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ABSTRACT In this study, FocusBand (FocusBand Technologies, T 2 Green Pty Ltd.) textile electrodes were
tested against medical-grade wet electrodes to investigate the possible differences in skin-electrode interface
behavior and EEG signals’ quality. In vivo electrical impedance spectroscopy and simultaneous forehead
EEG measurements were performed with ten healthy subjects. In addition, the FocusBand device was
tested in a stand-alone manner against a medical-grade reference system using similar test measurements.
Compared to wet electrodes, textile electrodes had higher median absolute skin-electrode impedances five
minutes after the attachment, but this difference decreased to 50–55% of the initial during the first 60minutes
on all measured frequencies (1–1000 Hz). Textile and wet electrodes produced highly consistent EEG signals
at forehead Fp1 and Fp2 locations. From those, Fp1 signals were more consistent in terms of normalized
cross-correlations and agreement of the relative spectral powers. A stand-alone comparison showed that
the FocusBand device can be used to record forehead biopotential signals, but the quality was not as
consistent as with the medical-grade system. Based on impedance characteristics, a recording made using
FocusBand textile electrodes may be more susceptible to artifacts than recording made using the medical-
grade wet electrodes. However, FocusBand textile electrodes can be used, after a short stabilization period,
to reliably record forehead EEG signals with a quality almost equal to that reached with medical-grade wet
electrodes.

INDEX TERMS Dry electrode, electroencephalography, impedance, sleep, textile electrode, wearable.

I. INTRODUCTION
Electroencephalography (EEG) is the most common mea-
surement technique for recording the electrical activity of
the brain. In sleep studies, EEG is a compulsory part of
polysomnography (PSG) to detect sleep stages and cortical
arousals [1]. Despite recent technological advances, current
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medically approved EEG/PSG devices with accompanying
sensor technologies still possess many disadvantages in terms
of portability, costs, and ease of use, negatively affecting the
availability of the measurement [2]. As sleep studies includ-
ing EEG are mainly restricted to the laboratory environment,
other disadvantages of PSG include a general deterioration
in normal sleep structure and limitation to recording of one-
night only [2]. As the demand for sleep studies is increas-
ing due to growing awareness of sleep disorders [3], new

132580 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 9, 2021

https://orcid.org/0000-0001-9633-6016
https://orcid.org/0000-0002-9779-4358
https://orcid.org/0000-0002-8084-4160
https://orcid.org/0000-0001-5780-1982
https://orcid.org/0000-0002-8035-1606
https://orcid.org/0000-0003-4017-821X
https://orcid.org/0000-0003-2798-2115
https://orcid.org/0000-0003-0368-8923


M. Rusanen et al.: In-Laboratory Comparison of FocusBand EEG Device and Textile Electrodes

wearable solutions for measuring EEG also outside the sleep
laboratories are urgently needed.

An increasing number of consumer and research-grade
EEG devices have been recently developed for cognitive
studies, gaming, education, and brain-computer inter-
faces [4]. These devices show advantages in terms of
self-usability and comfortability; however, according to
recent reviews [4], [5], most of them are not properly
validated for clinical or research use. Especially the data
quality and susceptibility to various forms of noise and
artifacts arising from the electrodes and hardware of these
devices are regarded as major concerns [5]. The previous
validation studies of novel EEG electrodes or devices have
considered the accuracy and reliability of the systems with
resting-state EEG measurements [6]–[8], blink detection
ability [6], event-related potential measurements [9], and
recording of the EEG during a driving task [6].

Consumer-grade EEG devices frequently apply dry elec-
trodes because of their re-usability and ease of use. These
electrodes are often fixed to a firm plastic casing [4], which
might not be applicable in sleep studies due to discomfort and
movement of the casing. Furthermore, conducting recordings
at a hairy area is technically challenging; a simpler option is to
use hairless areas, for example, the forehead. Forehead EEG
measurement devices have been previously validated against
the standard PSG with good accuracy in manual scoring of
sleep stages [10]–[13]. Various types of dry EEG electrodes,
e.g. flat type metal electrodes and stretchable conductive
plastic electrodes, have been previously studied with electro-
chemical impedance spectroscopy and fitting of the equiva-
lent circuits to compare the electrode characteristics to those
of standard wet electrodes [14]–[17]. Furthermore, previous
studies have reported an increase in the noise levels due to the
higher skin-electrode impedances of dry electrodes [9], [14].
Other concerns regarding dry electrodes are their instability,
arising from the susceptibility to movement artifacts, contact
pressure, and sweating [16]–[19]. Conversely, devices with
modern high input-impedance amplifiers are shown to be able
to record high-quality EEG signals regardless of somewhat
higher absolute skin-electrode impedances and impedance
imbalance between themeasuring electrodes [19], [20]. Thus,
dry electrode configurations could potentially be utilized in
high-quality EEG recordings e.g. in various sleep monitoring
applications.

An interesting branch of dry electrodes is textile-based
electrodes, which represent the convenient integration of the
electrodes into garments [21], [22]. Most research on textile
electrodes is conducted in relation to various applications
of electrocardiogram or electromyogram [21]. Instead, the
suitability of these electrodes as EEG electrodes has not
been studied in a systematic, objective, and quantitative man-
ner [21]–[23]. Despite this, the issues related to the man-
ufacturing and material selection of these electrodes have
already been reviewed [21], [22]. Silver has been previ-
ously used in textile electrodes because of its high conduc-
tivity and good biocompatibility [21]. In accordance, wet

silver/silver chloride (Ag/AgCl) electrodes are the most com-
monly used electrodes in biopotential measurements from
the skin. They exhibit nearly perfect nonpolarizable char-
acteristics and were chosen as the gold standard reference
in this study. We hypothesize that silver oxide-based textile
electrodes can record forehead EEG signals with a qual-
ity close to that obtained with clinical electrodes when
recorded with a modern high-quality biopotential measure-
ment device. To investigate this hypothesis, we quantita-
tively evaluate the signal quality of a wearable headband
(FocusBand Technologies, T 2 Green Pty Ltd., Windaroo,
Australia), which includes three silver oxide textile elec-
trodes, originally intended for neurofeedback-oriented sports
training. First, we aim to investigate the possible differences
in the skin-electrode interface behavior and forehead biopo-
tential signal quality between FocusBand textile electrodes
and medical-grade wet gel electrodes when all signals are
simultaneously recorded with a medical-grade PSG device.
To further evaluate the overall performance of the Focus-
Band EEG device, the second aim is to test the whole data
acquisition chain, including the FocusBand textile electrodes,
amplifier, and data logger against the chain consisting of
medical-grade PSG device and wet gel electrodes.

