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Abstract— Real-time measure of muscular fatigue during
physical exercise is highly demanded in fields as rehabilitation
and physiotherapy, both hospital and home-based. In addition
to the well-accepted features extracted from EMG
measurements, an increasing interest has been recently
addressed to the investigation of biochemical fatigue markers to
drive additional information on fatigue evolution. We propose
here a multi-sensing non-invasive approach to measure fatigue
through EMG and lactate sensing. A printed unobtrusive
sensing patch was developed as first prototype by means of the
emerging Aerosol Jet Printing technique, ensuring high
repeatability and stability even on a flexible substrate. To study
the behavior of this patch, preliminary measurements were
acquired to perform an analysis of both the printed sensors.
EMG electrodes, with skin-electrodes impedance magnitude
and phase angle with trends comparable to commercial
electrodes, showed the possibility to successfully extract mean
and median frequencies from EMG and to detect their decrease
after intense exercise. Preliminary results on lactate static
measure showed a limit of detection of 3.1+0.3 mM with the
highest linearity (R=0.9995) and sensitivity (0.39 nA/mM) in the
range 0-20 mM. Furthermore, dynamic tests permitted a
preliminary analysis on the ability of the sensor to measure
changes in the concentration of lactate continuously. Overall,
reported measures represent a promising starting point to
develop a patch easily integrable in any wearable for non-
invasive and totally customized fatigue measure during physical
exercise.

Keywords—flexible sensors; printed biosensors; multi-sensing
patch; fatigue measure.

1. INTRODUCTION

Real-time measure of muscular fatigue during physical
exercises is highly demanded in both hospital and home-based
rehabilitative and physiotherapy sessions [1]. The possibility
to provide patients and medical personnel with feedback on
the intensity of the muscular effort can help to improve the
outcomes of each specific session, thus avoiding overload and
preventing injuries [2], in particular for more fragile patients
(chronic patients or elderly) [3], [4].

The main parameters currently adopted to measure the
muscular fatigue are related to the estimation of changes in the
mean and median frequency of electromyographic (EMGQG)
spectrum. This information can be successfully obtained
relying on well-established off-the-shelf solutions (e.g.
adhesive pre-gelled surface electrodes, commercial dry
electrodes), which allow the acquisition of electrical signals
during muscular activity [5]. Recently, considering the
extreme complexity of the metabolic processes involved with
fatigue onset, an increasing interest has been addressed to the
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study of the biochemical profile of patients undergoing
physical exercises, including both electrolytes and metabolites
[6], which balance is well-known to be altered during physical
exercises [9]. Examples of biochemical markers investigated
as possibly related with fatigue processes include electrolytes
(potassium, sodium and chloride), amino acids and proteins
(interleukin-8), metabolites (lactate) and, possibly according
to more recent investigations, also urea and ammonium [7].

Among them, lactate is one of the most suitable candidate
as a non-invasive biomarker of fatigue, since it is well-known
to be formed and accumulated in the muscle under conditions
of high energy demand [8] and insufficient supply of oxygen
[9]. Confirmed correlations between the increment of blood
and sweat lactate concentrations ensure the possibility to
adopt lactate concentrations in the sweat as a reliable and non-
invasive quantity easily measured with a non-invasive sensor,
reflecting changes within the organism [10]. Furthermore, the
large concentration of lactate in the sweat (10-100 mM) and
the large variation of this metabolite after physical exercises
(up to 10-fold), enables the possibility to monitor fluctuation
quite easily [6] with respect to other electrolytes or
metabolites that, on the contrary, present lower sensibilities.

Despite the mechanism of lactate production due to low
level of muscular oxygenation is well-known, several aspects
regarding the correlation of its variations with muscular
fatigue specific phases are still under investigation [2]. For this
purpose, the simultaneous comparative analysis of lactate
concentration levels and of the corresponding local muscular
electrical activity could provide more in-depth knowledge of
these physiological parameters that could really bring a
revolution in smart rehabilitative devices, also outside medical
laboratories and hospitals.

