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Abstract

The aim of this study was to assess the validity of a custom-made low cost (LC) and a commercial
surface EMG apparatus in controlled experimental conditions and different exercise types:
maximal voluntary contractions (MVC) at 105, 90, 75, 60, 45 and 30° knee angle and explosive
fix-end contractions of the knee extensors (75°) at an isometric dynamometer. SEMG of vastus
lateralis was recorded from the same electrodes simultaneously, then analyzed in the same way;
SEMG were finally expressed in percentage of those collected at 75°MVC. LC underestimated
the SEMG signal at the more extended knee angles (30-60°), significant difference was observed
only at 30°. In the explosive contractions no differences between devices were observed in
average and peak SEMG, as well as in the time to peak and the activation time. Bland-Altman
tests and correlation parameters indicate the LC device is not sensible enough to detect the time
to peak and the peak values of the SEMG signal properly. Results suggest low-cost systems might
be a valid alternative to commercial ones, but attention must be paid when analyzing rapid

events.
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The electromyographic signal (EMG) is commonly
defined as the electrical activity of a given muscle during
contraction. EMG analysis is utilized to investigate nerve
conduction, muscle firing rate, muscle fatigue or
different fibers activation but also to detect how the
muscle’s electrical activity could be influenced by
disease, injuries, or different scenarios,*? as well as
modified by training.*** The EMG signal can be
acquired in different ways, but the most commonly used
method is surface electromyography (SEMG), which
reflects the general electrical characteristics of the area
where the electrodes are positioned. Due to its simplicity
and portability, SEMG analysis can be performed by
sport scientists and/or physical therapists in their daily
work to study muscle activity among different
populations or in the pre/post training periods.
Nevertheless, SEMG analysis in sport teams or
rehabilitation centers it is not widespread also because
commercial devices are quite expensive, around € 15.000
to 20.000.° Nowadays, simple and inexpensive electronic
microchips (such as the Arduino board) can be utilized to
acquire biological signals, resulting in low-cost EMG
apparatus. However, the validation of these prototypes is
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still limited. As an example, Supuk et al.® recorded SEMG
activity during walking from six lower limb muscles with
a self-developed low-cost apparatus compared to SEMG
data reported in the literature; visual comparison of
measured and reference envelope curves indicated a
fairly good overlap for all muscles. More recently,
Heywood S et al.” determined the concurrent validity of
a low-cost SEMG system and a commercial device by
positioning two sets of electrodes end to end along the
vastus lateralis muscle and asking the volunteers to
perform different exercises (isometric contractions, knee
extension, squatting, stepping and jumping); the relative
agreement between the systems was found to be fairly
good but to depend on the exercise type, on the SEMG
parameter investigated (peak or mean muscle activation
and contraction duration), and the correlation statistic
used.® Fuentes Del Toro et al.5 recently validated a low-
cost apparatus against a commercial one by positioning
two sets of electrodes side by side on the rectus femoris
muscle and asking the volunteers to perform different
isometric and dynamic exercises (squat, lounge, knee
extension and vertical jumps); also in this study the
relative agreement between the systems was found to be
fairly good but with differences among exercise types
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and concurrent validity was found to depend on the
correlation statistic used.® It could then be argued
whether the concurrent validity between low cost and
commercial systems reported in the literature could be
attributed to: i) the exercise type (isometric vs. dynamic),
ii) the statistical analysis performed and/or iii)
differences in data collection/analysis. The aim of this
study was to evaluate the concurrent validity of a custom-
made and a commercial SEMG device under strictly
controlled conditions, by taking into account possible
confounding factors. The exercises of choice were: i)
maximal voluntary isometric contractions (knee
extension MVC at different joint angles) and ii) explosive
fix-end contractions at an isometric dynamometer. To
take into account the first issue (does concurrent validity
depend on exercise type?), we decided to investigate
maximal voluntary contractions (5 s duration) and
explosive fix-end contractions. According to the force-
length relationship, differences in force (or torque) and in
SEMG activity could be observed as a function of knee
angle both during fast and during ramp contractions.
Lanza et al.8° recently reported that the SEMG activity
during maximal isometric contractions is the highest at
the most flexed knee angles and decreases when joint
extension increases. Thus, by changing the knee angle, it
is possible to investigate the concurrent validity of the
two systems at different EMG amplitudes but with small
amplitude changes. Moreover, Heywood et al.” observed
that concurrent validity differs according to the temporal
characteristics of the signal (whether of the SEMG signal
we consider peak value, average value or its duration.
Therefore, for the explosive fix-end contractions we
decided to compare the EMG values (low-cost vs.
commercial apparatus) also in terms of temporal
parameters, investigating the duration of explosive
contraction and time to peak of the EMG signal. To take
into account the second issue (does concurrent validity
depend the statistical analysis performed?), we utilized
different statistical methods to assess concurrent validity
between devices (RM ANOVA, Bland-Altman plots,
Interclass Correlation Coefficient (ICC) and cross
correlation analysis) and we investigated whether these
methods give consistent results. In regard to the third
issue (does concurrent validity depend on data
acquisition and analysis?), in previous studies the EMG
electrodes were positioned in a different, although close,
portion of the investigated muscle. Indeed, major source
of difference in signal amplitude is the position of the
electrodes since the relative alignment and movement of
the muscle fibers, the location of the innervation zone and
cross talk between muscles influence EMG signal and
quality. Therefore, we decided to derive the SEMG signal
from the very same electrodes and we used the same data
processing for the raw data acquisition from both EMG
apparatuses. Due to the differences in signal gain
between apparatuses and the expected differences in
EMG amplitude among joint angles, it could be
hypothesized that the differences between commercial