II. MATERIALS AND METHODS
A. SUBJECTS
Ten healthy volunteers, six men, and four women, aged
between 20 to 40 years participated in the present study.
Volunteers were accepted to participate if they had no car-
diovascular or respiratory diseases. The study protocol was
given a favorable statement by The Research Ethics Com-
mittee of the Northern Savo Hospital District (849/2018)
and all subjects assigned an informed consent form before
the measurement. The study was conducted following the
standard ethical guidelines of Good Clinical Practice and the
Declaration of Helsinki.

B. ELECTRODES AND DEVICES
The FocusBand is a wearable headset with three silver oxide
textile electrodes integrated on a neoprene band and designed
to be used in the forehead region. The FocusBand textile
electrodes cover the standard frontopolar 10-20 EEG system
positions of Fp1, Fpz, and Fp2 (Fig. 1). To test the textile
electrodes, we compared their performance in vivo against
medically approved Ag/AgCl wet electrodes (Neuroline 720,
Ambu A/S, Copenhagen, Denmark). Neuroline 720 elec-
trodes are pre-gelled and self-adhesive and thus intended for
long biopotential measurements from hairless skin. Details of
the electrodes used in this study are given in Table 1.

When comparing only the electrode performance between
the textile and wet electrodes, EEG signals from each
electrode were recorded with a portable PSG/EEG device
(Nox A1, Nox Medical, Reykjavik, Iceland). The sampling
frequency of the Nox A1 device is 256 kHz. Signals are
then downsampled and stored with a sampling frequency
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FIGURE 1. The sensor placement for simultaneous electroencephalography (EEG) recordings and impedance measurements and respective
differential channels (a) of the electrodes that were used in comparisons (b). Below is an illustration of the measurement protocol (c) applied
to each of the volunteers.

TABLE 1. Characteristics of the electrodes used in the study.

of 200 Hz. Besides the electrode comparison, the Focus-
Band device was tested as a stand-alone recording setup,
and the gathered EEG data were compared with the data
collected with a setup consisting of Nox A1 and Neuroline
720 electrodes.

FocusBand’s recording device has a sampling frequency
of 128 Hz and the raw signals are saved using a 100 Hz
frequency through a Bluetooth connection on a developer’s
phone application (FocusBand WIZGO). Although the sam-
pling frequencies of the compared devices are not identical,
they are both appropriate to sample the most interesting con-
tent of the EEG signals in clinical sleep medicine, which is
defined to be between 0.3 and 35 Hz [1].

PalmSens4 with a MUX8-R2 multiplexer (PalmSens,
Houten, Netherlands) was used to measure the skin-electrode

impedances from both types of electrodes as a function of
logarithmically sampled frequency, ranging from 1 Hz to
1 kHz with 31 sample points. Fp1 and Fp2 electrodes were
used as a working electrode separately and Fpz electrodes
were used as a reference point of the measurement (Fig. 1).
This allowed a comparison of the impedances simultaneously
between textile and wet electrodes and between similar elec-
trode types, i.e. computing the impedance imbalance. The
multiplexer enabled the rapid acquisition of impedance spec-
trums of each electrode. The duration of a single impedance
sweep for one channel was 36 seconds indicating a total
measurement time of around two minutes for four electrodes.
PSTrace 5.8 -software by PalmSens enabled an automatic
injection current selection in a range of 10 nA to 1 mA
set before measurement. The sinusoidal voltage applied to
electrodes was 0.01 V in amplitude and had a zero DC offset.

C. STUDY PROTOCOL
Each volunteer was examined according to a measure-
ment protocol and a sensor placement visualized in Fig. 1.
This included the above-described skin-electrode impedance
measurements at 5, 30, and 60 minutes after the attach-
ment of the electrodes. EEG signals were acquired between
the impedance measurements. First, the signals were mea-
sured simultaneously with both types of electrodes using
the Nox A1 recording device. The non-measuring ground
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electrode of Nox A1 was attached to subjects’ nasion during
EEG acquisitions. Second, the FocusBand’s recording device
was used to measure the signals from the textile electrodes
and as previously, the medical-grade reference was measured
using Nox A1 device with the wet electrodes. All measure-
ments were carried out in an air-conditioned room in a quiet
environment.

The wet electrodes were attached to a volunteer’s head as
close above to the corresponding textile electrode as possible
to achieve similar skin properties and biopotential activity
areas (Fig. 1). The textile electrodes were attached to a volun-
teer’s head without any skin preparation, whereas a standard
preparation was applied for the wet electrodes; first, a gentle
abrasion of the outermost skin layer, and secondly, cleansing
with alcohol wipes. It was also ensured that no hair or eye-
brows were left beneath the electrodes. The neoprene-based
headband was tightened on a Velcro-type strap so that the
volunteers felt comfortable wearing it.

Subjects followed a certain protocol during the EEG mea-
surements; resting on supine position eyes closed for five
minutes, resting eyes open for five minutes, moving their
eyes up and down and right to left for 20 seconds, blinking
eyes, and chewing/teeth-gritting for 20 seconds and finally,
focusing on a given mental task for five minutes. These
tasks were set to increase variability in the frequency con-
tent of the measured forehead signals, rather than expecting
a simple neural response. Moreover, the forehead biopo-
tentials are also influenced by the eye’s electrical activ-
ity. The aforementioned tasks include different levels of
eye movements enabling the investigation of these effects
to signals of different electrode types. The task on the
last part of the measurement was a Sudoku game on a
smartphone and the volunteers were sitting on a bed when
conducting it.

D. DATA ANALYSIS
The impedance data of each volunteer were exported
from PSTrace 5.8 -software and imported to MATLAB
R2017b (MathWorks Inc., Natick, Massachusetts, USA).
The median, the maxima, and the minima of the abso-
lute impedance values were computed. Similar computa-
tions were applied to the phase difference data to reveal
more information on the electrochemical characteristics of
the skin-electrode interfaces. In addition, the imbalance of
the absolute impedances between similar types of electrodes
on each volunteer was examined by calculating the absolute
differences of the impedances between the two sides for
wet electrodes and textile electrodes separately. Finally, the
maxima, the minima, and the medians of the differences in
absolute impedances at frequencies of 1, 16, 32, and 1000 Hz
were computed.

