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Abstract

The study of the biological signals can be essential for discerning the pathological
conditions of the human being. Moreover, timyestigation of muscle activation,
contraction and relaxation are relevant features that provide information about the
functionality of the muscle. The evaluation of the muscle activity can be performed
by many techniques but the more spreatlie to its educed complexity and
invasivenesss the Surface Electromyography. This-mwasive technique can be
applied to the monitoring of the muscles involved in respiration to diagnose
pathologies that affect the respiratory system. The diaphragm is the principal
muscle involved in respiratiorits contraction and relaxation regulate the
inspiratory and expiratory phasef the respiratory cycle. In this study, the
diaphragm contraction is measured by means of a novel measurement approach
based orthe employment of adhesive conductive electrgdeade by innovative
materials connected to avireless device developed by the Electronic group of the
Department of Information Engineeg of Universita Politecnicalte Marche. The
coupling between the proposed electrodes and the wireless devidebadested

on ten voluntary subjects at whighs asked to alternate five deep afiek normal
breaths repeated two times. The resufirovethe ability of this system to detect

the diaphragmatic contraction, in pamtilar when it is induced by tlieepbreaths.
Moreover, the system ability showed in the diaphragmatic contraction detection
suggests that it could be employed in thoseigrds that requirea continuous

monitoring of the respiratory system.
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1. Introduction

The recording of thdiologicalsignals is an important method to evaluate the
patient'shealthconditions. In particular, the measurement of biopotentials coming
from the heart, metabolic system or muscles is considered a diagnostic tool for the
identification of some pathologies that affect the human bdwalyact,the analys

of the electromyogrphicsignalgprovides information abouhuscle functionalities

in terms of activation, contraction, and relaxatj@h ElectromyographfEMQ is a
diagnostidechnique that can be applied thfferent muscles according to the kind

of activity that has tde taken under consideratioft can be employed in the
evaluation of the locomotioas well as in thevaluation ofmuscles invaved in
respiration toidentify diseasethat affect the respiratory system. By means of the
organs that compose the respirayoapparatus are allowed the gas exchanges that
guarantee the functionality of the circulatory systefme act of breathing is
allowed by the contraction and relaxation of the respiratory musg@les.main
muscleinvolved in this process is the diaphragneontracts and relaxes allowing
the inspiratory and expiratory phasef the respiratory cycl¢l][2]. There are
different techniques that can be useddoalysehe diaphragmatic motion, from

the imaging acquisition modalities to the application of the different EMG
recordings that can baivided ino invasive or nofinvasiveapproachesThe choice

of surface EMG (sEM@pan be preferred to avoid the risks relatéal the
invasivenessef the invasive EM@nd, since it is based on the application of surface
electrodes in correspondence of the area of interéstllows the recording of a
higher information content due to the presenceadfigher number of motor urst
under theanalysedarea. Obviouslit is very important to choose the diameter of
the electrode that reducgthe problam related to the crostalks provoked by the
muscle near to the muscle of interest. Usually, the more spread electrodes for
biopotentids recording are th&lver Siver-Chloride electrodeg3], the materiak

by which they are composed allow the collection of biopotentials, but despite their

wide range of applications, nowadays different materials are employed in the



biological signals eerding with successful resultdowever, he SEMG not only
suffers from theartefactsinduced by the choice of the recording electrodes bu
alsoby the patient cables that introduce moti@mtefactscovering the muscle
activity. This problem could be dieaith bythe adoption ofamobile SEMG system
like the one developed by the Electronic grouptleé Department of the
Information Engineeringf Universita Politecnicaetle Marche, this device will be

used on the measurement of the diaphragm contractionducted in this study.

1.1Electromyography

EMG is a diagnostic procedure that allows the analysis of muscle function,
evaluating tle electrical activity emitted frorthe muscleg4]. The muscles are
composed of individual contractile units known as mugmes that are innervated

by the axonal terminals of the motor neuron. The basic functional unit of the muscle
contraction is the motor unit, constituted by muscle fibers and their related axonal
terminal. When the action potential of the motor neurommcies a depolarization
threshold, the muscle fibers contract. The motor unit action potential (MUAP) is
the spatial and temporal summation of the individual muscle action potentials for
all the fibers of a single motor urng]. Therefore, the EMG signalthe algebraic
summation of the MUAPs within the pigf area of the electrode being uséthe
study of EMG signal allsmo detect medical abnormalities, activation level, or

recruitment order, or to analyse th@omechanics of human movement

The EMGignal can be detected using two different approaches, invasive er non
invasive, according to the clinician's necessjdgsThe first solution is based on
the insertion of a needle or a thin wire electrode inside the muscle; despite its
invasivenessthis technique provides higluality information on the muscle
activation and represents a suitableod®e in conditions that requirghe
investigation of neuromuscular dis=a Otherwise, theBMG is the noninvasive