and low-cost EMG devices could be exacerbated at
specific joint angles where the EMG amplitude is the
lowest. Finally, commercial and low-cost EMG
apparatuses have different resolution of the AD converter
(10 vs. 16 bits); it can thus be hypothesized that low-cost
EMG apparatus could not detect rapid and short events,
such as time to peak of the EMG signal.

Materials and Methods

Participants

Thirteen healthy active subjects (8 males, 5 females)
without neuromotor impairments or injury in the right leg
in the last year participated in this study (26.5 + 5.2 years
of age; 68.7 £+ 16.5 kg body mass; 1.72 + 0.10 m stature).
The study agreed with the Declaration of Helsinki for the
study on human subjects. The local ethical committee
approved the experimental protocol (2020-UNVRCLE-
161), and all subjects gave their written informed
consent.

Data collection

Participants were fixed to a dynamometer (Cybex
NORM) with a trunk and pelvic strap, and hold the arms
crossed in front of their chest. The hip joint angle was set
at 80° (0° refers to supine position). The knee joint
rotation was aligned with the dynamometer axis of
rotation during a maximal voluntary contraction (MVC)
at 60° of knee flexion.?**® Each participant performed a
series of MVC with the right leg at 105, 90, 75, 60, 45
and 30° (0° = knee fully extended); two minutes of
recovery time was interposed between contractions. The
participants were instructed to contract as hard as
possible from rest to maximum, but with a gradual
increase (according to Maffiuletti et al.}; the duration of
these contractions was 5 s. At each angle the contractions
were repeated twice, and their average value was used for
further analysis. After the MV Cs, each subject performed
5 maximal explosive contractions with 30 s of recovery
in between (at 75° knee angle); their average value was
used for further analysis. During these contractions, the
subjects were instructed to contract as hard and as fast as
possible (according to Maffiuletti et al.l). Two surface
electrodes (FIAB®©, Florence, lItaly, Ag/AgCI, disc
diameter ) were placed according to SENIAM guidelines
on the right vastus lateralis muscle:'* the skin area was
first shaved with a razor blade and then carefully cleaned
up with alcohol. The (surface) SEMG signal was recorded
from the same two surface electrodes with a wireless
commercial device (ZW, ZeroWire, Cometa®© srl, Italy)
and a low-cost (LC) system at the same sample frequency
(1000 Hz). Inter-electrode distance was 26 mm. Two
insulated crocodile splitter cables were used; the
crocodile connectors were attached to the surface
electrodes, while the extremities of the splitter were
connected to both EMG devices. Finally, a third (ground)
electrode was attached to the patellar tendon for the LC
system only (see Figure S1 of the supplementary
material).’* With this arrangement, both devices



Low-cost electromyography
Eur J Transl Myol 31 (2): 9735, 2021 doi: 10.4081/ejtm.2021.9735