The EEG data measured with Nox A1 was exported
from the Noxturnal software (Nox Medical) and analyzed
in MATLAB R2017b. Before any filtering, the raw signals
were used to derive the FocusBand textile electrodes chan-
nel 1 (Ch1-FB; Fp1-Fpz) and channel 2 (Ch2-FB; Fp2-Fpz)

by re-referencing. Similarly, channel 1 (Ch1-NL; Fp1-Fpz)
and channel 2 (Ch2-NL; Fp2-Fpz) were derived to repre-
sent the signals of the medical-grade Neuroline wet elec-
trodes. In addition, we derived an extra channel, Ch3-NL
(Fp1-Fp2) (Fig. 1a), which was later used in the estimation
of the reference level of the similarity metrics (Fig. 1b).

All EEG signals were filtered before the analysis with
a 5th order type II Chebyshev 0.3–35 Hz bandpass filter with
a 40 dB stopband attenuation from peak passband value. This
filter was chosen to have a smooth passband and relatively
fast transit between the pass- and stopband in the filtered sig-
nals frequency content. Signals were visually checked before
and after the filtering in both, time and frequency domain,
to ensure stable and rational signals for further quantitative
analysis.

The similarity of the EEG signals was examined using
three different analyses. First, the temporal overall corre-
spondence of the signals was studied by computing the
cross-correlation of the comparable signals utilizing zero lag
normalization. Second, mean absolute errors (MAEs) of the
signals in microvolts were computed to compare absolute
differences in signal amplitudes. Third, relative powers of
the typical EEG signal frequency bands; Delta 0.5–4 Hz,
Theta 4–8 Hz, Alpha 8–14 Hz, and Beta 15–30 Hz frequen-
cies, were computed in 30-second windows with Welch’s
method in a non-stationary manner. To study the correlations
of the relative powers between different measurement setups,
Pearson correlation coefficients were calculated. In addi-
tion, Bland-Altman plots and analyses were used to quan-
tify the agreement of the relative powers between different
signals.

All the analyses were done separately for Ch1 and Ch2 sig-
nals and the different stages of the measurement protocol;
Eyes open, Eyes closed, Eyes moving (including blinking of
the eyes and teeth-gritting), and Focusing (playing Sudoku
game). The reference level of these similarity metrics was
estimated by comparing signals that were recorded using
Nox A1 and wet electrodes (Ch1-NL vs Ch3-NL). As these
signals were acquired using the same medical-grade setup
and had the same polarity, but slightly different electrode
placement, they are thought to represent the effect of elec-
trode displacement on the quantitative measures.

When comparing the FocusBand’s device to the medical-
grade reference setup in a stand-alonemode, the EEG signals,
recorded with Nox A1, were downsampled to 100 Hz to
match the FocusBand’s signals as well as possible. Signals
were temporarily synchronized by manual inspection of dif-
ferentiable signal features. Due to the limitation of absolute
time-synchronization, cross-correlations of the signals were
not computed. Besides that, the same analyses of differences
in signal amplitudes and relative powers were computed. All
subjects were included in the analysis, and no artifacts were
removed from the recordings. However, all signals were trun-
cated to similar lengths, and 30 seconds from the beginning
of the measurements were excluded to avoid comparing the
signals during calibration of the devices.
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FIGURE 2. The median absolute skin-electrode impedances and phase shifts as a function of time and frequency. A major difference in the median
absolute impedances between FocusBand textile electrodes and medical-grade wet electrode (Ambu A/S, Neuroline 720) was observed 5 minutes after
the attachment on low frequencies. However, e.g. at the frequency of 16 Hz, the difference was reduced to 61 % after 30 minutes and further to 55 %
after 60 minutes from the initial value. The FocusBand electrodes also produced a higher phase shift over the whole frequency range. Abbreviations:
Fp1 and Fp2 indicate the frontopolar electrode of the impedance measurement and |Z| was the measured median absolute impedance.

III. RESULTS
A. SKIN-ELECTRODE IMPEDANCES
Clearly different impedance characteristics were observed
between the textile and wet electrodes (Fig. 2). Median
absolute impedances of the wet electrodes remained at a
low (<1.1 k�) level at all measured frequencies and over
the 60-min test. In contrast, the textile electrodes exhibited
impedance spectrums that were highly dependent on the exci-
tation frequency; the lower the frequency was, the higher the
absolute impedances were. In addition, absolute impedances
of textile electrodes systematically decreased with time in
skin contact. At the first (5 min) measurement, the difference
in median absolute impedances between compared electrode
types was greatest (e.g. 26.4 k� vs 0.8 k� at 16 Hz), but
this difference was reduced to 55–61 % (e.g. 16.8 k� vs
1.0 k� at 16 Hz) of the initial values after 30 minutes and
further to 50–55 % (e.g. 14.9 k� vs 0.7 k� at 16 Hz) after
60 minutes (Table 2). Furthermore, the textile elec-
trodes caused a greater negative phase shift that increased
towards higher frequencies. However, there were no sys-
tematic changes in terms of phase shifts as a function of
time.

Median imbalances in the absolute skin-electrode
impedances between similar electrodes (Fp1 vs Fp2) were
also higher for textile electrodes in the first (5 min) mea-
surement (e.g. 11.1 k� vs 0.7 k� at 16 Hz). However,
the median imbalance of textile electrodes reduced after
30 minutes to 30–56 % (e.g. 5.6 k� at 16 Hz) and after

60 minutes to 22–33 % (e.g. 3.7 k� at 16 Hz) of the initial
values (Table 2). For wet electrodes, the median imbalance
was initially low (<0.8 k�) and reduced after 60 minutes
to 73–86 % (<0.6 k�) of the initial values.

B. SIGNAL QUALITY WITH FOCUSBAND TEXTILE
ELECTRODES
TheCh1-FB andCh1-NL signals were found to have a similar
level of average cross-correlations (0.67–0.80) as the Ch1-NL
and Ch3-NL signals (0.65–0.81) between the different stages
of the measurement (Table 3). Compared to the reference
level cross-correlations of Ch1-NL and Ch3-NL signals,
the average cross-correlations between Ch2-FB and Ch2-NL
signals were 0.14 units lower on average for all stages. Aver-
age cross-correlations were lower for Ch2 signals compared
to Ch1 signals in all stages except the Eyes closed stage. The
mean absolute error between the Ch1-FB and Ch1-NL signals
was 5.07 µV over the whole recording, whereas between the
Ch2-FB and Ch2-NL signals it was 4.59 µV. These values
were close to the reference level of 3.88 µV and did not
exhibit any major differences between the different stages
of the protocol, except that the MAEs were greatest for all
comparisons in the Eyes moving stage.

