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Abstract

The use of wearable sensors for real-time monitoring of exercise-related measures has
been extensively studied in recent years (e.g., performance enhancement, optimizing ath-
lete’s training, and preventing injuries). Surface electromyography (SEMG), which measures
muscle activity, is a widely researched technology in exercise monitoring. However, due to
their cumbersome nature, traditional SEMG electrodes are limited. In particular, facial EMG
(FEMG) studies in physical training have been limited, with some scarce evidence suggest-
ing that fEMG may be used to monitor exercise-related measurements. Altogether, SEMG
recordings from facial muscles in the context of exercise have been examined relatively
inadequately. In this feasibility study, we assessed the ability of a new wearable sEMG tech-
nology to measure facial muscle activity during exercise. Six young, healthy, and recreation-
ally active participants (5 females), performed an incremental cycling exercise test until
exhaustion, while facial SEMG and vastus lateralis (VL) EMG were measured. Facial SEMG
signals from both natural expressions and voluntary smiles were successfully recorded. Sta-
ble recordings and high-resolution facial muscle activity mapping were achieved during dif-
ferent exercise intensities until exhaustion. Strong correlations were found between VL and
multiple facial muscles’ activity during voluntary smiles during exercise, with statistically sig-
nificant coefficients ranging from 0.80 to 0.95 (p<0.05). This study demonstrates the feasibil-
ity of monitoring facial muscle activity during exercise, with potential implications for sports
medicine and exercise physiology, particularly in monitoring exercise intensity and fatigue.

Introduction

The use of non-invasive wearable sensors for real-time monitoring during physical exercise
has been studied extensively [1]. Real-time and continuous monitoring of physiological vari-
ables during exercise provides valuable information with implications for optimizing athlete’s
training, enhancing performance, avoiding over-training, preventing injuries, and post-injury
rehabilitation. One of the most researched applications of wearable sensors is the identification
of athletes’ exercise intensity and fatigue evaluation during exercise [2-4]. The link between
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exercise intensity, exercise-related fatigue, and facial SEMG was studied over the last two
decades, pointing to strong correlations between facial muscles and fatigue-related measures
[5-11]. For example, it has been suggested that epicranius (frowning expression) [6, 10], zygo-
matic major and masseter muscle (jaw clenching) activation [10] are positively correlated with
the degree of exertion and fatigue-related measures during exercise and physically demanding
tasks [8, 10]. In a recent review, focusing on applications of facial SEMG recording, it was sum-
marized that mapping emotional expression has a vast potential in a quantitative evaluation of
fatigue, resulting from physiological labor and/or psychological stress [12].

Video analysis of facial expressions combined with machine learning algorithms is the most
commonly used method for studying the expression of fatigue in the face [10, 13]. Several
recent studies showed the use of video analysis during exercise (e.g. [14, 15]). However, to
achieve high-resolution visual access, facial video analysis during exercise requires the athlete
to set their head in a non-convenient fixed position in front of a camera without the ability to
move freely when cycling, running, or performing resistance exercises. Additionally, as facial
expressions depend on a complex activation of multiple facial muscles [16], a fundamental lim-
itation of video or image analysis is to identify which muscles have been activated.

Considering the above challenges, continuous and direct measurement of muscle-related
fatigue during exercise by conventional facial surface electromyography (sSEMG) recordings
was considered [17-23]. However, conventional sSEMG monitoring during exercise suffers
from major technological challenges. An optimal electrode-skin electric coupling commonly
mandates conductive electrolytic gel between the skin and the metal electrode [24]. Such wet
electrodes, which are widely used in clinical work, tend to dry and usually allow only short-
term signal recording, typically at low resolution, as the electrode’s surface covers a large skin
area. SEMG recordings are particularly prone to instability and mechanical artifacts during
dynamic exercise due to the cumbersome wet electrodes, which are typically connected via
wires to relatively static and large recording equipment. Thus, accurate SEMG signal recording
is still limited to a clinic or a laboratory setting and requires experienced technicians. Clearly,
for high-resolution sSEMG during exercise, an sSEMG system should be portable, soft, easy to
apply, and with minimal use of wires to avoid interference with the subject’s training, while
also presenting stability against sweat and movements [1, 25, 26].