procedure used in clinical or physigical researches and in which the overall



activity of a muscle has to be recorded. The sEMKe procedure adopted in the

recording neasurement sessions conducted in this study

In generalthe EMG signab characterized by an amplitude that can rafigen O

to 10 mV The usable energy dhe signal is limited to the ® 500 Hz frequency
range, with the dominant energy being in theED Hz range. Signals with energy
content higher than 500 Hz are related to the noise. There are different factors that
can influence the sEMG recording, such as the power lineffS&f due to the
difference in the impedance between skin and electrode, motion artefa@8 (0
Hz) due to the movement of the patieahd patientcables connected to the
amplifier, HEectrocardography (EQ artefacts, the nature of the muscles
contraction, crossalks produced bysignals coming from other musclé¢§].
However, even the patient's anthropometric characteristics can influence the
properties related to amplitude, time and frequenoy EMG signal$5]. In
particular, the electrode placeent has to be taken in consideratibecause a
higher distance between the electrode and the investigated ea@ affect the
measurementlosing part of the information conterih addition, the quél of the
measurement can be affected even by the wtéctrode interface, for this reason,
before the recording, thekin has to be prepared removitgdy hairs, cleaning

and drying it taget a good signal and avoid detets.

Although the usage of Bte preventive measures to reduce aidets, the collected
signal is still characterized by them that can be removed with signal processing
technigues. To remove the motion aféets, the SENIAM protocol recommends
high-pass cubff frequencies of 120 Hz.Since the SEMG has aneegy content
included in the 00 Hz frequency range, the suitable Jpass cuioff frequency

for the attenuation of the higher frequency components should be arounéa80

Hz, with a sampling frequency of 1000 Hz, accordinge&Ghannon theorerf6]
[7].



The modality of EMG acquisition used in this study is bipolar mode. Two recording
electrodesshould be placed between a motor point and the tendon insertion or
between two motor points, and along the longitudinal midline of nigscle.
Moreover, a reference electrode is placed as far away as possible and on electrically
neutral tissue to provide a common reference to the differential input of the
preamplifier in the electroddn figure lis representedhe modality by which the
electrodes are placed on the interested muscle to measure the biopotentials using

two surface electrodes coupled tive skin with electrolytic g¢8].
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Figurel - Bipolar modality SEMG acquisitigth

The figure belowepresents the equivalent circuit, in which the depicted left and

right branchesre the sirface electrodes usead the measurement recordifg].
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Figure2 - Bipolar modality SEMG circuital representafioh

1.1.1DiaphragnElectromyography

sEMGcan be applied on different muscles to evaluate muscle fatigeejcal
abnormalities, recruitment order, or to analyse themuscle activation level.
Moreover, the application of SEMG on respiratory muscles prouifi@snation
about the functionality of the respiratory system. Although breathing is an
automatic activy that the human being executé®m the first moments of its life,

it is induced by an electrical stimulus in the brainstem that, traveling throutgit mo
nerves and the neuromuscular junction, reaches the muscle fibers provoking the
muscle contraction.

The respiratory cycleonsists of inspiratory and expiratory phassgulated by the
contraction and relaxation of théiaphragm{1]. The daphragm, demited in figure

3, separatsthe thoracic cavity from the abdominal cavity, its insertion occurs into
the xiphoid process frontally, at the level of the last six intercostal ribs laterally and
the first three lumbar vertebrae in the back directi¢®]. The diaphragm
contraction, followed by its flattening, increases tin@racic cavity volumeausing

a negative pressure that allowtke entrance of air in the lungs during the



inspiration. During the expiratory phase, the diaphragm relaxes coming back to its

initial position and removing the air from the luhgg9].
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Figure3 - Diaphragm

There are different modalities to acquire the diaphragmatic EMG signal according
to the clinicia pudgment and to the patie dlinical situation. First of allhe
diaphragmatic EMG signal can be detedteah invasive and neinvasive manner.

The invasive solution is based on the positioning of an array of electrodes in the
oesophagugo monitor the contaction and relaxatiomctivity of the diaphragm

[10]. An alternative to the cumbersomeness of this invasive technique is the
diaphragmatic SEMG in which surface electrodes can be positioned on the area of
the apposition of the diaphragm to the chest wabspite a reduced signal to noise
ratio (SNRijespect to the invasive methodd choice of this neimvasive solution

gives the advamaige to &oid the rislof perforation relatedo the placement of the
electrodes in the oesophagudowever, thiedvantage iscounterbalanced by the
presence of a higher number of noise sources such as the intercostal muscles cross

talks, body constitution, and electrod&in contacinterface

The predominant source of noise that compromises the detection of muscle

activaion is the EC6&ignal Because ahe overlap between the frequency content



of the EMG and ECG signals, it is difficult to remove cardiac artetastEMG
signal For this reason, theommon filtering techniqueare non-sufficient for
removing thenoise sourceThe combination of traditional filtering technique with
enhancediftering methods is theolution proposed in the study of Alty et[all].