As a result of the relative band power analysis, a significant
median correlation (p< 0.05) was found between the Ch1-FB
and Ch1-NL signals on almost all frequencies and stages of
the measurement (Table 4). Only Delta frequencies on Eyes
closed and Eyes moving stages did not show a significant
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TABLE 2. The medians and range (minimum-maximum) of the absolute impedances |Z| and impedance imbalance 1Z between measuring electrode pairs
(Fp1-Fp2) in Ohms among the studied population (n = 10).

TABLE 3. Mean maximum cross-correlations (±SD) of the filtered signals
in different stages measured with Nox A1 from FocusBand (FB) textile
and Ambu A/S Neuroline 720 (NL) electrodes.

median correlation between Ch1-FB and Ch1-NL signals.
Median correlations of the relative powers were not statis-
tically significant (p > 0.05) for Theta frequencies between
the Ch2-FB and Ch2-NL signals. In addition, relative powers
at high frequencies (Beta) on the Eyes moving stage and low
frequencies (Delta) on Eyes open stage did not show a statis-
tically significant median correlation (p > 0.05) between the
Ch2 signals.

The Bland-Altman analysis revealed that signals recorded
with the textile electrodes had an average of 8 % more
power in Delta frequencies than the signals recorded with
the wet electrodes (Fig. 3). Other frequency bands had highly
similar powers between the signals recorded with the textile
and the wet electrodes, as the mean absolute difference was
lower than 3 % in all of them. Furthermore, the estimated
95 % confidence intervals were similar to the reference level
comparisons.

C. SIGNAL QUALITY WITH FOCUSBAND DEVICE
When the FocusBand device was used to acquire the sig-
nals from textile electrodes, MAE between the Ch1-FB and
Ch1-NL signals amplitudes was 74.4 µV over the whole
recording, whereas between Ch2-FB and Ch2-NL it
was 73.7 µV. The highest MAEs were found in the Eyes
moving stage, being 193.9 µV and 183.4 µV for Ch1 and
Ch2 comparisons, respectively. The reference level of the
MAEs was computed similarly as before between the
Ch3-NL and Ch1-NL signals and it was lower than 6 µV
between all stages. Furthermore, when comparing Ch1-FB
andCh1-NL signals, relative powers at Alpha frequencies had
a statistically significant median correlation (p< 0.05) within
all stages of the measurement (Table 5). The main differences
between FocusBand and Nox A1 measurements were in the
low (Delta) and high (Beta) frequencies (Table 4). A similar
finding was observed on the Bland-Altman plots (Fig. 4).
An example of the signals measured during the focusing task
is shown in Fig. 5.

IV. DISCUSSION
The main aim of this study was to investigate the elec-
trical characteristics of FocusBand textile electrodes and
to compare their performance to medical-grade EEG elec-
trodes. Furthermore, we tested the FocusBand device as a
stand-alone device against a medical-grade reference sys-
tem to compare signal powers and qualities. Validation
was conducted by means of in vivo measurements of the
skin-electrode impedances and by simultaneous forehead
EEG measurements. The results of the skin-electrode
impedance measurements demonstrated clear differences in
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TABLE 4. Median and ranges (minimum-maximum) of the Pearson correlation coefficients for the relative powers of frequency bands Delta 0.5–4 Hz,
Theta 4–8 Hz, Alpha 8–14 Hz, and Beta 15–30 Hz in different stages of the measurement when the electrodes were compared.

FIGURE 3. Bland-Altman plots of the relative powers between the compared signals in the setup used to compare electrode performance only. All
signals were recorded with FocusBand (FB) textile electrodes and Neuroline 720 (NL) wet electrodes using a portable medical-grade PSG (Nox A1)
device. Highly similar relative powers were observed between signals recorder with the textile and the wet electrodes in Theta (4–8 Hz), Alpha
(8–14 Hz), and Beta (15–30 Hz) frequencies. Signals recorded with the textile electrodes had an average of 8 % more power in Delta (0.5–4 Hz)
frequencies than signals recorded with the wet electrodes. As a reference, differences in Ch3-NL and Ch1-NL signals were also computed. The
estimated 95 % confidence intervals for FB and NL differences were similar as in the reference level comparisons. Abbreviations: FB-NL refers to
differences between Ch1-FB and Ch1-NL signals and between Ch2-FB and Ch2-NL signals. NL-NL refers to differences between Ch3-NL and Ch1-NL
signals. SD refers to standard deviation of the respective differences.
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TABLE 5. Median and ranges (minimum-maximum) of the Pearson correlation coefficients for the time-series of the relative powers of frequency bands
Delta 0.5–4 Hz, Theta 4–8 Hz, Alpha 8–14 Hz, and Beta 15–30 Hz in different stages of the measurement when the FocusBand hardware was tested.

FIGURE 4. Bland-Altman plots of the relative powers between the compared signals in stand-alone comparison. The main differences between
FocusBand (FB) device and Nox A1 (NL) measurements were in the low (Delta) and high (Beta) frequencies. As a reference, differences in Ch3-NL and
Ch1-NL signals were also computed. The estimated 95 % confidence intervals showed a higher deviation of the differences between the FB and NL
signals than between the signals measured with the medical-grade reference system. Abbreviations: FB-NL refers to computed differences between
Ch1-FB and Ch1-NL signals and between Ch2-FB and Ch2-NL signals. NL-NL refers to differences between Ch3-NL and Ch1-NL signals. SD refers to
standard deviation of the respective differences.

characteristics of the FocusBand textile electrodes com-
pared to the medical-grade wet electrodes. However, the
high initial difference (e.g. 26.5 k� vs 0.8 k� at 16 Hz)

in the median absolute skin-electrode impedances was
reduced to 50–55 % during the 60 minutes measure-
ment. In addition, power spectral analysis performed on
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FIGURE 5. Examples of the filtered signals from Fp1-Fpz channel (Ch1) during the focusing task. The upper three traces show comparative signals
recorded by a medical-grade PSG amplifier from FocusBand textile electrodes and from medical-grade Neuroline wet electrodes. The bottom three
traces show a stand-alone comparison of the devices (FocusBand vs. medical-grade reference system). The signals from Fp1-Fp2 channel (Ch3) were
used in the reference level estimation of the comparisons and are recorded using the medical-grade system. The normalized maximum
cross-correlations of these exemplary signals were 0.83 and 0.73 for Channel 1 and reference level, respectively, in the electrode comparison.