Wearable sEMG with high resolution and stability against sweating and movements suit-
able for convenient application to the face opens a wide range of opportunities, particularly in
examining subjects’ facial expressions during intense exercise. In this investigation, we used a
novel soft sensor for the high-resolution recording of surface electromyography from the face
[27, 28] to resolve the challenges described above. The technique utilizes a soft, high-density
printed dry electrode array. Previously, these printed electrode arrays were demonstrated to
enable continuous and accurate measurement of SEMG signals in a convenient and simple-to-
use manner under resting conditions [29]. Here, for the first time, this new soft SEMG sensor
was tested during exercise. The aim of the current study was to assess the feasibility of record-
ing facial muscle activity during exercise and to provide a proof of concept that facial SEMG
can be used to quantify effort during exercise.

Materials and methods

The study was carried out at the Sylvan Adams Sports Institute at Tel Aviv University, Israel.
The study protocol was approved by the Institutional Ethics Committee of Tel Aviv University
(approval #0000447-4) and all participants provided written informed consent prior to partici-
pation. Participant recruitment for this study started on February 1, 2022, and concluded on
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April 12, 2022. Any identifiable participant in this study has given written consent for
publication.

Multi-array SEMG system

The electrode arrays and the miniature data acquisition unit (DAU) that were tested in this
study were purchased from X-trodes Inc. The sensors were previously described in [27, 28].
The sensors were developed for various applications, such as sleep monitoring, emotional
affect detection, and smile mapping [29-31]. Briefly, the sensor utilizes a high-density skin
electrode array (16 electrodes), made of conductive carbon and silver ink, embedded in soft
support (Fig 1). The softness of the arrays allows good mechanical coupling to the subject’s
skin, which does not disrupt or restrict the subject’s movement. The electrodes are dry (no
coupling medium is required) and allow long-term accurate recording. This innovative
manufacturing method allows flexibility in the location, size, and density of the electrode
array, so that the electrode array may be shaped per the required application. To enable
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Fig 1. Experimental setup. The sSEMG multi-electrode array sticker placement on a participant, with the channel numbers corresponding to each electrode, in
both upper and lower facial regions. Also shown are the VL EMG unit and the DAU supporting 16-channel facial EMG recording and acceleration data collection

of the head.

https://doi.org/10.1371/journal.pone.0298304.9001
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convenient recording of SEMG in natural settings during everyday life activities, the electrode
array is connected to a wireless data acquisition unit (DAU, X-trodes Inc.) The DAU is a wire-
less system containing a lightweight amplifier and transducer that supports up to 16 unipolar
channels (2 ©V noise RMS, 0.5-700 Hz) with a sampling rate of 4000 S/s, 16-bit resolution and
input range of + 12.5 mV. A 620 mAh battery supports DAU operation for up to 16 hours.
The amplified analog signal is converted into a digital signal and transmitted via Bluetooth
(BT) protocol to a recording unit. The DAU is controlled by an Android application in which
the signal can be viewed continuously. The data are stored on a built-in SD card and can be
uploaded to a designated Cloud-based platform for further analysis. The DAU also includes a
3-axis inertial sensor to measure the acceleration of the head with a sampling rate of 1000 S/s.

Experimental outline

The Facial SEMG array was positioned on the participant’s left side of the face (see Fig 1), cov-
ering the forehead, zygomaticus, and lower face regions. The monitored locations are
described in Table 1. The same electrode array design was used for all the experiments without
accounting for anatomical facial differences. A commercial ground plate electrode (Natus)
with a contact area of 40 X 50 mm was placed at the cervical spine. The sensor was connected
to the DAU and was attached to a custom-made headband. Prior to each test, a calibration
phase was performed in which participants were asked to mimic several facial expressions that
were expected to be seen during exercise (i.e. a wide smile, frowning, closing the eyes, an
expression of great pain or exertion).

