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Abstract— Physical activity should become an everyday goal.
Portable systems are a perfect complement to follow-up exercise
adaptation. This work presents the simultaneous measurements of
surface electromyography (sEMG) and electrocardiography
(ECG) signals acquisition using the BiTalino kit during joint
flexion/extension and ergometry in sports evaluations. sEMG
signals show the antagonist muscles and their contributions
between limbs during movement performance. The analysis of
heart rate changes and the tachogram calculation sum up to a set
of tests to understand how the heart adjust to a demand and how
it recovers. Signal processing used discrete and continuous wavelet
transforms, to take advantage of time resolution for event
characterization in the presence of artifacts due to movement. The
use of the open source hardware BiTalino kit, along to a robust
digital signal processing, allows to implement tools as an auxiliary
of dynamic sports evaluations. This type of test is not normally
used, so the development of this tool can potentially analyze fitness
performance, fatigue, and antagonist muscles imbalances to adjust
training and prevent injuries.
Keywords— ECG, sEMG, CWT, Tachogram, Treadmill

I. INTRODUCTION
Physical activity should cease to be a recommendation and
become an everyday goal. The World Health Organization
reports that sedentary lifestyle and lifestyle changes increase
the possibility of cancer, heart disease and diabetes by up to 30
%, in addition to reducing life expectancy by up to 5 years [1].
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Another problem that has a great impact on the population
is obesity, in Mexico it is reported that in 2018 75.2% of the
population older than 20 years has this disease [2]. In the world,
obesity has tripled since 1975, being a problem not only in
urban areas but also in rural areas and that equally impacts
developed and underdeveloped countries. One of the
populations in which more attention should be paid is children,
the WHO reports that, in 2016 worldwide, 41 million children
under 5 years of age with overweight and/or obesity were
counted [3].
One solution is physical activity, which not only prevents the
development and progression of chronic diseases, but also
improves the health condition that manifests itself not only in a
healthier weight but also impacts on mental, cardiorespiratory,
muscular & bone, and metabolic fitness [4].
According to the Module of Sports Practice and Physical
Exercise (Módulo de Práctica Deportiva y Ejercicio Físico –
MODAPREF) in Mexico, in the 2019 report, only 42.1 % of the
population in the country performs sufficient physical activity
and of this group only approximately 50 % performs activity that
has an impact for health improvement. Finally, 63 % of this
physically active population does it for health reasons [5]. The
last statistic can be interpreted in two ways: those people who
seek prevention in physical activity and another group that has a
medical prescription in physical activity to prevent the
progression of a disease, such as obesity.
For the prescription of exercise, sports medicine physicians
use various evaluation batteries. One of them is the

morphofunctional evaluation, an effective way to verify health
status and physical qualities. The tests are carried out in
specialty centers and are made up of different evaluations such
as: sports medical history, biochemical tests, dental
examination,
anthropometric,
ergometry,
nutrition,
electrocardiography,
biomechanics,
spirometry,
and
psychology. The result of these evaluations is related to
functionality, how much a person can do, and based on that, an
exercise program is prescribed to improve their physical
abilities.
The ergometry test evaluates the cardiac response to a
situation of controlled stress using various protocols, and the
isokinetic assessment (that includes strength, power, and work)
shows the performance of muscle groups.
Surface Electromyography (sEMG) is the representation of
muscle fibers contribution during a movement. It can be useful
to measure variables such as amplitude of the force, muscle
group contribution changes during movement, or fatigue. All
these parameters can help trace a movement, symmetry
between opposed limbs and the moment when fatigue is starting
to present during repetitions.
The Heart Rate Variability (HRV) is the analysis of
variation of the RR intervals within an Electrocardiogram
(ECG). These variations can be measured using temporal or
frequency parameters. HRV evaluations were designed for
resting ECG, since its objective is to analyze the interaction
between the sympathetic and parasympathetic branch of the
Autonomous Nervous System (ANS). HRV calculated from
resting ECG could be useful to determine stress levels and
health condition [6].
Lately, HRV from resting ECG has been widely use in
sports fields such as football soccer, where players training is
based upon their daily HRV [7]. Nonetheless, some research
groups are now using HRV dynamically [8], since it is
interesting to know its behavior during a physical effort or
cardiovascular stress. Research shows that it can be useful for
sports evaluations to determine training loads, fatigue, looking
to improve performance and to avoid lesions [9].
Open hardware, improvements in batteries and
miniaturized technology that is accessible through
communication protocols like Bluetooth or WiFi have open the
opportunity for wearables and portable systems to become a
perfect complement for basic evaluation tests [10]. Also, they
bring about the possibility of developing a software for signal
acquisition or even a system to better fit the specific test needs.
Considering all these elements, this paper presents the
experience of use of the BiTalino kit to simultaneously acquire
sEMG and ECG signals dynamically and synchronized in time,
as an auxiliary tool for sports evaluations.