simultaneously recorded EEG signals from textile elec-
trodes and medical-grade wet electrodes revealed statistically
significant correlations on multiple frequencies in different
stages of the protocol. Bland-Altman plots of the relative
powers verified the level of agreement between the compared
signals. However, a slightly lower correlation was observed
between the Ch2 signals than between the Ch1 signals. Fur-
thermore, the results of the stand-alone comparison of the
FocusBand device demonstrated its ability to record forehead
biopotential signals, but the quality was not as consistent as
that of the medical-grade reference system. It is well known
that dry electrodes have higher absolute impedance values
and are less stable than wet electrodes [14], [16]. However,
the change in the absolute impedances as a function of time
has not been systematically reported in the literature. Li et al.
reported opposite results, as the absolute impedance of a
dry (not textile) electrode was found to be increased over
time [16]. Other variables known to affect the skin-electrode
impedance measurements are room temperature, humidity,
the pressure applied to the electrodes [18], [24], and the con-
tact area of the electrode [14]. In the present study, the effects
of room temperature and humidity were minimized by a
constant measurement environment. The measurement room
was well air-conditioned, which might be one reason for high
absolute impedances during the first measurement before any
sweat or moisture was formed between the electrodes and the
skin. The absolute impedance values reported in the present
study were at the same level as reported in the previous stud-
ies [14], [24], but are not easily comparable due to possible
differences in the measurement devices and configurations.
We did not compute the area-normalized impedance values,

because these differences in the areas are part of the design
of the electrodes we wanted to include in the comparison.

Based on the higher absolute impedances, the textile
electrodes might be more susceptible to artifacts arising
from the skin-electrode interface than the medical-grade wet
electrodes. In addition, a high inter-subject variation in the
absolute impedances (e.g. 7–98 k� at 16 Hz) of the textile
electrodes five minutes after the attachment was revealed.
This suggests that these electrodes might be more conve-
nient and suitable for some particular skin types. How-
ever, the FocusBand textile electrodes systematically reach
a lower level of absolute impedance (maximum < 40 k�
at 16 Hz) after 30 minutes of stabilization, when comparing
to the fairly high initial level (maximum 98 kOhm). Further-
more, both of the studied electrodes maintained their electri-
cal characteristics during the next 30 minutes on all subjects.
Based on this, the electrical behavior of the skin-electrode
interface of these textile electrodes could be suitable for long
biopotential measurements where wet electrodes can lose
their stability after gel drying. Thus, a study consisting of
longer recording periods needs to be conducted to further
assess these abilities and constraints of the electrodes.

EEG signals of Ch1-FB and Ch1-NL were similarly
cross-correlated as Ch1-NL and Ch3-NL signals; maximum
values at zero lag and the same level of correlation. However,
Ch2 signals had lower average cross-correlation compared to
Ch1 signals. This asymmetry of the results was observed in
the Eyes open and Eyes moving stages, which might indicate
that Ch2 signals were more susceptible to eye movement.
On the other hand, the comparison of the relative spec-
tral powers revealed that this asymmetry was focused on a
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single frequency range (Theta) and might be due to distorted
measurement configurations where the measurement devices
were mainly located on the Ch2 side of the volunteers. In fact,
multiple factors may contribute to this asymmetry of the
measures of the EEG signals. These include, for example,
manufacturing differences regarding the electrodes, leads,
and connectors and their susceptibility to electrical noise,
light stimuli, or other physiological signals. In this study,
the electrode leads, and the electrodes were not shielded.
Despite the asymmetry, the present results show that Focus-
Band textile electrodes can be used to record the electrical
activity of the forehead area with similar frequency content as
recorded with wet electrodes. Although the forehead biopo-
tential signals are referred to as EEG in this study, it must
be noted that these signals are presumably not purely from
a neural source as the eye’s and facial muscle’s electrical
activity can easily contribute to the forehead signal. The EEG
content was not extracted from these forehead signals as eye
movement is valuable information in sleep studies. However,
the signals were filtered to a frequency range of 0.5–35 Hz,
which is themost interesting in sleep studies [1]. This filtering
excludes the power line noise as well as some unwanted
high-frequency artifacts and low-frequency drift.

The stand-alone comparison revealed the signals recorded
with the FocusBand device had significantly higher ampli-
tudes than the signals recorded using the medical-grade ref-
erence system. However, the visual comparison of the sig-
nals revealed that the signal waveforms were mainly similar,
despite the amplitude differences. Few short segments of
high-amplitude artifacts were visually found on all of the
compared signals. These were presumably due to excessive
eye movement or the volunteer’s head movement during a
resettling of the position before the focusing task.

There was a statistically significant correlation between
the relative spectral powers of the signals measured with the
FocusBand device and the reference system at Theta and
Alpha frequencies during multiple stages of the measure-
ment protocol. However, there was no statistically signifi-
cant median correlation between the relative powers of these
signals at the low frequencies (Delta) in any of the stages.
Bland-Altman plots confirmed the level of agreement that
was seen in the correlation analysis of the relative powers.
The differences in relative powers between the FocusBand
and medical-grade reference channels were more deviated
than differences between the channels which were recorded
using a similar medical-grade measurement setup, i.e. the
reference comparison of Ch3-NL and Ch1-NL. The lack of
consistency in an agreement between the FocusBand’s and
reference system’s signals in stand-alone comparison was
pronounced at low (Delta) frequencies. A similar finding
was observed in a previous validation study of a wireless
dry electrode system and was suggested to arise from dif-
ferences in internal filtering, gain and other settings of the
devices compared [25]. The present study also showed that
injection signals with low frequencies produce greater abso-
lute impedance differences between dry and wet electrodes,

which may explain the detected differences in low-frequency
powers. A common problem of portable biopotential mea-
surement devices is that the device input impedances are not
high enough, which leads to a relatively small common-mode
rejection ratio, thus affecting the ability of the amplifier to
resist common-mode signals.

Based on the results of the present stand-alone comparison,
the FocusBand device may be more susceptible to artifacts
than the medical-grade Nox A1 device. In addition, the high
differences in Delta frequencies might be problematic in
sleep recordings, especially concerning the detection of the
N3 stage. In contrast, the FocusBand device performed rela-
tively well on frequencies we believe it is originally designed
for, i.e. Theta and Alpha. The differences at Beta frequencies
might be due to a different susceptibility of the FocusBand’s
device to electromyographic activity, which can affect the
high frequencies of EEG signals. Thus, the FocusBand device
may not reach similar signal quality as the medical-grade
device but may still be able to record EEG signals of mainly
similar waveforms and relative powers of Theta and Alpha
frequencies as a medically standard reference.