In addition, sSEMG of the Vastus Lateralis (VL) was measured continuously during the exer-
cise, in parallel to the facial SEMG, by a single EMG unit (Tringo, Delsys) with a sampling rate
of 1500 S/s. The electrodes were attached to the VL muscle according to SENIAM standard
(http://seniam.org/sensor_location.htm).

Exercise stress test

Six healthy young and recreationally active volunteers (age 25.7 + 5.7 y, BMI 21.4 + 3.1 kg/m?;
5 females) participated in the study. Participants performed an incremental cycling test to
exhaustion on a cycle ergometer (Schoberer Rad-Messtechnik, SRM GmbH, Germany). Start-
ing from 3 min of rest, and followed by a 3 min warm-up stage, the participants were
instructed to cycle at a constant pedal frequency of 70 revolutions per minute (RPM), starting
with 50 W, while ramping 25 W at each stage, lasting 3 min each. Above the point of onset of
blood lactate accumulation (that was defined as 4 mmol by measuring the lactate levels with

Table 1. Facial EMG channels and corresponding facial regions (lower face—LF, upper face—UF) and monitored
location.

Electrode channel Location Facial region
Chl-6 Depressor muscles LF
Ch8 Zygomaticus major LF
Ch7,9-10 Zygomaticus minor LF
Ch11 Levator anguli oris LF
Ch12 Orbicularis oris Perioral
Ch13 Nasalis Nose
Ch14 Corrugator supercilii UF
Chl5 Procerus UF
Chl6 Frontalis UF

https://doi.org/10.1371/journal.pone.0298304.t001
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blood drawn from the participant’s fingertip at the end of each stage), the 25 W resistance
increments lasted 1 min, until exhaustion. Exhaustion was defined as a pedal frequency of
fewer than 60 RPM for more than 5 s, despite the participant’s effort to continue pedaling. Fol-
lowing cessation, the participants were instructed to stay seated for 3 min for a recovery
period, while sSEMG was continuously monitored. Throughout the exercise, the participants
were instructed to remain silent to avoid unnecessary activation of facial muscles. To test the
sensor’s feasibility of recording facial sSEMG during different exercise intensities, while ampli-
fying the signal, the participants were instructed to smile at the end of each stage of the test.

Data analysis

Raw facial EMG data were filtered using a 4th order Butterworth bandpass filter (BPF), with a
frequencies band of 30-350 Hz with a hamming window, to attenuate non-sEMG components.
A notch filter with 50 Hz cut-off frequency and g-factor of 100 was used to remove power-line
interference. Root mean square (RMS) values of the last 30 s of each stage were calculated and
normalized to the individual’s maximal RMS value (obtained at the last stage). Raw EMG data
of the VL muscle were filtered similarly, apart from the fact that the BPF was set to the fre-
quency band of 20-400 Hz. Voluntarily smile events were segmented by using manual annota-
tions, labeled during each stage of the exercise test. Annotations were corrected during the
post-processing phase as follows: a moving standard deviation (STD) window of 4 s around
the manual timestamp, with a 0.2 s overlap, was applied for all 16 channels. For each event, the
beginning of the smile was defined as the first time that the STD reached a threshold Ty, and
the smile’s end was defined as the first time the STD of all channels was below the threshold.
The RMS value of each smile segment along the exercise was calculated for each channel, and
was normalized to the RMS value of the smile evoked at the resting stage, in order to overcome
the variability of the individuals’ smile pattern. Neutral expressions segments were chosen as
the segments with minimal noise before a smiling event (about 30 seconds before the smile
event). The RMS of each neutral expression segment was calculated and normalized similarly
for the smile segments.