In particular, they analyse the diaphragmatic signal using a combination of
procedures based on lsigh-pass and notch filteat 50 Hz, at which follow the
Independent Componentralysis (ICA), that allows the separation of multivariate
signal into its subcomponents, finally, a Joass filter is applied to remove the
remaining ECG components. Aftesthitering procedure, the diaphragmatic EMG
signal appears to be more clear even if some ECG components are still present.
Another appropriatesolution to remove the ECG ddets is represented by the
Wavelet Transform (WT), a mathematical tool suitétatethe processing ahe
non-stationary signals. Wdecomposes in different frequepacomponents the
signal that isnade by a set of scaled mother wavelets. Selecting the correct mother
wavelet that resembles the ECG signal, WT can befose&noising prposes,

decreasing the ECG contentlre EMG signl 2].

The evaluation of the diaphragmatic EMG signal can be usefukfassessment

of some diseases, that affecting the respiratory systemldinducean incorrect
movement of the rib cagecompramising the pulmonary ventilation. In the
systematic review of Masselli et[dl3] are collected different studies in which the
EMG is performed on respiratory muscles to assess the respiratory mechanics and
muscle functionality. In particular, considering the electrodes positioning and the
signal processing teclguies is determined the EMG omespiratory muscles could

be suitable for diagnostic purposes. According to the tested respiratory muscles,
the electrodes arelpced in a specified positidror what concerathe diaphragm,

there are some anatomical referenaads that should be used to correctly record

the signal, such as the axillary and midclavicular axillary lines. Considering these
anatomical landmarks, the recommendedaipions of the electrodegarybetween

50 and 1@ intercostal space but the™and 8" intercostal spaceare the

anatomical partselectedin the most number of the analysed studies, with the
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reference electrode placed in the sternum. The acquired EMG signal is then filtered
by appropriate filtering techniques, the Root Mean Square (RM&)lation and
frequency domain analysis are the two techniques reported in this study. However,
in all of the studies taken under consideration by this systematic review, is
demonstrated the reproducibility of EMG on respiratory muscles to assess the
functionality of the respiratory system, muscle activation, muscle fatigue and

muscle contraction controlled by the nervous system.

A commercially available device to acquire diaphragnsiielG and for the
monitoring of the respiratory systens Diphal6, depicted in figure 4 The
electrophysiological signal is acquired by a clinician and measueecebgable
sensor and option header, connecting the electrode leads to the patient. Tre couple
of electrodes placed on intercostal musciaphragm muscle, and scalene muscle
are attached to Diphd6 through a multconnector, the common electrode is
placed on the sternum. By means okiiary channels, this tool is ablenteasure

the differential pressure (oesophageal and airway pres$uirhe acquired signal

is then transmitted via Bluetooth to the computer, in which it is displayed the six
leads, differential pressures, the envelope of the aedlyespiratory muscles and
Respiratory Rate, Heart Rate and Tacho rate. Hifheontainsa DC reference
amplifier characterized by low input noise, high input impedance, and high
common rejection ratio. Active signal shielding minimizes electrode cable
capacitance and therefor cable movememtefacts and sensitivity to @&ins
interference (5060 Hz). This systeis rechargeable by a lithiupolymer battery.
Diphal6 is an appropriate solution for the evaluation of respiratory muscle
movement because it can be connected to adult and pediatric patients, but it
requires the presence of the cliraos for the patient leads connection and for data

interpretation[14].
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Figured - Diphal6 devicqd14]

The study of the diaphragm movement can be dealt eitbnimaging techniques

such as fluoroscopyideofluoroscopyprovides information about the distance
reached by the diaphragmatic excursion during respiration evaluating the muscle
motility. This approach is very useful to evaluate the weakness of the diaphragm in
pathological patients and after surgical intervensipin presence of malformation

and the muscle contraction. The ability to detect the left and right displacement of
the diaphragmatic muscle makes the videofluoroscopy a reliable tool for the
measuremenbf the diaphragmatic excursioayen if it dependsn the clinician's

evaluations and it submithe patient to the radiationfl5].