This study has certain limitations that must be discussed.
First, the study population consisted of only ten healthy
subjects, and thus the present conclusions can be generalized
only with caution. However, as a technical comparison, this
population was sufficiently large to quantitively reveal the
differences in EEG signal quality and skin-electrode inter-
face behavior of the compared electrodes and devices. Sec-
ondly, the sources of the artifacts affecting the similarity
measures could not be identified based on the present results.
As discussed earlier, low-power EEG signals are hard to
record without any artifacts even with medical-grade devices.
Acknowledging these challenges, the results showed a rea-
sonable similarity, e.g. between Ch3-NL andCh1-NL signals.
Moreover, the measurement setup in electrode comparison
may favor the wet electrodes as the patient ground was of
this type of electrode also. However, we assume this has
a minor effect on the results as modern devices can resist
well against small impedance imbalances and the channels
are re-referenced after the measurement to represent signals
of a single electrode type. In addition, electrode placements
could not be varied due to limited space on the forehead
and because the headband was attached to a position, where
it is originally intended to be used. This might cause a
small difference in the susceptibility of the textile and wet
electrodes to the eye’s electrical activity as well as in the
impedance measures. Finally, the signals of the stand-alone
comparison could not be precisely temporarily synchronized
due to different sampling frequencies, possible delays on the
wireless connections, and timings of the compared devices.
Following this, the cross-correlation analysis was missing in
this part of the study. However, the two other analyses gave
reasonable evidence on the similarity of the signals recorded
using the FocusBand device and medical-grade reference
system. Furthermore, in the present pilot study, only daytime
measurements were conducted to eliminate various uncertain
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factors of unattended home sleep recordings. To evaluate
whether the textile electrodes are suitable for sleep studies,
overnight recordings need to be conducted in the future.

The present technical comparison supports the findings of
a recently published home overnight validation of dry tex-
tile electrodes [26]. However, their protocol did not include
recording of the standard EEG channels, determined by the
American Academy of SleepMedicine [1], to be used in sleep
staging. Our next step is to investigate FocusBand textile elec-
trodes in sleep recordings against a portable medical-grade
EEG/PSG system.

V. CONCLUSION
The FocusBand textile electrodes can be used, after a short
stabilization period, to reliably record forehead EEG. This
conclusion is based on the revealed skin-electrode interface
behavior and EEG signal quality of the textile electrodes
when compared to a medical-grade reference. The Focus-
Band device performed relatively well on a frequency range
of 4–14 Hz, but on other frequencies, it did not reach the
quality of a medical-grade reference system. In addition,
FocusBand textile electrodes are easy to use, reusable, and
comfortable when integrated into a headband. They need no
skin preparation, gel, or adhesive fixing. When all of these
favorable characteristics of the textile electrodes are summed
up with the results provided in this study, FocusBand textile
electrodes make promises to be used in sleep recordings as
well.

ACKNOWLEDGMENT
FocusBand Technologies (T 2 Green Pty Ltd) has supported
this study by providing measuring equipment free of charge
and by a consultation agreement with The University of
Queensland.

REFERENCES
[1] AASM Manual for the Scoring of Sleep and Associated Events, Ameri-

can Academy of Sleep Medicine, Darien, IL, USA, 2017, pp. 1–89, doi:
10.1016/j.carbon.2012.07.027.

[2] M. D. Ghegan, P. C. Angelos, A. C. Stonebraker, and M. B. Gillespie,
‘‘Laboratory versus portable sleep studies: A meta-analysis,’’ Laryngo-
scope, vol. 116, no. 6, pp. 859–864, Jun. 2006, doi: 10.1097/01.mlg.
0000214866.32050.2e.

[3] S. Jaiswal, R. L. Owens, and A. Malhotra, ‘‘Raising awareness about
sleep disorders,’’ Lung India, vol. 34, no. 3, pp. 262–268, 2017, doi:
10.4103/0970-2113.205331.

[4] P. Sawangjai, S. Hompoonsup, P. Leelaarporn, S. Kongwudhikunakorn,
and T. Wilaiprasitporn, ‘‘Consumer grade EEG measuring sensors as
research tools: A review,’’ IEEE Sensors J., vol. 20, no. 8, pp. 3996–4024,
Apr. 2020, doi: 10.1109/JSEN.2019.2962874.

[5] A. Wexler and R. Thibault, ‘‘Mind-reading or misleading? Assess-
ing direct-to-consumer electroencephalography (EEG) devices marketed
for wellness and their ethical and regulatory implications,’’ J. Cognit.
Enhancement, vol. 3, no. 1, pp. 131–137, Mar. 2019, doi: 10.1007/s41465-
018-0091-2.

[6] H. Rieiro, C. Diaz-Piedra, J. M. Morales, A. Catena, S. Romero,
J. Roca-Gonzalez, L. J. Fuentes, and L. L. Di Stasi, ‘‘Validation of elec-
troencephalographic recordings obtained with a consumer-grade, single
dry electrode, low-cost device: A comparative study,’’ Sensors, vol. 19,
no. 12, pp. 1–18, 2019, doi: 10.3390/s19122808.

[7] E. Ratti, S. Waninger, C. Berka, G. Ruffini, and A. Verma, ‘‘Compar-
ison of medical and consumer wireless EEG systems for use in clini-
cal trials,’’ Frontiers Hum. Neurosci., vol. 11, p. 398, Aug. 2017, doi:
10.3389/fnhum.2017.00398.

[8] P. Lepola, S. Myllymaa, J. Töyräs, A. Muraja-Murro, E. Mervaala,
R. Lappalainen, and K. Myllymaa, ‘‘Screen-printed EEG electrode set for
emergency use,’’ Sens. Actuators A, Phys., vol. 213, pp. 19–26, Jul. 2014,
doi: 10.1016/j.sna.2014.03.029.

[9] E. Kappenman and S. Luck, ‘‘The effects of electrode impedance on data
quality and statistical significance in ERP recordings,’’ Psychophysiology,
vol. 47, no. 5, pp. 888–904, 2010, doi: 10.1111/j.1469-8986.2010.01009.x.

[10] V. Thorey, M. Harris, A. Guillot, A. B. Hernandez, and P. J. Arnal,
‘‘The dreem2 headband as an alternative to polysomnography for EEG
signal acquisition, breathing and heart rate monitoring and sleep stag-
ing in healthy subjects,’’ Sleep Med., vol. 64, p. 383, Dec. 2019, doi:
10.1016/j.sleep.2019.11.1068.