Since each participant performed a different number of exercise stages until exhaustion,
averaging the participants’ RMS values, for both facial and VL data, was conducted according
to exercise intensities. The exercise duration was divided into five bins, with each bin repre-
senting an exercise intensity range calculated as a percentage of maximal power that was
reached towards the end of the test: 0-20%, 20-40%, 40-60%, 60-80%, and 80-100%. For each
participant, intensities were normalized using min-max normalization of power output. Seg-
ments’ RMS values were aggregated into the relevant bin and then averaged. To explore facial
expression variations at different exercise intensities until exhaustion, the neutral facial expres-
sion ratio (NFER) was calculated for each exercise intensity bin by dividing the RMS within
bin (i) by the previous RMS at bin (i-1). This approach was chosen to evaluate the signal qual-
ity in addition to the signal-to-noise (SNR) analysis. NFER considers the signal’s stability while
increasing the exercise intensity, which brings about higher mechanical artifacts. In addition,
to test the feasibility of mapping specific facial muscles expressed during exercise, an adapted
fastICA algorithm, as was used in previous studies [29], was applied to the filtered data.
MATLAB software (Mathworks Inc. Natick, MA, USA) was used for data analysis and plot-
ting, Fig 1 was created with BioRender.com.

Results

The soft facial sSEMG array was tested during an incremental cycling exercise test until exhaus-
tion on six participants. The test lasted 23.5+4.8 min, during which time the participants
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reached a maximal power output of 191+34 W with a corresponding maximal heart rate of 179
+14 beats per minute (BPM). The experimental setup is depicted in Fig 1.

Facial EMG signals showed a quick stabilization for all 16 channels shortly after the sensor’s
initial set-up. The baseline-noise root mean square (RMS), calculated during neutral expres-
sion at rest prior to the test, was 16.00+4.50 V. The noise RMS peaked during the maximal
exercise intensity to a value of 36.44+13.94 4V and decreased after 3 min of recovery to 18.17
+4.42 yV. All 16 channels remained stable throughout the test and detachments of the elec-
trode arrays were not observed. Such stability was achieved, even when significant sweating
was apparent, and when the participants breathed heavily and made significant facial expres-
sions (typically towards the end of the test due to extensive effort). All participants reported
that the sensor was comfortable, and its use did not interfere with cycling, even at high intensi-
ties. Fig 2 demonstrates the ability of the sensor to record an sSEMG signal of neutral facial
expressions that varied throughout the exercise as its intensity was increased (Fig 2a). For
example, the raw signal obtained from the zygomaticus major muscle (channel #8) at different
intensities, in correspondence to the depicted facial expression (Fig 2a), is shown in Fig 2b,
together with the signal’s estimated Welchs power spectral density (Fig 2c). The clean sEMG
data recorded with the soft sensors was obtained despite significant head movements, as evi-
dent by the linear and angular acceleration data derived from the DAU’s embedded inertia
sensors (Fig 2d and 2e).

Table 2 summarizes the neutral facial expression ratio (NFER) values which were calculated
for all 16 channels throughout the test. NFER values were distributed in the range of 0.93 to
1.33. In general, NFER values were close to 1 with a relatively small standard deviation, point-
ing to a stable and robust signal in the presence of disturbance during the exercise. Towards
the end of the test (maximal power output), the signal tends to be more susceptible to interfer-
ence or distortion due to the increase in exercise intensity.

To further substantiate the stability of the signals in Fig 3 we show an example of post-pro-
cessed data for high-resolution exploration. Specifically, we examined temporal and spatial dif-
ferences in facial expressions (neutral expressions and smiles) during exercise at five different
intensities: Rest, light (50 W), moderate (125 W), maximal intensity (225 w), and recovery (Fig
3d). Fig 3a shows differential signals of both a neutral expression and a voluntary smile at dif-
ferent stages. Differential signals between electrodes positioned at close proximity to each
other can differentiate a smile from a neutral expression in all intensities (for example, Ch#6-
Ch#2). Differential data help achieve amplification: One such example is the differential signal
between the corrugator supercilii and zygomaticus muscle regions (Ch#15 and Ch#8, respec-
tively) appear to be optimal for smile detection. Further insight can be gained by applying the
fast independent component analysis (fastICA) algorithm. Fig 3b and 3¢ show an example of
EMG sources extracted by the fastICA algorithm, at five different intensities. The correspond-
ing heat-maps (Fig 3¢), are consistent with specific muscles: corrugator supercilii (frowning
expression, IC#1); zygomaticus (IC#2); and depressor anguli oris (IC#3). ICA data help
address the cross-talk challenge, in particular for strong muscle activation, as in these physical
exercising experiments. The ICA maps also clearly reveal specific muscle units, consistent with
those identified under static conditions [29]. Here we demonstrate, for the first time, such
mapping during physical exercise, further establishing the stability and reliability of the
recorded sSEMG data.