IMEMS acceleration sensor represents a good alternative to avoid the risk related
to radiation exposure in videofluoroscopy. The IMEMS, made of a silicon chip that
consistsof micromechanical structures and electrical circuits, acquires, measures
and records the muscle movement. The accelerasensor is ADXL345, that
senseghe acceleration in three directions with theazis directed perpendicular

to the diaphragmThecircuit of the system includes PIC16F88 microcontroller, 2x8
character LCD display, accelerometer sensor, eeprom memory component, and
data transfer circuit card. Moreover, the measurement conducted on five patients
demonstrates that this device, comparexthe spirometer, enablet diagnose

respiratory disease by theanitoring of diaphragm activifyL6].
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1.2 Electrodefor biopotentials recording

The measurement of the Ipotentials involves the electrode, a device that works
as an interfaceallowing the passage of current from the human body to the
measurement system. In particular, at the sdectrode interface occurs the
conversion of ionic curreptvhichcharaderizesthe biological tissuento electrical

current to make possible thegerding of the physiological signal.

The recording of muscle activity during sEMG depends on the geometry and
material trat characterize the electrodeMoreover, the surface electrodes can
have fixed or variable geometry according to the recorded mustiety. For
examplesmaller dimensiongf the electrodesan be recommendei reduce the
crosstalks produced by EMG signals coming from other muscles than the ones
being monitoredAlbeit a smaller dimension has the advantage to decreaise

noise sources, because of the strict dependence between the electrode dimension
and electrode impedance, a reduced electrode dimension provokes aasedn

the electrode impedance. In fa¢he size of the electrodes plays a very important
role in the evaluation of the impedance, because the smaller the electrode
dimension, the higher the impedanddowever, the nospolarizability and the
higher SNR make the sihg@iverchloride (Ag|AgCI) electrodes the more spread in
the medical applications, bause of the materials that compose them, it is possible
the realization of chemical reactions that allow the conversidghe ionic current

into the ekctrical current at the skialectrode interfacealepicted in figure.

13
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Figure5- Electrodeskin interfacq8]

The presence of AgCl fawe the chemical reaction the electrolyteskin interface
allowing the flow of ionic and electric current in the skin and electrode respectively.
In particular, thesignal collected by the electrode applied on the skin is made of a
weak ionic current, that has to be transformed into an electrical current to be
compatible with the electrical current that flows in the conductors that send the
signal to the measurementedlice. To allow this transformation is necessary that
the electrode is constituted by metal in contact with its saline solution in which can
occurs the chemical reactions. The chemical reaction®titars at the electrode

electrolyte interfacare the following:

0 0°Q Q Qnp

0Q 6a2 06 a Qg
The first represents the oxidation thie Ag ions into Agons, whichoccurs when
the silver electrode is coupled with the silver chloride soluéibonving the transfer

of electrons to the silver electrode. Since gireducts of the chemical reaction are

Agd'ions, the electrolytic solution shows a higher concentratiqrositive charges,

14



leaving the silver electrode to become negatively charged due to the flow of
electrons on itBy means of thélow of chargesthere is the development of a
potential difference Moreover, 1 is important to take into account that the
reaction takes place only when the silver electrode makes contact with the silver
chloride solution reaching the equilibrium determined by a potential difference of
0.7791 V.

The second reaction takes place only when the first occurred because it requires
the formation of Agions, thatare combinedwith Ci to create AgCI. e main
characteristic of the AgCI chemical compois be very slightly soluble in water,

making possible to increase the deposit of silver chloride on the silver electrode.

Thepresence of a double layer of charges, due to the occurred chemical reactions,
causes the electrode to behave like a condenser, in which the impedance varies
with the frequency, in fact, it decreases linearly with the frequency, showing a

lower value of ipedance at a higher valwé frequencies [8].

In addition,it is necessary to take into account the resistance that the ionic and
electrical conducta, represented by the skin and the electrode respectively,
opposeto the passage of thcurrent.Considering this conceps possible to give

to the electrode a circuital interpretation gdeeted in the following figure.6
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Figure6 - Electrode circuital representatiqh7]
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The first circuit (Figured consists of a res@ice R, that is thelectroderesistance
opposed to the passage of the current, the electrode capacity C, the resistance
indicated with Rp is required to consider that the current flow in the electrode also
when the frequency is equal to zero and E1 is the generator of the potential
difference produced by the double layer of charges.

The potential difference is recorded when two electrodes are applied to the
conductive tissue, for this reason, it is necessary to densihe second circuit
(figure 6b) that 5 obtained considering themploymentof another electrode. In

this circuit, Gb represents the generator that considers the capacity and the
resistance of the tissue between the two electrodes, E1 and E2 are the two
electrodes generator. Since the two generators are placed in arsi@pposition

in the circuittherO2 Yy i NA 0 dziS Aa ydzZft G2 !'Q YR
LINSaSyid o6SisSSy !' FyR . A& | @FAflofS

measurement of the potential differen¢&7].

1.2.1 Electrodes aterials

The study of Tallgre et al3] proves that the electrodes realized in Ag|AgCl,
compared to other types of material such as gold,iqmlan, and stainless steel,
showsthe better characteristics in terms of offset voltage, resistapaarization,
and noise levethis is a demonstration of the ability of Ag|AgCl electrodes to collect
the biological signals.