[11] S. Myllymaa, A. Muraja-Murro, S. Westeren-Punnonen, T. Hukkanen,
R. Lappalainen, E. Mervaala, J. Töyräs, K. Sipilä, and K. Myllymaa,
‘‘Assessment of the suitability of using a forehead EEG electrode set and
chin EMG electrodes for sleep staging in polysomnography,’’ J. Sleep Res.,
vol. 25, no. 6, pp. 636–645, Dec. 2016, doi: 10.1111/jsr.12425.

[12] D. J. Levendowski, L. Ferini-Strambi, C. Gamaldo, M. Cetel,
R. Rosenberg, and P. R. Westbrook, ‘‘The accuracy, night-to-night
variability, and stability of frontopolar sleep electroencephalography
biomarkers,’’ J. Clin. Sleep Med., vol. 13, no. 6, pp. 791–803, Jun. 2017,
doi: 10.5664/jcsm.6618.

[13] T. Miettinen, K. Myllymaa, A. Muraja-Murro, S. Westeren-Punnonen,
T. Hukkanen, J. Töyräs, R. Lappalainen, E. Mervaala, K. Sipilä, and
S. Myllymaa, ‘‘Screen-printed ambulatory electrode set enables accurate
diagnostics of sleep bruxism,’’ J. Sleep Res., vol. 27, no. 1, pp. 103–112,
2018, doi: 10.1111/jsr.12536.

[14] G. Li, S. Wang, and Y. Y. Duan, ‘‘Towards conductive-gel-free electrodes:
Understanding the wet electrode, semi-dry electrode and dry electrode-
skin interface impedance using electrochemical impedance spectroscopy
fitting,’’ Sens. Actuators B, Chem., vol. 277, pp. 250–260, Dec. 2018, doi:
10.1016/j.snb.2018.08.155.

[15] K. E. Mathewson, T. J. Harrison, and S. A. Kizuk, ‘‘High and dry?
Comparing active dry EEG electrodes to active and passive wet elec-
trodes,’’ Psychophysiology, vol. 54, no. 1, pp. 74–82, Jan. 2017, doi:
10.1111/psyp.12536.

[16] G. Li, S. Wang, and Y. Y. Duan, ‘‘Chemical towards gel-free electrodes : A
systematic study of electrode-skin impedance,’’ Sens. Actuators B, Chem.,
vol. 241, pp. 1244–1255, Mar. 2017, doi: 10.1016/j.snb.2016.10.005.

[17] A. Harati and A. Jahanshahi, ‘‘A reliable stretchable dry electrode for
monitoring of EEG signals,’’ Sens. Actuators A, Phys., vol. 326, Aug. 2021,
Art. no. 112727.

[18] A. Cömert, M. Honkala, and J. Hyttinen, ‘‘Effect of pressure and padding
on motion artifact of textile electrodes,’’ Biomed. Eng. OnLine, vol. 12,
no. 1, p. 26, 2013, doi: 10.1186/1475-925X-12-26.

[19] L. Kalevo, T. Miettinen, A. Leino, S. Kainulainen, H. Korkalainen,
K. Myllymaa, J. Töyräs, T. Leppänen, T. Laitinen, and S. Myllymaa,
‘‘Effect of sweating on electrode-skin contact impedances and artifacts in
EEG recordings with various screen-printed Ag/Agcl electrodes,’’ IEEE
Access, vol. 8, pp. 50934–50943, 2019.

[20] T. C. Ferree, P. Luu, G. S. Russell, and D. M. Tucker, ‘‘Scalp elec-
trode impedance, infection risk, and EEG data quality,’’ Clin. Neu-
rophysiol., vol. 112, no. 3, pp. 536–544, 2001, doi: 10.1016/S1388-
2457(00)00533-2.

[21] G. Acar, O. Ozturk, A. J. Golparvar, T. A. Elboshra, K. Böhringer, and
M. K. Yapici, ‘‘Wearable and flexible textile electrodes for biopotential
signal monitoring: A review,’’ Electronics, vol. 8, no. 5, p. 479, Apr. 2019.

[22] G.M.N. Islam, A. Ali, and S. Collie, ‘‘Textile sensors for wearable applica-
tions: A comprehensive review,’’Cellulose, vol. 27, no. 11, pp. 6103–6131,
Jul. 2020, doi: 10.1007/s10570-020-03215-5.

[23] G. B. Tseghai, B. Malengier, K. A. Fante, and L. V. Langenhove, ‘‘The
status of textile-based dry EEG electrodes,’’ Autex Res. J., vol. 21, no. 1,
pp. 63–70, Mar. 2021, doi: 10.2478/aut-2019-0071.

[24] B. Taji, S. Shirmohammadi, and V. Groza, ‘‘Measuring skin-electrode
impedance variation of conductive textile electrodes under pressure,’’
in Proc. IEEE Int. Instrum. Meas. Technol. Conf. (I2MTC), May 2014,
pp. 1083–1088, doi: 10.1109/I2MTC.2014.6860909.

[25] S. N. Wyckoff, L. H. Sherlin, N. L. Ford, and D. Dalke, ‘‘Validation of a
wireless dry electrode system for electroencephalography,’’ J. NeuroEng.
Rehabil., vol. 12, no. 1, pp. 1–9, Dec. 2015, doi: 10.1186/s12984-015-
0089-2.

[26] S. Leach, K.-Y. Chung, L. Tüshaus, R. Huber, and W. Karlen, ‘‘A proto-
col for comparing dry and wet EEG electrodes during sleep,’’ Frontiers
Neurosci., vol. 14, p. 586, Jun. 2020, doi: 10.3389/fnins.2020.00586.