Finally, the correlation between the RMS of muscle activation during smiling and the RMS
of the EMG of the VL muscle was calculated. Fig 4 depicts the dynamics of both Ch#15 (fronta-
lis muscle) and the VL, along the exercise test (from rest, through different intensities and
recovery). It is readily apparent that the frontalis muscle activation follows the pattern of the
VL muscle, one of the most dominant muscles that are activated during cycling, with a positive
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Fig 2. Facial sSEMG during different exercise intensities. Capture of facial expression (a); Raw signal from the zygomaticus major
muscle (Ch8) (b); The estimated Wlech’s power spectral density (PSD) (c); Corresponding accelerometer and gyroscope 3-axis data (d
and e).

https://doi.org/10.1371/journal.pone.0298304.g002
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Table 2. Neutral facial expression ratio (NFER) calculated for all 16 channels during the test, indicating signal’s stability throughout the intensity range (N = 6).

Chl
Ch2
Ch3
Ch4
Ch5
Ché6
Ch7
Ch8
Ch9
Ch10
Chl1
Ch12
Ch13
Ch14
Chl5
Chl6

Warmup
Rest

1.68+0.31
1.66+0.33
1.68+0.33
1.66+0.30
1.68+0.30
1.65+0.32
1.78+0.37
1.75+0.36
1.77+0.36
1.73+£0.34
1.61+0.46
1.66+0.29
1.55+£0.39
1.91+£0.58
1.74+0.35
1.72+0.34

RMSyin(r)
RMSpin(1-1)

0-20% 20-40% 40-60% 60-80% 80-100% Recovery
Warmup 0-20% 20—40% 10-60% 60—80% 80-100%
0.97£0.09 1.04+0.19 1.16+0.13 1.05%0.16 1.18+0.23 0.49+0.14
1.01+0.06 0.99+0.10 1.13+0.11 1.07+0.25 1.27+0.34 0.49+0.14
1.00+0.08 1.02+0.11 1.26+0.10 1.06+0.20 1.23+0.35 0.48+0.14
0.98+0.07 1.01+0.09 1.18+0.17 1.11+0.35 1.33+0.48 0.46+0.14
0.93£0.14 1.01+0.12 1.14+0.11 1.12+0.24 1.21+0.27 0.51+0.12
1.02+0.05 1.07+0.28 1.13+0.11 1.02+0.15 1.21+0.24 0.54%0.15
0.98+0.10 0.99+0.13 1.12+0.11 1.03+0.16 1.13£0.16 0.49+0.14
0.98+0.09 1.00+0.11 1.14+0.10 1.04£0.17 1.14£0.17 0.49+0.14
0.97+0.09 0.99+0.12 1.12+0.11 1.02+0.16 1.12+0.16 0.49+0.14
0.98+0.09 1.01+0.11 1.12+0.10 1.04+0.15 1.12+0.15 0.49+0.14
0.99+0.08 1.00+0.10 1.11+0.11 1.02+0.16 1.16+0.16 0.53+0.23
0.99+0.07 1.01+0.11 1.15£0.15 1.22+0.36 1.19+0.20 0.48+0.11
1.04+0.10 1.05+0.13 1.11+0.10 1.28+0.54 1.20£0.13 0.56+0.23
1.01+0.08 1.03+0.20 1.11+0.11 1.04+0.16 1.12+0.15 0.48+0.14
0.99£0.09 1.05+0.10 1.11+0.11 1.04+0.17 1.12+0.17 0.48+0.14
0.99£0.08 1.00+0.12 1.11+0.11 1.03+0.16 1.12+0.16 0.48+0.14

https://doi.org/10.1371/journal.pone.0298304.t002

correlation of 0.84 between the two (p < 0.05). The correlation between the VL muscle and the
remaining facial muscles is provided in Table 3.