recording-, as well as the battery and connectors. 2 sEMG
modules and 1 ECG module are used for the tests.
The sEMG module has a 1009 gain, 25–480 Hz bandwidth,
1,000 samples per second, with a CMRR of 86 dB and 7.5 GΩ.
The ECG module has a 1100 gain, 0.5–40 Hz bandwidth, 1,000
samples per second, with a CMRR of 86 dB and 7.5 GΩ. The
number and type of modules connected to the main board
depend on the user’s needs. Commercial pre-gelled electrodes
were used for all measurements. Signals are recorded using the
OpenSignal software (Plux–Wireless Biosignals S.A.©) that
allows real-time data visualization and recording of up to 12
channels simultaneously, and has multiplatform support on a
user-friendly graphical user interface [12].
sEMG and ECG signals were recorded during, first, an
ergometry
or
treadmill
test
that
consists
of
walking/jogging/running on a treadmill that every 3 minutes
increases speed and slope angle, resembling a stress test
protocol. The test finishes when the individual reaches his/her
maximum exercise capacity. A second test consists of the
acquisition of sEMG signals during a series of 10 repetitions for
flexion and extension of the ankle, for both left and right ankle.
Two abled–body athletes, 1 male and 1 female, of 22 years
old both, volunteered to perform both tests and agreed to the
acquisition of sEMG and ECG signals.
A. sEMG Signal Analysis
For sEMG signal acquisition, the SENIAM
recommendations were followed. The skin was prepared by
rubbing an alcohol swab to clean it from death cells and oil. A
pair of electrodes are placed over the belly of the muscles of
interest, separated 2.5 cm from center to center, and a reference
is placed at a dielectric site (i.e. knee joint) for differential
measures.
The muscle activated during ankle flexion is the tibial
anterior, and for ankle extension is the gastrocnemius. For both
the ergometry and repetitions tests, electrodes were placed at
the aforementioned muscles. For the repetitions test, to achieve
maximum strength, an elastic resistance band was used.
sEMG signal analysis for both evaluations were processed
using the algorithm in Fig. 1, that consists of a wavelet
transform using Daubechies ‘db10’ as mother wavelet for
coefficient decomposition. From the reconstructed signal,
signals peaks are found that correspond to the center of a region
of interest.

Fig. 1. Diagram of the processing algorithm for sEMG signals.

II. METHODOLOGY
All signals are acquired using the BiTalino (Plux Wireless
Biosignals S.A.©) [11] and analyzed offline in Matlab (The
Mathworks, Inc.©). The used BiTalino kit contains a main
board that houses a microcontroller (MCU) -with Bluetooth
connectivity to a computer or mobile device for signal

The following parameters were calculated for each region
found: mean absolute value–MAV (1), zero crossings–ZC (2),
slope sign change–SSC (3), waveform length–WL (4), Willison
amplitude–WA (5), variance–VAR (6), and root mean square–
RMS (7) [13].
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During signal processing, regions of interest of the sEMG
signals are found and selected, Fig. 3; features are calculated
within each region. Only 4 from the 7 features calculated allow
to infer muscle groups contribution through amplitude related
features, by means of MAV, WL, VAR, and RMS. Fig. 4 shows
the muscles behavior along a 10 repetitions series for both right
and left ankle flexion/extension. For the left ankle, there is a
larger contribution of the tibialis anterior during flexion for all
features. Even though, the right ankle imbalance is smaller. The
ideal plot will show symmetry between the tibialis anterior and
gastrocnemius amplitude, the closer example is Fig. 4b for right
ankle.
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Fig. 2. sEMG signals of tibial anterior for right ankle flexion (above) and
gastrocnemius muscle for right ankle extension (below). Muscles activate
alternately according to the movement over time (minutes).