Table 1. SEMG activity (RMS and temporal parameters) during maximal voluntary and explosive fix-end
contractions at different knee angles, as determined by means of a low cost (LC) and a commercial (ZW)
EMG apparatus. Data are means + SD.
Maximal voluntary contractions
knee angle W P
105° 105.8+19.3 107.3+22.8 0.99
90° 111.7+21.0 111.0+19.0 0.99
RMS 75° 1000 1000
(steady state) 60° 85.1+13.1 90.5+17.6 0.15
45° 73.4+19.7 81.4+22,7 0.054
30° 75.6+25.4 87.7+32.7 0.0008
Fix-end explosive contractions
knee angle W P
Peak RMS 75° 109.6 £33.8 101.1 +£28.7 0.38
Mean RMS 75° 90.8 +24.6 92.5+24.0 0.68
TTP (ms) 75° 137.7+36.7 146.0 + 38.7 0.38
AT (s) 75° 1.5+0.3 1.5+0.3 0.14
Footnote: TTP: time to peak; AT: activation time; P: P values at paired t-test.

collected the SEMG signal from the same location at the
same time and at the same sample frequency. The low-
cost (LC) system was built with an Arduino Uno Ethernet
Board (Arduino®©, Italy) and an integrated signal
conditioning block for biological signals (AD8232:
https://www.analog.com/media/en/technical-
documentation/data-sheets/ad8232.pdf).

The LC system saved data automatically in a SD card, in
order to avoid a possible bias due to the transmission

from the apparatus to the PC through the serial/USB port.
The signal gain and the sample rate of the two systems
were: 60 dB and 16 bits for ZW and 40 dB (at 1000 Hz)
and 10 bits for LC; the operating voltage was: 4 V for
ZW and 3.3 V for LC. The sampling rate affects the
resolution of the device: the commercial system can
resolve 65536 (2'6) levels, whereas the LC systems has
only 1024 of ideal range (2%°). Thus, the commercial
system can detect more accurately small differences in

Table 2. Correlational analysis: Bland Altman test (bias, SD and confidence intervals: Cl), intraclass correlation
coefficient (ICC) and goodness fit (R during maximal voluntary and explosive fix-end contractions at
different knee angles, as determined by means of a low cost (LC) and a commercial (ZW) EMG apparatus.
See Table 1 and text for details.

Maximal voluntary contractions
Bias SD ICC R?
KA ZW-LC from to mean range
105° 1.57 12.8 -235 26.7 0.82%** 0.50-0.94 0.68**
90° 0.66 6.6 -12.4 137  0.94*** 0.83-0.98 0.90**
RMS 75°
(steady state) 60° -5.39 7.6 -20.2 9.5 0.88*** 0.65-0.96 0.85**
45° -8.04 7.5 -22.7 6.6 0.94*** 0.81-0.98 0.90**
30° -12.17 220 -55.3 31 0.71** 0.30-0.90 0.55*
Fixed-end explosive contractions
Bias SD cl ICC R?
KA ZW-LC from to mean range
Peak RMS 75° -8.52 33.7 -74.6 57.6 0.42 -0.14-0.78 0.18
Mean RMS 75° 1.67 144 -26.5 299 0.85*** 0.52-0.94 0.68**
TTP (ms) 75° 8.24 326 556 721 0.63** 0.14-0.87 0.39#
AT (s) 75° 0.05 0.1 -0.16 0.26  0.95*** 0.83-0.94 0.90**
Footnote: KA: knee angle; TTP: time to peak; AT: activation time; # p <0.05; * p < 0.01; **: p <0.001
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Fig 1. Average SEMG activity (RMS at steady state) during maximal voluntary contractions at different knee angles
as determined with a low-cost (LC) and a commercial (ZW) system (Panel A); data are normalized for the
maximum SEMG activity recorded at 75% MVC. From 60 to 30° of knee angle LC underestimatse the SEMG
activity compared to ZW, but the difference is significant only at 30° (P < 0.05). The difference in RMS
between the low-cost and commercial system is the largest at the most extended knee angle (30°; Panel B).

SEMG amplitude. These differences imply that ZW
should be more sensitive and accurate as a function of the
signal variation.

Data analysys

Data acquired with both systems were analyzed by a
custom-made Matlab script (R2020a); data analysis was
identical for the signals derived from both apparatuses.
First, the DC offset was removed from the RAW signals
(all contractions and for all devices): on the average, it
was 347 £+ 2 mV and 5 £ 2 mV for ZW and LC,
respectively. The signals were then rectified and filtered
with a bandpass filter (Butterworth 10-450 Hz; 2" order).
Finally, the RMS was calculated over the period of
contraction with a moving window of 25 ms (see Figure