Discussion and conclusions

Our main aim in the current study was to assess the ability to faithfully record facial electromy-
ography during exercise using soft and wearable electrode arrays. Indeed, stable recordings of
facial muscle activity were achieved during a graded cycling exercise test until exhaustion. The
results of this study substantiate the feasibility of recording high-resolution facial SEMG signals
from both neutral expressions and voluntary smiles while exercising at different intensities in
controlled settings without mechanical noise or cross talk. We also presented several examples
of different signal analysis approaches for further exploration of facial expressions during exer-
cise (from rest to exhaustion).

The soft nature of the soft multi-electrode array and the overall user convenience of the sys-
tem allow an ecological assessment of facial muscle activity during challenging conditions,
such as intense exercise. To demonstrate the robustness and the stability of the sensor during
exercise (despite high mechanical impact during graded cycling test until exhaustion), filtered
signals and the corresponding PSD were shown for different exercise intensities, even with
intense head movements (Fig 2). The PSD was low at rest, as expected, while towards maximal
intensity, higher PSD was observed, as participants presented pronounced facial expressions at
maximal intensity, similar to the violent effort or the advanced fatigue expressions that were
described by McKenzie [32]. Overall, the observed signal and PSD were similar to previously
described data recorded during static settings [33].

The facial SEMG data we collected were analyzed primarily with conventional tools [18],
i.e. differential (filtered) signals (Fig 3a). The segments of differential pairs showed signals with
low RMS at neutral expression (“silent” face), and different patterns of muscle activation dur-
ing instructed smiles, depending on exercise intensity. A differential signal of electrodes #16-
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Fig 3. Examples of post-processing of data recorded of voluntary smiles during the exercise test. Differential sSEMG (filtered) data
from electrode pairs (A); 3 fastICA that was applied upon the signals recorded from all 16 channels (B); Corresponding heatmaps that
depict the activated muscles resulted from the ICA analysis (C); The cycling protocol with marks of the instructed voluntary smiles
(shadowed green) (D).

https://doi.org/10.1371/journal.pone.0298304.9g003

#2 examines the crosstalk between the lower facial muscles to the corrugator (supercilii and
procerus) muscles. Differential signals #6-#2 and #8-#15 demonstrate the increased involve-
ment of the depressor and zygomaticus muscles, respectively, during a graded exercise test.
We chose to show those muscles owing to their important role, as was previously reported. For
example, Morree and Marcora [6, 7] showed the involvement of corrugator muscles during
physical tasks. It was also previously shown that muscular activity of the masseter muscles (jaw
clenching) and the epicranius and zygomatic muscles (the masseter muscle) were positively
correlated with the degree of exertion and other fatigue-related measures during incremental
workload cycling [8] and a hand weightlifting exercise [10].

Exploring these phenomena in detail can be achieved using fastICA analysis. Indeed, we
showed that the fast ICA algorithm successfully separated the recorded data from the sensor’s
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Fig 4. AveragexSD of normalized RMS values of sEMG data from the frontalis muscle during voluntary smiles
along the exercise test (black line) and the average RMS values of the VL muscle (grey line) (N = 6).

https://doi.org/10.1371/journal.pone.0298304.g004

16 channels into independent activation sources. Three independent muscle sources are
shown in Fig 3c. IC#1, IC#2 and IC#3 represent the corrugator, zygomaticus, and depressor
muscle components, respectively. Our data show that the EMG signal of the frontalis area
(frowning) was relatively low during rest and light intensity while increasing with exercise
intensity, reaching maximal values at maximal power output. With recovery after ceasing the
test, the signal decreased. Our results are in accordance with data presented a decade ago by
Morree and Marcora, who were the first, to the best of our knowledge, to study the correlation

Table 3. Correlation coefficient table between normalized RMS values of sSEMG data of each channel and RMS of
VL muscle.

