the simultaneous EMG records with the EMA and individual
EMG, respectively (Table 2).
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Figure 5. EMG recordings: EMGrms of masseter and temporalis (anterior portion). When combined
with EMA, chewing to the right side (A) and to the left side (B). Without connecting EMA device,
chewing to the right side (C) and to the left side (D).



Appl. Sci. 2023,13, 5851

7 of 10

Table 2. EMGrms mean.

Without EMA With EMA Difference
LT 31.6 uv 31.3 uv 1%
RT 19.6 uV 20.1 uvV 3%
LM 15.8 uv 153 uv 3%
RM 10.2 uV 9.2 uv 10%

Finally, the achieved synchronization of EMGrms and MM signals is shown in Figure 6.
Only the SEMG recording of chewing from the right masseter muscle is shown. Scales were
adjusted to achieve a better representation of the relation of both signals.

Right Masseter

o
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'
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p

5 6 7 8 9 10 1M 12 13 14
Figure 6. EMGrms signal from the right masseter muscle (blue) and MM (red) synchronized.

4. Discussion

The present study proposed and established a proof-of-concept for the synchronization
of two electromedical systems, 3D electromagnetic articulography, and surface electromyo-
graphy, explaining it in detail so that it can be replicated by other research groups. No
significant interferences between both systems were detected in the recordings. The im-
plementation of the synchronization and further analysis aims to improve understanding
of the complexity of mandibular functional movements, which may be applied to study
different clinical situations.

The study of functional movements through analysis of kinematics and muscle activity is
widely approached in various disciplines [32], including dentistry [1-3,5,7-9,11,13,14,16,33],
which reveals the importance of analyzing these complex movements by various methods
that complement each other.

Simultaneous measurements of different biomechanical variables of mandibular move-
ments have been carried out for many years. Bigland measured the speed of contraction,
the EMG activity, and the tension applied controlled by putting different weights [34]. More
recent studies have also analyzed mandibular movements with simultaneous recordings of
electromyographic activity and jaw movements in dentate individuals [8] and patients with
maxillary and mandibular complete dentures [13] without synchronizing both recordings.
These studies, even with clinical value, have limitations due to the lack of synchronization
of their recordings or lack of more detailed explanation of the methodology employed.
This limits the extrapolation of their results in the clinical understanding of mandibular
movements, which reveals the need for a more complete analysis.

Other authors have developed studies demonstrating the concern to synchronize the
signals recorded by different electromedical equipment related to mandibular movements
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with the electromyographic activity of the muscles of the stomatognathic system [6,7,9-11,14],
but these studies did not provide enough information regarding the methods to be replicated.

Some studies have shown the synchronization between electromedical equipment
applied to different analyses of the stomatognathic system, using arrangements or equip-
ment specially developed for this purpose. Widmalm et al. designed and built a special
device to combine recordings of vibration and EMG activity [35]. Nakazawa et al. per-
formed a master-slave arrangement for palatal pressure, mandibular movement, and EMG
recordings with 1 ms delay in the synchronization [36]. Some researchers used a specific
synchronization module for EMG signal analysis and occlusal force distribution analyzed
using the T-SCAN system [37-40], and Grigoriadis et al. synchronized EMG records of
the masseter muscle and the mandibular movements using a commercial system with 2D
magnetic sensors [16].

Other studies performed the synchronization of the recordings by generating an inde-
pendent and identifiable event in the signals acquired by different systems. Ahlgren used a
light signal to synchronize EMG and cinematography recordings [1]. A pulse generator was
used to synchronize EMG activity and mandibular movements by videofluorography and
cineradiography [3-5]. Freitas et al. synchronized the recordings of mandibular movements
obtained by a Kinect sensor and EMG activity through a computational custom-made sys-
tem [15]. More recently, Okawa et al. also used a synchronizing signal and post-processed
the recordings to synchronize them [41].

Synchronization through the generation of a specific event was the method chosen
by our research group to synchronize the EMG recordings of masticatory muscles and
mandibular movements. In our case, we used a “switch” device that comes with EMG
equipment and a sound recorder that comes with AG501 3D-EMA equipment. Activation
of this switch generated an independent and distinguishable event in both registers, which
in the case of EMG was recorded as a square electrical signal, and in the EMA was recorded
as a peek in the acoustic signal that was used to synchronize both recordings.

Our recording method is a novelty in the scientific literature, and it has the advantage
of the high accuracy of the movement-recording method demonstrated in previous articles
from our research group [25-27]. In addition, this synchronization was performed using
only the components that already accompany both pieces of equipment selected, a fact that
besides facilitating its realization and replication, does not add costs to its realization.

In general, our results obtained during synchronized recordings showed no distor-
tion/alteration outside the limit values informed by the manufacturers. Even though
both instruments are very sensitive to electromagnetism, the EMA AG501 and the EMGs
proposed in this methodology do not generate interferences between them during the
simultaneous recording. This is probably because the bandwidths with which each system
work do not overlap. This analysis could be improved by incrementing sample size and
making a more complex experiment, e.g., determining the natural variability of EMG and
EMA recordings for the application considered.

5. Conclusions

The present study was able to establish a detailed proof-of-concept of the synchro-
nization of chewing muscle EMG activity related to mandibular movements, recorded
by 3D-EMA, without generating significant distortion (within the values informed by
the manufacturers), with the advantage of using components that are included with the
equipment employed. The measurement system described in this paper is an effective
tool that facilitates simultaneous investigation of mandibular movements in two domains:
articulatory movements and electromyographic activity of muscles. Thus, it seems that
is can be applied in different clinical situations in order to improve the analysis of the
complexity of masticatory activity, thus generating new insights on this topic. The signal
distortion analysis could be improved by incrementing sample size and making more
complex experiment.
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