Despite the succes$dt the Ag|AgCl electrodes showm the measurement of
biopotentials,nowadays different materials can be eakinto account for the
electrodes realization.

The materals involved in the productioof the electrodeshave tobe selected
following all the requirements given by tiocompatibilityto not damage the
tissue Moreover, thebiocompatibility refers tahe reaction that the tissueds in

contact with the material, thenjrece the electrodes have to provoke a biological

16



response, the material with whi¢hey are composed have to be appropriate for
the interaction with the skifl]. For this reason, it ieecessary to control the
presence of deleteriousubstances that could produce dangerous effects

provokingundesrable reactions on the skin.

In the most number of thanalysedstudies, thebase of theeledrodes developing
process is represented by te&ectrode 3D printing, the selected material is usually
the polylactic acidPLA). The 3D printing proceduse¢hen followed by a coating
processin which the 3D printed struatel is coated with conductive materialhe
study of Krachnov et dl18] proposes two types of electrodes obtained from two
different developing processes. In the fapproach the electrode is 3D printed in
plastic and carbobased conductive compound to give intrinsic conductive
properties to the electrode The conductive pperties of the carboibased
conductive compound let to avoid the coating process that is instead performed in
the second approacHn the second solutigrihe 3D printed structure is realized
with plastic material and thernthe conductive properteare given by the coating
process in which the plastic material is coated witlonductive compound. The
functionality of the obtained electrodes is testammpared tahe reference ones,

the Ag|AgCl,n the analysis of electroencephalography (EE@&)ethe 3Dprinted
electrodes are involved in the evaluation of EEG signal, they are designed with long
and thinprongs, as shown in figure genetrating the hairs to achieve contact with
the skin.However, he analysis of EEG signal demonstréites the proposed
electrodes are able to detectthe waveforms that characterizbe EEG tracing,

provingthe reliability of the proposed electrodes compared to the reference ones.
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Figure7 - Electrode prototype, PLA 3D Printing, Coating prdd&$s

A similar approach is proposed in the study of Wolterink ¢1.8].in which the
electrodes, depicted in figure, &re realized by a process of fused deposition
modeling, nelting a thermojfastic filanent and depositing the material layer by
layer. In particular, the selected material for the realization process is filament
thermoplastic polyurethaneTPU),particles of copper oconductivecarbon are
mixed to allowelectrodeconductivity.In this studythe produced electrodes are
compared to the referencAg|AgCin the evaluation of the musct®ntraction by
EMG. Moreoverthe comparison between the innovative el®des and the
reference oneprovesthe validity of 3D printed electrodesthe evaluatiorof the

EMG signal

Figure8 - 3D Printed Electrodd 9]

In the study of Salvo et gR0] the evaluation of EEG and ECG is performed
comparing dry and wet electrodes. The dry electrode support is realized using an
insulating transparent biocompatible acnf@sed resin, FullCure 720, that is

submitted to a metallization process organizedhia tonsecutive steps: in the first

18



step a layer of titanium is sputtered to facilitate adhesion, in the second step a gold
layer is evaporated to lower the impedance and prevent corrosion and oxidation.

The 3D printed ektrodes, depicted in figure Bavehigher impedance respect to

the wet electrodes, but the evaluation of ECG and EEG confirm the validity of dry

electrodes compared to the reference ones.

E e

L

Figure9 - Dry electrodd20]

The application of these materials in tig@alization of dry electrodes takes place in
different fields that not only involve the measoent of electric biopotentials but
also in the development of wearable pressure sensors, wearable temperature
humidity sensors, wearable electrochemical senandsforhealthcare monitoring
sensors. All of these applicatifieldsare described in the study of Wang ef21]

in which theconductivity of theelectrode is provided by the employment of
advanced carbon materials. The good electrical conducthidi, chemical and
thermal stability, low toxicity and the functionality make the advanced carbon
materials an optimal solution for the development of wearable electronics sensors.
In addition,these characteristics make the advanced carbon, the suitalikriaia

in the developmaet of wearable sensors that hat@ monitor electrophysiological
signals (EEG, ECG, EMEgucingthe electode-skin interface's impedance and
facilitating a better adhesion between the electrode and the akowing the

biological signal recording during physical activity
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1.3 Aim of the study

The aimof the conducted study is to develop a novel measurement approach for
the measurement of the diaphragm contraction, evaluatiegfunctionality of the
produced electrodes in terms of conductivity and detectability of the diaphragm
SEMG investigating the diaphragmatic movement produced by deep and normal
breathsusingthe device developed by the Electronic Group of the Departwfent

Information Engineering @fniversta Politecnica elle Marche

20



2. Materials and Methods

In the following sections are described the developing process for the realization of

the electrodes and the data acquisition.