132590 VOLUME 9, 2021

http://dx.doi.org/10.1016/j.carbon.2012.07.027
http://dx.doi.org/10.1097/01.mlg.0000214866.32050.2e
http://dx.doi.org/10.1097/01.mlg.0000214866.32050.2e
http://dx.doi.org/10.4103/0970-2113.205331
http://dx.doi.org/10.1109/JSEN.2019.2962874
http://dx.doi.org/10.1007/s41465-018-0091-2
http://dx.doi.org/10.1007/s41465-018-0091-2
http://dx.doi.org/10.3390/s19122808
http://dx.doi.org/10.3389/fnhum.2017.00398
http://dx.doi.org/10.1016/j.sna.2014.03.029
http://dx.doi.org/10.1111/j.1469-8986.2010.01009.x
http://dx.doi.org/10.1016/j.sleep.2019.11.1068
http://dx.doi.org/10.1111/jsr.12425
http://dx.doi.org/10.5664/jcsm.6618
http://dx.doi.org/10.1111/jsr.12536
http://dx.doi.org/10.1016/j.snb.2018.08.155
http://dx.doi.org/10.1111/psyp.12536
http://dx.doi.org/10.1016/j.snb.2016.10.005
http://dx.doi.org/10.1186/1475-925X-12-26
http://dx.doi.org/10.1016/S1388-2457(00)00533-2
http://dx.doi.org/10.1016/S1388-2457(00)00533-2
http://dx.doi.org/10.1007/s10570-020-03215-5
http://dx.doi.org/10.2478/aut-2019-0071
http://dx.doi.org/10.1109/I2MTC.2014.6860909
http://dx.doi.org/10.1186/s12984-015-0089-2
http://dx.doi.org/10.1186/s12984-015-0089-2
http://dx.doi.org/10.3389/fnins.2020.00586


M. Rusanen et al.: In-Laboratory Comparison of FocusBand EEG Device and Textile Electrodes

MATIAS RUSANEN received the B.Sc. andM.Sc.
degrees in applied physics from the University of
Eastern Finland, in 2019 and 2021, respectively.
He is currently pursuing the Ph.D. degree with
the Department of Applied Physics, University
of Eastern Finland, and the Diagnostic Imaging
Center, Kuopio University Hospital. He joined the
Sleep Technology and Analytics Research Group,
in 2019. His research interests include the devel-
opment and validation of wearable sensor technol-

ogy for diagnostics of sleep disorders and the integration of deep learning
methods with these systems.

SAMI MYLLYMAA was born in Rauma, Finland,
in 1975. He received the M.Sc. (Tech.) degree
in electrical engineering from Tampere Univer-
sity of Technology, Finland, in 2001, and the
Ph.D. degree in biomedical engineering from the
University of Eastern Finland, Kuopio, Finland,
in 2010. He is currently acting as a Senior
Researcher, the Docent, and the Co-Head of the
Sleep Technology and Analytics Research Group,
Department of Applied Physics, University of

Eastern Finland, and a Researcher with the Diagnostic Imaging Center,
Kuopio University Hospital. His current research interests include the devel-
opment of novel wearable sensors and measurement techniques for person-
alized diagnostics and finding ways to improve the prognostics of sleep
disorders.

LAURA KALEVO received the M.Sc. (Tech.)
degree in electrical engineering from Tampere
University of Technology, Tampere, Finland,
in 2007. She is currently pursuing the Ph.D.
degree. She joined the Sleep Technology and Ana-
lytics Research Group, Kuopio University Hospi-
tal, Kuopio, Finland, and the University of Eastern
Finland, Kuopio, in 2018. From 2007 to 2018,
she worked as a Hardware Designer and a Project
Manager in engineering companies. She works

currently as a Junior Researcher with the Diagnostic Imaging Center, Kuopio
University Hospital, and the Department of Applied Physics, University of
Eastern Finland. Her current research interests include the development of
EEG electrodes and the development of an easy-to-use ambulatory electrode
set for home polysomnography.

KATJA MYLLYMAA was born in Haapajärvi,
Finland, in 1981. She received the M.Sc. degree
in medical physics from the University of Kuopio,
Kuopio, Finland, in 2003, and the Ph.D. degree
in medical physics from the University of Eastern
Finland, Kuopio, in 2010. She is currently working
as a Medical Physicist with the Diagnostic Imag-
ing Center, Kuopio University Hospital, and holds
the title of the Docent in medical physics with the
University of Eastern Finland. Recently, she has

been very active in investigating the relationship between stroke and sleep
apnea as well as the development of novel methods for diagnostics of sleep
disorders.

JUHA TÖYRÄS was born in Rovaniemi, Finland,
in 1975. He received the M.Sc. and Ph.D.
degrees in medical physics from the University of
Kuopio, Kuopio, Finland, in 1999 and 2001,
respectively. He is currently the Director of
Research and Innovation at Kuopio University
Hospital, and a Professor of Medical Physics
and Engineering with the Department of Applied
Physics, University of Eastern Finland, Kuopio.
He is a Co-Head of the biophysics of the Bone

and Cartilage Research Group and the Sleep Technology and Analytics
Research Group, Department of Applied Physics, University of Eastern Fin-
land. His current research interests include the development of quantitative
arthroscopy and computed tomography methods for use in diagnostics of
osteoarthrosis, as well as in the development of solutions for diagnostics and
severity estimation of obstructive sleep apnea.

TIMO LEPPÄNEN received the B.Sc., M.Sc., and
Ph.D. degrees in applied physics from the Univer-
sity of Eastern Finland, in 2014, 2015, and 2016,
respectively.

He started his studies at the University of
Eastern Finland, in 2011, after two years of ser-
vice with the Finnish Defense Forces. Since 2017,
he has been a Postdoctoral Researcher and the
Co-Head of the Sleep Technology and Analytics
Research Group, Department of Applied Physics,

University of Eastern Finland. He was appointed as a Senior Researcher,
in 2018, and received the title of the Docent, in 2020. His research interests
include the development of artificial intelligence solutions for diagnostics
and severity estimation of sleep apnea, phenotyping, and progression of
obstructive sleep apnea, sleep apnea related psychomotor vigilance and
daytime sleepiness, and the development of wearable sensors for home sleep
apnea testing.

Dr. Leppänen is a member of the European Sleep Research Society,
the Finnish Sleep Research Society, the World Sleep Society, the Finnish
Society for Medical Physics and Medical Engineering, and the Finnish
Society of Clinical Neurophysiology.

SAMU KAINULAINEN received the B.Sc.,
M.Sc., and Ph.D. degrees in medical physics from
the University of Eastern Finland, in 2017, 2018,
and 2020, respectively.

He is currently working as a Postdoctoral
Researcher at the Sleep Technology and Analytics
Research Group, Department of Applied Physics,
University of Eastern Finland, and the Diagnos-
tic Imaging Center, Kuopio University Hospital.
In addition, he is a member of the international

delegate reserve of Finnish Red Cross for humanitarian aid and actively
participates in teaching duties with the Department of Applied Physics,
University of Eastern Finland. His research interests include cardiorespi-
ratory signal analysis in the scope of sleep disorders and the utilization of
multimodal diagnostic information in medical diagnostics.

VOLUME 9, 2021 132591