Sensing devices currently commercially available for
EMG and lactate monitoring present some limitations in terms
of integration, personalization, invasiveness and possibility of
a continuous and simultaneous recording of those signals.
They often involve complex protocols for electrodes
positioning that require the presence of medical personnel
even in very simple treatments and analyses [l1].
Furthermore, despite quite good results were obtained with
novel printing technologies in terms of both conformability
and sensitivity both for EMG [12] and lactate [13] monitoring
are currently available as stand-alone measuring systems.
Therefore, data obtained from these sensors require a careful
temporal and spatial alignment, in order to enable a correct
correlation between information obtained independently from
these two kinds of sensors. This makes it particularly difficult
to combine the different fatigue-related parameters extracted
from the measurements performed with each single sensor
[14].
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Smart and totally customized multi-sensing printed
wearable systems represent a great opportunity for better
investigating the correlation between different biomarkers,
exploiting machine learning techniques [15]. Furthermore, a
real-time analysis of EMG and lactate concentration levels
could enable suitable measure of fatigue even during exercise
without medical personnel supervision, thus reducing the risk
from low oxygenation of the muscles and maximizing the
outcome of rehabilitative gestures [16].

Currently, the main challenge to develop a multi-sensing
printed patch reliable for those medical evaluations is to
ensure together with cost-effectiveness, user-friendliness,
integration and unobtrusiveness also proper metrological
performances (LOD, repeatability, selectivity, stability)
during long term applications. A relevant and novel
opportunity is given by the most recently emerging non-
contact printing techniques [12] (micro- or nano-pen
printings, laser printing, Aerosol Jet Printing) that are aiming
to optimize conductivity, repeatability and stability of printed
biosensors, reducing the dimensions of droplets, through a
fine control of printed tracks or optimizing ink post-
processing (e.g. photonic curing) are under investigation to
optimize ink [17].

In this light, we propose in this paper a flexible multi-
sensing platform realized by the emerging Aerosol Jet Printing
technique [15], which allows integrating different transducing
principles in the same device [17] and miniaturizing in a small
wearable device both sensors and conditioning electronics.
This represents the key opportunity to obtain triggered
feedback on electrical and biochemical profile referring to the
same site [ 18], thus guaranteeing a perfect correlation in time
and location of the acquired multi-sensor data. After the
description of the design choices of the combined EMG-
lactate physical multi-sensing device (section II), a
preliminary analysis of both sensors is presented (section III),
where data refers to in-vivo EMG monitoring, while lactate
variations have been preliminary tested using standard I-
Lactate solutions.

II.  MULTISENSING SYSTEM DESIGN

A. Set up design

In this section, we describe the geometrical design of the
integrated EMG-lactate multi-sensing system. For what
concerns the monitoring of electrical activity, EMG
electrodes have been arranged in a matrix in order to monitor
activation patterns as well as different fatigue conditions on
different regions of the muscles, as validated in our previous
research [19].

As previously mentioned in the introduction of this paper,
to obtain further information on the physiological state of the
muscle, an electrochemical enzymatic biosensor was
introduced to sense lactate in sweat. We have chosen to
integrate a lactate sensor in the middle of the EMG electrode
matrix to collect punctual information on the analyte
concentration in the whole surrounding area.

One of the main requirements of the proposed multi-
sensing system consists of enabling real-time monitoring of
the considered physiological parameters. Therefore, it is very
important to avoid possible sweat accumulation on the
working electrode that could result in a sensor saturation. For
this reason, the electrodes have been integrated with a simple
paper-based microfluidic path, developed using Whatman
chromatographic paper grade 1 (GE Healthcare, Little

Chalfont, Buckinghamshire, U.K.). It comprises a sample pad
and a reservoir. The sample pad is interfaced from one side
with the surface of the working electrode with the layer of
enzyme and mediator, and from the other with the skin
collecting the sweat to be analyzed. The reservoir was
designed with bigger dimensions thus to guarantee a
continuous flux of sample onto the measuring point, driving
away the excess of sample.