2.1Electrodegleveloping process

The electrodes developing process involve the design of a prototype, on
appropriate CAD software, to standardize the shape of the electrodes. Moreover,
the designed prototype is then 3D printed in PLA and is used as support for the
electrodes realizationThe PLAD printed support is then placed on an adhesive
gel patch, depicted in figurg0, that is commonly used in the electromagnetic
simulation. The adhesive gel patch is primarily composed of the hydrogel. The 3D
structure of hydrogel, composed of hgghilic groups contained in synthetic or
natural polymers, makes this component permeable allowing the absorption and
containment of a relevant amount of water. When this chemical compound enters
in contact with the water, the presence of hydrophilic gafows the formation

of a water bond that can be destroyed in the case of hydr¢B&jisA fundamental
requirement that the hydrogeshould have is biocompatibility, this is guaranteed
by the presence of hydrophilic groups that create a low interféeal energy
surface when interacwith fluid. In fact, the hydrogel biompatibility avoids
damagingthe tissue allowing the safe collection of the biological sigfallin
addition, thanks to the elasticity and flexibility of hydrogel, the adhesiveats

can fit perfectly the skin and for this reason, is an appropriate base in which deposit

the electric paint for the recording alectrophysiologicaignals
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FigurelO- Adhesive gel patch

The materials by which the geltch is composed are not able to conduct the body
ionic current, for this reason, it is necessary to give it a conductive coat, allowing
the conductivity of the biological signal. This requirement is provided by the
deposition of conductive material onélsurface of the adhesive gel patch. The
selected conductive material is the Bare CongtladElectric Paint (fig 1[23]. The
ingredients that compose this conductive paint are water, natural resin, conductive
carbon, humectant and processing aids, andservatives. The presence of
conductive carbon on the conductive ink makes the adhesive gel patch able to
conduct the electrical signal coming from the area in which the electrode éslplac
The conductive ink is depositbdtween the protective film and the surface of the
adhesive gel patch to avoid the direct contact with the skin, even if the interaction
of this electrical paint with the skin is not dangerous because of the properties of

its ingredients.

- Conductive:  Electric Paint

Figurell - Bare Conductive Electric Pdi28]
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The main characteristics of the Bare Conductive El&amt are reported in Table
1.

Table Ic Bare Conductive Electric Paint characteristics

Appearance Liquid

Colour Black

Odour Slight

pH (value) 5-7

Melting Point Approx10degC

Evaporation rate (Water=1) 1

Density (g/ml) 1.2-1.25 at 25 degC

Solubility (Water) Partially soluble

Solubility (Other) Partially soluble in organic solvents
Viscosity Viscous liquid

Then, it is place@ graphene conductive stripetween the protective film and
adhesive gel patch in which the conductive paint has been depodsitetthe
following figure(fig. 12)is depicted the obtairg adhesive conductive electrode

realized following the steps describede developing process.

Figurel2 - Adhesive conductive electrode
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The electrodes are then placed on the inteeglshuscle to record anthonitor its

electrical activity. In the figure below is shatha electrodeskininterface.

Electrical Wire

Adhesive Gel Patch

Skin

Figurel3- Adhesive conductive electrogdin interface

2.2 Acquisition system

The acquisition system by which the sEMG measuresnareg conducted is
developed by the Electron@@roup of the Department of Information Enginag

of Unversita Politecnicaalle Marche. Actually, this system represents an update

of an existing wireless device developed for the recording of cardiac and muscular
signals, called WigE4]. The acquition, digitalization, and amplification of the
electrophysiological signals in WIiSE device occur by means of wireless sensing
mobile node that transmitthe collected signals to more than one base station by
2.4 GHz radio link thanks to a customized comoation protocol designed

following the IEEE 802.15.4 physical layer. The signal is then sent to a control PC by
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a USB link. However, the functionality of the system is guaranteed by the
components of the mobile node: AGupled instrumentation amplifiera
programmable gain amplifier, a circuit for common mode biasing and an electrode
contact resistance measurement, a low pass filter, a power supply circtakis 3
accelerometer, and an-8t microcontroller. The components of the current
version of theWiSE device are completely different. In particular, the current
version consists of nRF528405] to support Bluetooth LowEnergy (LE)
communications, in order to allow the connection between the mobile node and
the computer that in realime elaborate tle collected data. The acquisition of the
EMG signal occurs through the ADS1[283 an electrical amplifier that is able to
acquire the ECG and EMG signal even during sportive activities. Finally, the
electrical component LSM6DJ0@7] represents the ineral platform for the
recording of gyroscope and accelerometer sigidie.power supply is guaranteed

by alithium-polymer battery chargethat hasa maximal duration of two days,
allowing the recording of the electrical activity without the possibiliydiécharge

of the system, avoiding the loss of the acquired data. Moreover, the presence of
switching arrays improves the duration of the battery, switching off the
components that are not necessary during the acquisition seasidallowing a
reductionof power consumption. The following figuffeg. 14)showsthe block

schemeof the mobile SEMG device
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The communications between the control computer and the electronic device
occur by @8luetoothLE system. The Bluetoett provides the information content

to the control computer through a very low power, flexible chip, the nRF52840
Multi-Protocol Systeron-Chip (SoC), that is the most advanced member of the