where N is the number of samples, '# is the kth sample of the
analysis window, and ; is a threshold value.
B. Tachogram Analysis
To perform the Tachogram analysis, ECG signals are
recorded at two conditions: resting ECG for 5 minutes, previous
to any test, and dynamic ECG recordings throughout the
ergometry test.
For ECG signal acquisition, a bipolar configuration is used,
ideal for low noise raw signals. To this end, 2 electrodes were
placed at each side of the chest, under the clavicle, and a 3rd
electrode for reference is placed at the back of the neck [14].
Finally, a tachogram was calculated, it shows the time
variations for the RR intervals. For this, it was necessary to find
all the R-waves of the ECG records. A Continuous Wavelet
Transform (CWT) with Daubechies ‘db4’ as mother wavelet
was used to find the energy regions that morphologically match
the QRS complex, where the R-wave is located [15].
III. RESULTS
A. sEMG Signal Analysis
sEMG signals for flexion/extension were acquired
simultaneously for antagonist muscles, right tibial anterior and
gastrocnemius, during a series of repetitions. Fig. 2 shows this
alternate interaction along 6 repetitive movements.

Fig. 3. Regions of interest (red box) found for the sEMG signals activation of the
gastrocnemius muscle during right ankle extension.

The second part of the proposed sports evaluation was the
ergometry. sEMG signals were acquired from the tibial anterior
and the gastrocnemius muscles, and signal processing was
carried out the same as for the first test. All features, (1-7) were
calculated, and MAV, WL, VAR, and RMS were chosen for the
final analysis. The ergometry test lasted 18 to 21 minutes in
average, and signals are evaluated at 50 % and then again at 85
% of the time of duration of the test.
The feature that showed the bigger changes was VAR. A
sample of the values obtained for it during these evaluations at
50 % and 85 % is presented in Fig. 5. Fig. 5a show values at 50
% of the evaluation time; it can be observed that VAR amplitude
for both muscles and ankles is relatively balanced. Then in Fig.
5b, at 85 % of the time of duration of the test an imbalance starts
to arise, it is more notorious at the right ankle side of the figure.

a)

b)

c)

d)
Fig. 4. Resulting values for features extracted (MAV, WL, VAR, and RMS) for right and left ankle flexion/extension, during 15 repetitions.

a)

b)
Fig. 5. Muscle behavior for right and left ankle during ergometry test. VAR values found at a) 50 % of the test, and b) 85 % of the test.

B. Tachogram Analysis
The CWT was used to find and enhance morphological
matches between the QRS complex and the mother wavelet. Fig.
6 shows how this process takes place.

Fig. 8a shows the resting ECG tachogram, and Fig. 8b
shows the tachogram of dynamic ECG recorded during the
ergometry test. The differences arise facing the demand for
cardiac output that the ergometry generates on the individual.
A higher demand increases the heart rate, which decreases the
time at RR intervals, that is the reason of the pronounced low
curve in the middle of the ergometry test, Fig. 8b, when the
demand is the highest. And then by the last quarter the heart
starts to recover its normal heart rate, and the RR intervals
increase duration and have larger variations among them.

Fig. 6. CWT for ECG recording. Example of mother wavelet Daubechies ‘db4’
matching in shape with the QRS energy content; this method sharpens the Rwave, facilitating its localization.

For the construction of the tachogram it is important to put
the variations of ECG recordings in perspective, regarding
resting and dynamic ECG. For that, Fig. 7a shows R-wave
localization for resting ECG, while Fig. 7b shows R-wave
locations for dynamic ECG.

a)

b)
Fig. 8. Tachogram for a) resting ECG, and b) dynamic ECG of ergometry test.
a)

b)
Fig. 7. R-wave localization for a) resting ECG recordings, and b) dynamic ECG
recordings.