Finally, particular attention was addressed to the multi-
sensing system geometrical shape. In fact, if from one side a
very small form factor is desirable to guarantee a high level
of wearability, thus allowing the users to comfortably wear
the device during physical exercises, on the other side
crosstalk interferences among the different signal paths due
to parasitic capacitances may result in high signal
degradation.

A possible solution to overcome this problem consists in
the choice of a double-layer architecture. On the top layer
(L1), we have printed all the lines and the pads, while on the
bottom layer (L2), we have printed the electrodes that will be
directly in contact with the skin. The electrical connection
between the two layers was realized through vias. This
approach also eased the connection between the electrodes
and the measurement systems thus improving both the
electrode-skin contact and the overall user comfort.

B.  Printing

Aerosol Jet Printing (AJP) technique allows a fast
prototyping and optimization process that results to be
particularly useful in the realization of customized sensors.
We employed two different functional inks: Metalon HPS-
108AEL1 silver ink by Novacentrix (Austin, TX, USA) and
EXP 2652-28 Carbon ink by Creative Materials Inc. (Ayer,
MA, USA). The former was used to print all the conductive
tracks, pads and electrodes, while the latter was used for
working and counter electrode of the electrochemical sensor.
We selected polyimide (Kapton) as a substrate, which
presents outstanding chemical and mechanical characteristics
that permit performing on it different curing and
functionalizing processes [20]. Moreover, it is a lightweight
and flexible material that well fits our needs as a comfortable
patch.

It is interesting to briefly consider the fabrication process
for the integrated patch, which main steps are illustrated in
the scheme of Fig.1.

Ink Drying
L1 Silver ~ (5 min @ 140°C)

L2 Silver
Deposition
L1 Carbon Oven curing
7 (60 min @ 200°C)

“‘;.-‘ Deposition

Fig. 1: Overview of the different steps of the electrodes fabrication
process

Firstly, the substrate is cleaned with ethanol (a). Then, the
silver tracks are printed on the top layer L1 (b). The ink is



oven-dried at 140°C for 5 minutes and then the vias are
drilled in place (c). The subsequent silver deposition on the
bottom layer L2 deposed both the electrodes and provides
electrical connection to the other layer through the vias (d).
After the oven-cure (200°C for 60 minutes) of the silver ink
that concludes the fabrication of the EMG electrodes, the
carbon layer was deposed on the working and counter
electrode of the electrochemical sensor (layer L2) and cured
at 140°C for 5 minutes (e). All the printing parameters
adopted are detailed in Tab.1 and the resulting final prototype
is shown in Fig. 2.

Table 1: Process parameters employed during fabrication

Silver Ink Carbon Ink
Sheat 500 SCCM 625 SCCM
Atomizer 1050 SCCM 1150 SCCM
Exaust 1080 SCCM 1000 SCCM
Plate temperature 75°C 75°C
Process speed 3.5 mm/s 3.0 mm/s

Fig. 2: Final device that allows simultaneous measurements of lactate
concentration in sweat as well as electromyography, thanks to eight EMG
channels.

III.  MULTISENSING SYSTEM PRELIMINARY TESTING

EMG and lactate sensors rely on a very different
transducing principle and for this reason, they need to be
separately analyzed to address their most relevant and
specific aspects. In this section, we provide the results
obtained from impedance and EMG signal measurements
performed to test EMG electrodes, and from electrochemical
measurements acquired to investigate active area of printed
sensors and to study the relation between output current and
lactate concentration in both static and dynamic conditions.