S2 of the supplementary material).!* For the maximal
voluntary contractions (duration: 5 s), both the peak and
the mean value of the root mean square (RMS) during the
last 2 s of the steady-state contraction was calculated and
used as an indication of the maximal possible EMG
activity during each MVC (see Figure 2).1> MVC was the
highest at 75° knee angle; thus, the RMS during the MVC
at 75° was used to normalize EMG activity at the other
knee angles (as suggested by Lanza et al.).3® Therefore,
the RMS was finally expressed as a percentage of the
RMS collected during the MVC at 75° (%MVCys), for
both EMG systems. For the explosive contractions
(performed at 75° angle only), the Hodges & Bui
algorithm was first used to find the onset and the end of
each contraction,'® in order to calculate the activation
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Mean and peak SEMG values (RMS) as determined with a low-cost (LC) and a commercial (ZW) system
during fix-end explosive contractions are not significantly different (upper panel; values are mean + SD).
However, bias and limits of confidence are much higher for peak than average values (Bland Altman plots,
middle panel); moreover, the goodness of fit (R?) and the Pearson’s correlation coefficient (r) are, far
larger for mean than peak values (only in the former case the correlation is significant) (bottom panel).
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time (AT). The time to peak (TTP) was then calculated
from the beginning of contraction to the first peak of the
EMG signal*®%" (see Figure S3 of the supplementary
material).** These procedures allow to compare the EMG
devices in terms of temporal parameters. TTP and AT
were not calculated for the MVCs because, in that case,
the subjects were instructed to increase their force
gradually. In terms of amplitude, the RMS peak and
mean values were calculated during the activation period
(see Figure 3) and then normalized to the maximum RMS
value during the MVC at 75° (%MVCys), for both EMG

systems.

Statistics

Data are presented as mean + SD. GraphPad Prism® 8
(GraphPad Software, United States) was utilized for
statistical analysis and figures preparation. For the
concurrent validity, a range of correlational statistics
explored the association between the two systems. Data
referring to the explosive contractions (temporal and
amplitude parameters) were evaluated by means of a
paired t-tests (LC vs. ZW). We considered the level P
<0.05 as the cutoff value of significance. Data referring
to the MVC at different knee angles were evaluated by

means of a two-way repeated measured ANOVA (LC vs.
ZW; 105°, 90°, 60°, 45°, 30°). Post-hoc tests (Bonferroni
pairwise comparisons) were run to investigate for
eventual differences (LC. vs ZW) at each angle. Also in
this case the level P<0.05 as the cutoff value of
significance. Absolute agreement was explored using
Bland Altman plots.'® Normality in data distribution was
assessed by means of the Shapiro-Wilk test; since
normality was observed for all the investigated
parameters, the relative agreement was computed using
Intra-class  Correlation Coefficient (ICC).°® The
determination coefficient (R?) was utilized to evaluate
the goodness of fit of relationship of a given parameter as
assessed by means of both apparatuses.

Results and Discussion

The RMS values collected during MVCs and explosive
fixed-end contraction, as well as the values of TTP and
AT during the explosive fixed-end contractions are
reported in Table 1. In Table 2 the ICC values and the
goodness of fit (R?) between devices are reported for all
the investigated variables.

As shown in Table 1, (normalized) RMS during the
MVCs was found to differ between devices (LC vs. ZW,
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Time to peak (TTP) and activation time (AT) as determined with a low-cost (LC) and a commercial (ZW)
system during fix-end explosive contractions are not significantly different (upper panel; values are mean
+ SD). However, bias and limits of confidence are much higher for TTP than AT (Bland Altman plots, middle
panel); moreover, the goodness of fit (R?) and the Pearson’s correlation coefficient (r) are, far larger for
AT than TTP (only in the former case the correlation is significant) (bottom panel).
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P<0.05) and among knee angles (P<0.05). A significant
interaction (angle x device; P<0.05) was also observed.
Post hoc comparisons, however, indicate a significant
difference only at 30° of knee angle (P < 0.001). As also
indicated in Figure 1, the difference between the two
systems is negligible when the knee is more flexed (75,
90 and 105°) and the average difference between LC and
ZW data tends to increase from 60 to 30°. During the
explosive fixed-end contractions at 75° knee angle, no
differences (paired t-test ) in peak and mean RMS, in TTP
and in AT between the commercial and the low-cost
system were observed (see Table 1). As shown in Table
2, regarding the (normalized) RMS during the MVCs, the
Bland-Altman analysis showed that the bias, SD and
confidence intervals tend to increase from 60 to 30°. An
excellent relative agreement (ICC) was observed
between devices but at the most extended angle (30°)
where ICC: = 0.71. Goodness of fit followed the same
trend: at 30° R? is the lowest (0.55) whereas at the other
knee angles R? ranged from 0.68 to 0.90 (see Table 2).
Regarding the explosive fixed-end contraction, the Bland
Altman analysis indicated a higher bias and larger
confidence intervals for peak RMS compared to mean
RMS (Figure 2 and Table 2). Accordingly, the goodness
of fit is higher for mean RMS than for peak RMS (R? =