Fig. 7b shows how much the heart adjusts the heart rate to
an exercise demand, compared to when it is resting in Fig. 7a.
This behavior can be better seen and understand with the HRV
analysis, by means of a tachogram, that is a graphical
representation of the time between two heartbeats represented
by the R-wave, called RR intervals.

IV. DISCUSSION & CONCLUSION
The BiTalino proved to be very useful during dynamic sports
evaluations, being a wireless device is an advantage that can be
capitalized during tests. Other devices have been tested against
it during rest evaluations [16], [17]. The potentialities of
BiTalino for dynamic tests are slowly emerging [18], [19]. On
the other hand, it is accessible, the software is easy to use, and
has a very stable wireless connection; we did not register any
loss of data or signal during the tests, despite the continuous
movement of the subject and the device and the length of the test
–30 to 60 minutes of continuous real-time signal visualization
and/or recording–. The access to raw data is straight forward and
we were able to import the signals to Matlab© for offline
processing. The manufacturer provides the transfer function of
the device, accelerating the implementation of signal processing
algorithms to extract information. The quality of the acquired
signals is excellent for signal processing due to its bandwidth
characteristics (sampling frequency of 1 KHz), and it can
acquire up to 4 channels simultaneously. There is a very
interesting balance between BiTalino’s hardware and the
OpenSignal software that brings the user closer to the next step
of research. As well, the bluetooth connection makes the

BiTalino versatile for applications where carrying a laptop or
having a lot of cables attached can be cumbersome, but here a
tablet or even a smartphone can improve the experience, hence
the obtained results. This allow the user to put a bigger effort on
development of algorithms for bigger solutions. Particularly, in
the case of sports evaluations, it can be an auxiliary for the
analysis and follow-up of exercise prescription, since it could be
possible to have a quantitative measure of some specific tests.
The integration of BiTalino and software development is an
effective combination for sports, ergometries, and other
evaluations. There are more sensors in the BiTalino platform
that can help improve and complement the information obtained
from the variables, thus, generating comprehensive sport
evaluations that allow to give a better follow-up to the
prescription of the exercise carried out by the Sports Medicine
physician. sEMG analysis is functional; it evaluates force
through a set of muscles. In sports it could be useful to infer the
contribution of muscle groups during a specific task. It could
also show imbalances between limbs, track improvements along
training and help as an indicator to prescribe exercise. sEMG
analysis could show how the body is compensating a lesion or
the lack of balance among muscle groups, by counteracting with
other muscles or muscles groups. It could also be very helpful
when trying to establish the onset of fatigue and it could even
assist in lesion prevention, a very important topic for sports
practice. During the ergometry test, a very interesting
phenomena occurs. At 50 % of the test time, muscles are slightly
imbalanced. But the muscles imbalance at 85 % of the test time
could mean that the gastrocnemius muscle might be entering a
fatigue state, and the tibialis anterior could be compensating the
loss of the antagonist by increasing its own contribution. We
conclude muscles compensate each other because functionality
was not lost regardless of the apparent asymmetry, the subject
does not stop running until the end of the test. If this were to be
true, sEMG analysis could help prevent lesions, by adjusting
muscle training according to force asymmetry to achieve the
long-searched equilibrium. This is a precept to maximize sports
performance during training. Correspondingly, ECG and HRV
analysis could potentially help to personalize training. It could
also assess heart health by evaluating its response to demand and
how it recovers afterwards. ECG and HRV can be auxiliaries
during sports evaluations, complementing the large battery of
tests used to verify health condition. So, as future work, the
calculation of HRV indexes from a tachogram could be useful
to describe the control and interaction of the sympathetic and
parasympathetic branch of the ANS during sports evaluations.
The goodness of the ECG and sEMG assessments is that, in a
very simple way, anyone from an elite athlete to a sedentary
person can promptly get information of their health and together
with their physician plan on strategies to improve it.
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