A. Analysis of printed EMG dry electrodes

1) Impedance-based analysis
Electrode-skin impedance represents one of the main

parameters for EMG electrodes. Impedance needs to be
measured over the whole bandwidth of the EMG sensor,
which is comprised between 10 Hz and 1 kHz, as illustrated
in Fig.3. EMG electrode impedances were measured by using
a Palmsens 3 Impedance Analyzer on the brachial biceps of a
subject for 90 minutes. Data acquired from each different
EMG electrode were averaged, linearly fitted and their slopes
compared, as reported in the literature [21].

These experimental impedance values obtained were
compared to the contact impedance of standard wet Ag/AgCl
electrodes (Kendall), reported in red in Fig. 3.

The two kinds of electrodes present a similar behavior in
frequency, even though the average magnitude of the

commercial electrodes is 20% of the one of the printed

electrodes in all the frequency range tested.
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Fig. 3: impedance comparison between our printed electrodes (blue) and

the commercial ones (red).
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Fig. 4: Detail of the impedance module of the printed electrodes over a

90 minutes period in the [100-500] Hz frequency range.

Analyzing then the variation over time of the impedances
(fig. 4) we can observe that impedance magnitude decreases
quickly over time and tends to stabilize over time. In detail,
the percentage average variation calculated between the two
first successive measurements is 16.7% and it decreases to
3.3%, reaching a condition of stabilization after 60 minutes.
This variation can be explained considering the formation of
sweat at the electrode-skin interface that reduces the overall
impedance. While the sweat layer is forming the impedances
change and then stabilizes when the layer becomes uniform.

2)  EMG acquisition and feature extraction

EMG electrodes were evaluated while acquiring a real
contraction on one of the 8 channels. In particular, the
possibility to follow the evolution of the main features
required to assess fatigue onset (mean and median frequency)
during time measuring EMG during a single maximal
contraction of the right gastrocnemius of a healthy volunteer
standing on his toes. To simulate a fatigue condition, two
recordings of 60 seconds were performed (fig. 5), the first one
with the subject starting from a recovery condition and the
second after running for 20 minutes. A decrease of both
voltage amplitudes in the time domain (RMS value reduced
of the 40%) and of the frequency peak of the frequency
spectrum (peak shifted of almost -40 Hz) could be observed
in the contraction recorded after physical exercise with
respect to the contraction after rest. The analysis of frequency
spectrum shows comparable frequency content, with most of



the energy (75+3%) comprised within 20 and 250 Hz, in
agreement with what was reported from the literature [22].
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Fig. 5 Possibility to extract mean and median frequency features from the
acquired EMG signal during a single long contraction. In black are reported
the measurements recorded during the first task repetition performed after
rest, while in red the measurement recorded from task repeated after a 20
minutes run.

Regarding mean and median frequency, different trends
could be appreciated for the two different repetitions, before
and after intense physical exercise. While the first repetition
showed a quite constant value of mean and median frequency
during the contraction time, the second repetition showed
decreasing trends. In both cases, the ranges of mean (170-
190 Hz) and median (140-170 Hz) frequencies computed
appeared in agreement with what the literature reports as the
range in which the maximum EMG energy is located [23].
This result appears as a promising starting point to confirm
the possibility to adopt this patch for monitoring fatigue
during physical exercises.

B. Analysis of printed lactate sensor

1) Electrochemical analysis

The first test involved the evaluation of the electroactive
surface area (Ara) from Randles-Sevcik equation for a
reversible reaction, as described in [22], by performing
Cyclic Voltammetry (CV) at 0.1 V/s scan rate (v) in a
phosphate buffer saline (PBS) (50 mM, pH 7.0) containing a
5 mM concentration (C) of ferro/ferri-cyanide
([Fe(CN)6]* ™). Indeed, the electrochemical couple
Fe?/Fe** redox process has a very well-known diffusion
coefficient (D = 6.20 x 107% ¢m?). Furthermore, the effect of
scan rate on oxidation and reduction currents and potentials
was tested performing multiple CVs in the presence of 5 mM
[Fe(CN)6]*7* at different scan rates (50, 100, 200, and 500
mV/s) in the potential range —0.6 to 0.6 V using the
abovementioned potentiostat configured to perform CV. All
measurements were performed in triplicate.