NRF52 Series SoC family. & Badimension of 7 mm x 7 mm and it is a suitable

choice for shorrange data transmission. In fact, it has protocol support for

YyNHOPMp ®n . fdzSti220K YSakz:

of data transmission and throughput modes. The characteristics whose this

electronic component consists make it an appropriate solution for home

LSM6DSO
Gyroscope and
Accelerometer

Figurel4 - Mobile node bloclscheme
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feature. This latter improves the performargapabilities and allows a longer range

networking protocols. The power voltage has a range of variation ¥fth.3.5 V,

it issupplied by a rechargeable battery and USB supply without the need for the
external regulators. Furthermore, the nRF52840 is composed of many peripheral
components powered by an independent and automatic clock and power
management that switcbff the singé component when is not necessary to save
power consumption. The advantage of this electronic component is that it can be

employed in different fields, from the industry to healthcare such as smart home
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products, smart city infrastructures, fithess devjeggual and augmentereality

and gaming controller.

The ADS1293 is the electronic chip used for the biopotentials recording. It has a
dimension of 5 mm x 5 mm artc¢an be used to monitor ECG during lovwedical
activities, sports, and fitness. In paular, in this studyit is used to measure the

ECG and EMG signals. The amplifier contains threedsglution channels that

can be independently programmed for customized sampling rate and bandwidth to
allow the users specifications. The possiltitgive to each independent channel
customized properties allaan optimized performance. The advantage of the
ADS1293 is represented by reduced size, power and costs and by the presence of a
seltdiagnostic alarm system that works to detect the on dhtirae of activations.

The ADS1293 can be used in portablé2lead ECG, patient monitoring,
telemedicine, automated external defibrillator and in the monitoring of vital

parameters during sport and fitness activities.

The measure of the gyroscope andcelerometer is provided by an inertial
platform, the LSM6DSO, 2.5 mm x 3 mm x 0.83 mm of dimensions. The LSM6DSO
packaging consists of 3D accelerometer and 3D gyroscope, in fact, it detects the
gyroscopic information and the acceleration by means of aefirstem organized

in 6 axes of motion, the-&xis for the digital accelerometer, an@ds@s for the digital
gyroscope. In addition, it provides higérformance mode at 0.55 mA and enabling
alwayson lowpower features for an optimal motion experiencetfoe consumer.
Because of its robustness, due to the plastic land grid array package, it can be
employed in many manufacturing processes offering -alrapact solutionsin
orderto avoid powerconsumption,t is provided by a tilt function that activates

the system by a user tilt. It finds applications in the development of sensor hub,
indoor navigation, motion tracking, and gesture detection, vibration monitoring

and compensation.
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The power supply of the system is a lithipalymer battery charger and a cluster
of linear and switching regulators to provide power only when the components of

the system have to be activated.

The following picturg(fig. 15) represents how the analysecbmponents are
assembled on the electrical base and the connection to tharitpolymer battery

that supplieghe power to the electronic system.

Figurel5 - Mobile node composition

In the following figuréfig. 16)is highlighted the echitecture of the base station

EMG Bluetooth-LE

of BNE P T

. b b

Figurel6 - Mobile node architecture
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In the following table are listed the device features

Table Z; Mobile system characteristics

Resolution 24 bit

Sampling Frequency 800 Hz

EMG channels 3

Autonomy 2 Days
Dimensions 26.7 mm x 42 mm
ECG Yes
Accelerometer Yes

Gyroscope Yes

2.4 Experimental setp

The aim of the experimental session is to test if the produced aéhesductive
electrodes and the wirelessystem are able to detect the diaphragm motion
induced by deep and normal breaths performed by adult voluntary sulipetise

to start the recording sessions the participants sign a written consent in which are

explained the risks, the aiof the project and the measurement protocol.

The measurement protocd based on the alternation of five deep dive normal
breaths repeated in two recording sessioiifie diaphragm contraction detected
by theadhesive conductive electrodes is firstigasuredon the AD Instruments
PowerLab 4/25Tfig. tot), then on Diphd6 Deviceand finally on thesygem
developed by the Electrongroup In particular, the measure performed wiiD

Instruments PowerLab 4/25Tan instrumentation amplifier thatongsts of two
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isolated biological inputs (with common ground), constamtent isolated
stimulator output, two norsolated analogue inputs, two analogue outpingo

Pod inputs and trigger input, has the utility to evaluate the correlation between the
diaphragm contraction and relaxation related to the inspiratory and expiratory
phases detected by the spirometer (fig. J,7a measuring device for the assessment
of the respiratory rate using a differential pressure transdudée signal is
acquired usind-alChart software selecting the appragte range and filtering

values.