0.68 and 0.18, respectively) as is the case for the ICC. For
peak RMS, ICC and R? do not reach a significant level.
Finally, the Bland Altman analysis indicated a higher
bias and larger confidence intervals for TTP compared to
AT (Figure 3 and Table 2). Accordingly, the goodness of
fit is higher for activation time than for TTP (R? = 0.90
and 0.39, respectively) as is the ICC.

In this study we assessed the concurrent validity of a
custom-made (low-cost) and a commercial surface EMG
apparatus in controlled experimental conditions, with the
aim to investigate whether concurrent validity depends:
i) on data acquisition and analysis; ii) on exercise type
and intensity; iii) on the statistical analysis performed.
We observed that, when data are derived from the same
electrodes and analyzed with the same methods and
procedures, the differences between the devices are fully
explained by differences in their electronic components
(gain and quality of the analog-digital converter).
Furthermore, we observed no differences between
systems in all the investigated variables when assessed
by means of paired t-test and RM ANOVA, while Bland-
Altman analysis and correlation analysis (ICC and
goodness of fit) highlight (similar) significant differences
between devices. In turn, these differences were found to
depend on exercise type (maximal voluntary contractions
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or explosive fix-end contractions) and intensity, with the
low-cost device being less able in detecting rapid events
(e.g. time to peak) compared to the commercial one.
Several studies have shown that the relative alignment
and movement of the muscle belly, the location of the
innervation zone and many other structural factors could
affect the SEMG signal.2?° Moreover, different electrode
position, as well as the inter-electrode distance, could
change the quality of the signal. In this study both devices
derived the signal from the same electrodes and,
therefore, the observed differences could not be
attributed to their positioning, as it could be the case in
previous studies.”® Since the raw signals were analyzed
and processed in the same way, the observed differences
are mainly to be attributed to differences in the electronic
components. As an example, during the MVC, the low-
cost EMG device tends to underestimate SEMG activity
but only at certain (extended) knee angles. More than to
the knee angle per se, these differences could be
attributed to differences in SEMG activity among
conditions. Indeed, during MVC, SEMG activity
decreases when extending the knee-joint (see figure 4A),
as previously reported by Lanza et al.®° The commercial
system has a larger gain (60 vs. 40 dB) and a higher-
quality analog-digital converter (10 vs 16 bits) and is
therefore more apt to correctly amplify the signal when
the EMG activity is (relatively) low. This suggests that
attention must be paid when using low-cost systems to
investigate the SEMG signal during sub-maximal
contractions. In regard to the explosive fix-end
contractions, correlation analysis indicates that the mean
RMS values and the time of activation are correctly
measured by the low-cost system, but the time to peak
and the peak RMS value are not. Also, these findings can
be explained by differences in the electronic components:
the lower signal gain and the lower analog digital
converter quality imply a lower resolution of the low-cost
device compared to the commercial one and this impedes
to detect small signal fluctuations. This suggests that
low-cost devices are not suitable to detect rapid EMG
transient changes. This study provides new information
about the validity of a low-cost apparatus in determining
SEMG signal characteristics during exercise. Our data
indicate that a custom-made apparatus could be utilized
to detect timing and amplitude parameters during
maximal exercise (MVC, in this study) but that attention
should be payed when the EMG amplitude is (relatively)
reduced (e.g. sub-maximal contractions) or during rapid
changes in the SEMG signal [e.g. short-maximal
(explosive) contractions].

In conclusion, because in our experimental conditions,
the source of difference between the low-cost and
commercial system can, essentially, be attributed to
differences in gain settings and in the sampling rate (bit
resolution) of the analog-digital converter, higher quality
low-cost devices (e.g. newer version of Arduino with
bigger CPU, higher clock and improved electronic
interface) should be able to reduce the gap with

commercial systems. This may lead to an increased use
of SEMG analysis by sport scientists and/or physical
therapists.

List of acronyms

LC - Low-cost

ZW - ZeroWire (commercial device)
SEMG - Surface Electromyography
MVC - Maximal voluntary contraction
TTP - Time to Peak

RMS - Root Mean Square

AT - Activation time
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