The average active area calculated from the Randles-
Sevcik equation was 22.25 + 1.85 cm?, with a relative
standard deviation (RSD) of 8%, confirmed a high
reproducibility of the active area obtained with AJP, as
demonstrated in previous works [21], where this technique
was shown to ensure a lower variability when compared to
SP, reducing RSD from 30 to 10%.

The scan rate test (fig. 6) allowed to confirm the linearity
of both oxidation and reduction peak currents with respect to
the square root of scan rate, indicating a diffusion-controlled
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Fig.6 Electrochemical analysis at varying scan rate: in the zoom relation
between scan rate square root and current of the peaks, confirming
reversibility of ferrocyanide redox reaction.

redox reaction. Furthermore the ratio between the anodic and
cathodic peak current near to unity for each scan rate and the
independency from the scan rate of cathodic and anodic
potential, suggesting a reversible behavior of the overall
known reversible redox systems such as the
ferri/ferrocyanide ones [24].

2)  Lactate static sensing

The second test performed on the lactate sensors was a
static analysis. This test allows evaluating some important
parameters of this printed chemical sensors for an enzymatic
lactate detection, i.e.: limit of detection (LOD), linearity and
sensitivity. For each test, the platforms have been previously
functionalized with 5 pl of 5 mM [Fe(CN)6]*#~ as mediator
[25] and left drying at room temperature for 2 hours,
protected from light. Dry L-lactate Oxidase (Lox) (Sigma
Aldrich) was subsequently dissolved in PBS at a
concentration of 100 U/ml and 5 pl of the solution was cast
onto the WE and left drying for 2 hours. Standard solutions
of sodium-L-Lactate (Sigma Aldrich) have been prepared in
PBS with the following concentrations: 0 mM, 10 mM, 20
mM, 50 mM, 100 mM, 250 mM. 500 mM. For each
concentration, 100 pl of the solution was placed onto the
three electrodes layout using a micropipette, starting the
chemical process described by equations (2) [26]. In detail,
LOx catalyzes the oxidation of L-lactate to pyruvate,
producing hydrogen peroxide (H2O;) that is then oxidized to
produce a current proportional to the L-lactate concentration.
A ferrocene mediator is employed to shuttle the electrons
between the enzyme and electrode.

L-Lactate
L-lactate + 0 —— Pyruvate + H,0;
oxidase

H,; 0, ——> 0O+ 2H" + 2¢

@

Five seconds after loading the sample, a potential of
+400 mV vs. Ag/AgCl was applied and chronoamperometric
measurements were recorded for 70 s with the
abovementioned potentiostat. The average current value of



three samples from each concentration at 70 s was taken as
output to compare the different concentrations.
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Fig. 7 Chronoamperometries at different levels of lactate concentration. In
the zoom, it is highlighted the steady-state condition reach for all the
concentration at 70 s, taken as reference.

Chronoamperometries obtained with different lactate
concentrations (Fig. 7) suggested the possibility to correlate
the increase in the steady-state current at 70 s with the
increase of analytes concentration in all the range tested
(from 5 to 250 mM).
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Fig. 8 Current-Concentration plot of the whole range tested (0-250 mM),
with linear fitting in the two ranges 0-20 mM and 20-250 mM.

The preliminary current-concentration plot obtained from
the analysis of the chronoamperometric measurements (Fig.
8) suggest a higher linearity (R?=0.9995) of the printed sensor
in the range 0-20 mM. In this range a sensitivity of 0.39
LA/mM was calculated, higher than the one observed in the
full range tested 0-250 mM. The curve appears however to be
linear also in the range 20-250 mM, with a R>=0.9975 and a
sensitivity of 0.15 pA/mM. This suggests a higher sensibility
of the overall system for lower concentrations and saturation
for higher lactate concentrations and appears in agreement
with other work in the literature dealing with enzymatic
detection on printed flexible electrodes [27]. Furthermore, the
range of concentration measurable appear to be perfectly in
agreement with the range expected from lactate concentration
in sweat, typically from 10 to 100 mM depending on the level
of exercise [28]. usually lower than 20 mM at rest and higher
than 70mM during or after exercise [29].