Correlation Coefficient
Chl 0.81*
Ch2 0.95*
Ch3 0.88*
Ch4 0.42
Ch5 0.67
Ché 0.86*
Ch7 0.54
Ch8 -0.02
Ch9 0.55
Ch10 0.57
Chl1 0.69
Chi2 0.93*
Ch13 0.86*
Ch14 0.82*
Ch15 0.84*
Ch16 0.80*

*Pvalue < 0.05

https://doi.org/10.1371/journal.pone.0298304.t003
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Table 4. Comparison between various facial expression studies during physical tasks using facial electromyography.

Source Exercise type Electrodes Monitored muscles

Morree & Marcora [6] Leg extensions 1 Ag/AgCl electrodes Corrugator supercilii

Morree & Marcora [7] Cycling test with constant-workload 1 Ag/AgCl electrodes Corrugator supercilii

Huang et al. [8] Incremental cycling test to exhaustion 2 Ag/AgCl electrodes Corrugator supercilii and masseter muscle
Uchida et al. [10] Weightlifting (Arm curl lifting) 2 Ag/AgCl electrodes Zygomatic major and epicranius muscles
This study Incremental cycling test to exhaustion 16 Dry electrodes Multiple facial muscles (see Table 1)

https://doi.org/10.1371/journal.pone.0298304.t004

between exercise exertion and facial EMG [6]. It has been concluded that frowning muscle
activity reflects effort during physical tasks. Moreover, it was shown that frowning activity has
the potential to differentiate exercise intensities during constant workload cycling. The zygo-
maticus involvement during graded exercise was also reported previously, as it was found to
be positively correlated with the degree of exertion and other fatigue-related measures during
incremental workload cycling [8] and a hand weightlifting exercise [10].

The RMS values of the smile events extracted from the 16-channel soft fEMG array were
found to be highly correlated to VL RMS values, throughout the exercise test. RMS of the
sEMG signal increased with the increased exercise intensity and decreased with recovery. It
has been suggested that the increase in facial muscle activity with exercise may be a result of
motor irradiation, which refers to the involuntary activation of facial muscles, which may
accompany the production of voluntary activation of actual working muscles [6, 7]. The results
we show here are consistent with these findings.

Despite the growing interest in monitoring facial muscle activity during exercise, there are
still many challenges in recording high-quality facial muscle activity signals during exercise. It
is apparent that the main challenge is the ability to record multiple facial muscles in a conve-
nient and accurate method. This is especially important during prolonged dynamic and
intense exercise, as it is difficult to run, cycle, or perform complex resistance exercises with
conventional SEMG electrodes attached to one’s face. This study’s significance lies in the usage
of a novel wearable multi-electrode array, allowing accurate and continuous facial electromy-
ography during dynamic exercise (Table 4). Moreover, this sensor is unique as it allows simul-
taneous recording of multiple facial muscles, in high resolution, for a full facial expression
mapping in the context of physical exercise. The new wearable sensor enables the design of
studies with high complexity and with high relevancy for athletes, as it can be easily applied
during exercise with minimal interference to the athlete.

There are some limitations in this study. First, the same electrode design was used for all
participants, regardless of anatomical differences (head and face) between participants. Vari-
ability in head and face anthropometrics should be considered when designing electrode
arrays for different applications. Nevertheless, our results showed a high correlation between
facial SEMG and the reference VL electrode. Second, as for a feasibility study, we had a small
sample size from both genders, limiting the generalizability of the findings. Furthermore,
because of fitness differences and possible differences in how exercise affects facial expressions,
further research is needed to investigate the relationship between facial muscle activity and
exercise, while focusing on objective and subjective reports. Those studies are currently
underway.

To conclude, the wearable facial technology is easy to use and allows the recording of high-
resolution facial SEMG while performing physical tasks. User convenience, during cycling
exercise, together with good signal stability, despite high mechanical noise during exercise, are
critical parameters in determining the ability to study facial expression during exercise in an
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ecological environment. The study’s findings may have implications in sports medicine and
exercise physiology, specifically in monitoring exercise intensity and fatigue.
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