Figurel7 ¢ Spirometer

Moreover, he produced electrodes atested using the Diph&6 Devicein which

it is used only theouple of the electrodes involved in the measurement of the
diaphragmatic etivity respect to the other twaouples used for the scalene and
intercostal muscle.hie signal is then transmitted by UBBietooth connection to
Polybench Data Manager softwawa the control computerto have a reatime

visualization of the data recorded.

Finally, thecustomzedelectrodes areonnectedo the mobile node developed by

the Electronic group to starts the campaign of meastoevaluate the ability of

the produced adhesive conductive electrodes and the mobile device to measure
the diaphragm contraction in different subjects with different anthropometric

characteristics.
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The table below indicasethe anthropometric characterigts of the subjects

involved in the study

Table 3 Anthropometric characteristics of voluntary subjects

ID SEX AGE BMI
LA Male 31 23.5
LI Female 24 19.1
SM Male 23 25
SP Female 22 19.9
MO Female 25 24.6
AP Female 25 21.1
MM Female 27 21.6
AB Female 25 21.5
AC Female 24 21.2
MTP Female 23 18.3

To conduct he measurement, the mobile node placed on the 10 subjects to
detect the diaphragm contractiorMoreover, the sternum is consideregs
anatomical landmarks for the electrode positioning and in fact, an electrode is
placed just below the lower part of the sternum and the second electrode 7 cm
distant from the firstalong the left part of the body, juselow the rib cage. In

figure 18is shown the placement of the electrodes
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Figurel8- Adhesive conductive electrode positioning

In a standing position, the subject was asked to pertobmeathscycle consistd
in five deep breathseachdeepbreath has aluration of 8 secondg@! s inspiration
and 4s expiratior) followed by fivenormal breaths eachnormal breath has a

duration of 4 seconds inspiration and & expirationyepeatedtwo times

2.3 Signal Processing

Since the placement of thelectrodesis quite near to the heart, the acquired
diaphragmatic sSEMG signal is corrupted by cardiac artefacts, for this riédemn

to be submitted to improved filtering techniques. In particular, to remove the ECG
signal is firstly applied a bapass filter with cutoff frequencies 100H200HZ9]

to remove a significant amount of power. Despite this common filtering technique,

the cardiac ginal continues to be relevant dine diaphragmatic SEMG generated

32



by the diaphragm contraction, for this reasda is applied to the filtered signal the

WT, amathematical tool suitable for the processing of 1stationary signasuch

as the EMG datg8] [29]. WT is used with the aim to denoise the SEMG signal, so
the selected parameters to computkee denoisingprocedure areCoiflet of order

5th as mother wavelet, witlé levels of dcomposition and as default is applied a

soft threshold.Furthermore, to attenuatéhe peak caused by the heart rate the
denoised signal is processegrbeans of Principal Componemtadysis (PCA3O0].

Since the signal is composed of many interrelated variables, the aim of the PCA is
to reduce the dimension of the data set reducing the variability of the interrelated
variables. In addition, the PCA gives as result a set of uncairegaitables ordered

in a way that the first few retain most of the variation present in all the original
variables. The processing of the wavelet denoising signal by means of PCA gives the
advantage to further decrease the heart rate that is still prea#tet the filtering

techniques used previously.
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3. Results

The following figures depittie results of the acquired signal on the 10 subjects
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Figurel9- Correspondence between spirometer amat EMG signal osubject LA

Spirometer signal [L/s]
o
I

0 50 100 150
Time [s]

Subject LA

EMG signal [mV]

0 50 100 150
Time [s]

Figure20 - Correspondenceetween spirometer and filtered EMG on subject LA
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Figure23- Filtered EMG signal on subject LI
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Figure24 - Superimposition of Filtered, WT and Envelope EMG signal on subject LI
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Figure26 - Superimposition of PCA anavélope EMG signal @ubject LI
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Figure27 - Filtered EMG signal on subject SM
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Figure28- Superimposition of Filtered, WT and Envelope EMG signal on subject SM
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Figure30 - Superimposition of PCA and Envelope EMG signal on subject SM
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Figure31 - Filtered EMG signal on subject SP
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Figure32 - Superimposition of Filtered, WT and Envelope EMG signal on subject SP
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Figure34 - Superimposition of PCA and Envelope EMG signal on subject SP
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Figure37 - Alternation of deep and normal breaths on subject MO

Figure38 - Superimposition of PCA and Envelope EMG signal on subject MO
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