3) Lactate continuous sensing
Aiming to a continuous and dynamic monitoring required
in vivo sensing, after the measurements performed in static

conditions a continuous monitoring of lactate variation in
dynamic conditions was performed integrating the Kapton
based patch with a paper-based microfluidic to facilitate from
one side the immobilization of enzyme and mediator and
from the other a proper flux of sample onto the testing point,
as detailed in the setup design section (IL.A).

A preliminary analysis on the ability of the sensor to detect
continuous changes in the concentration of lactate was
assessed by first emulating the resting condition wetting the
sample pad of PBS. In those conditions, the
chronoamperometry was started applying a constant +0.4 V
potential to the sensor and recording the current produced.
After that, at discrete well-known time points (0 s, 125 s, 250
s, 400 s, 550 s) 50 ul of sodium-I-lactate PBS solution with
different random concentrations were dropped onto the
sample pad, emulating controlled increases of lactate
concentration in the flux flowing onto the electrodes (fig.9).
The measurement was performed in triplicate using the same
set-up previously described for the other tests. The post-
processing analysis of chronoamperometries was performed
fitting each transitory after every time point with Cottrell
equation and then calculating the difference between each
deposition of lactate.
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Fig. 9 An example of 600 s chronoamperometry recorded during following
discrete injection of controlled solutions with different lactate
concentrations.

Results obtained appeared a preliminary promising starting
point to enable a continuous measure of lactate variation in
sweat in a wearable device. The linearity (R*=0.9816), the
sensitivity (0.32 nA/mM) and the LOD obtained (4.1 mM +
0.6) appear in agreement with what obtained in static
condition but also from similar biosensors reported from the
literature [28]. However, the lower sensitivity and absolute
values of currents with respect to the static preliminary
results, suggest that the main improvement need to be
addressed to optimize the immobilization of the enzyme and
of the mediator, in order to maximize electrons exchange,
sensor stability and measurement repeatability even in
presence of a flux of solution onto the sample pad.

IV. CONCLUSIONS AND FUTURE DEVELOPMENTS

This work shows a first prototype of an innovative fully
printed flexible multi-sensing patch for unobtrusive and
personalized fatigue measure during rehabilitative or
physiotherapy sessions. By means of the emerging technique
of AJP, a flexible patch easily integrable with any wearable
device was developed, integrating on the same device: an 8§



channel matrix for EMG recording, a three-electrode
electrochemical sensor, printed connection for an easier
interface with conditioning electronics.

Results of the measurements performed as preliminary
analysis of both the sensors printed on the patch provided a
promising starting point to pursue in the study a device able
to follow changes in EMG features and sweat lactate
variations during fatigue processes. The ranges recorded for
mean and median EMG frequency and the decrease
monitored after an intense effort suggest the ability of the
device to monitor electrical muscular activity. Regarding
lactate sensing, preliminary results are a promising starting
point suggesting the possibility to study the use of the current
measured from the printed electrochemical sensor to follow
lactate changes continuously within the physiologically range
of interest for fatigue monitoring (10-100 mM). Further
investigations are ongoing to optimize the sensor design, to
reduce the variability and improve the metrological
characteristics of the sensors. Future developments will
address, first of all, the improvement of the setup for
continuous lactate monitoring, maximizing the stability of
enzyme and mediator and the efficiency of electrons
exchanges. Furthermore, simultaneous measurements will be
performed during actual physical exercises, in order to
validate the device and to make the device robust and reliable
for use during training.
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