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Abstract

Functional Electrical Stimulation (FES) is currently one of the most used technique
for muscle rehabilitation in order to help the patient in the recovery of voluntary
movement by controlling muscle contraction and functional recovery.

A physiotherapist-patient system, such as the one used for this thesis, implies the
presence of two subjects: the physiotherapist who performs a certain movement
and the patient to whom the same movement is induced by electrostimulation.
To obtain this result, the stimulation pattern derives from the analysis of the
surface ElectroMyoGraphic (SEMG) signal, taken by the physiotherapist during the
execution of the movement, which determines the amplitude of the FES impulse.
Once extrapolated, the electrostimulation pattern is applied to the second subject
(the patient) to induce movement replication.

Since the goal is to improve the acquisition front-end leading to a closed-loop
application, it is necessary to record the sEMG signal also from the patient during
the stimulation in order to be able to analyze the muscle response.

To achieve this is necessary to improve the interface between the acquisition device
and the human body. As this device is aimed at rehabilitation and regular use
during the day, the main features must be wearability, low power consumption being
battery-powered, and high sEMG quality during movement execution to properly
detect muscle activity and muscle fatigue resulting from electrical stimulation.

The first part of the thesis is aimed to investigate the performance of the device
with and without the Driven Right Leg (DRL) circuit evaluating the Signal to
Noise Ratio of both configurations.

Following different combinations of feedback and output resistors, evaluating the
performances in terms of SNR in motion and in rest conditions, it emerged that
the contribution of the DRL is useful to stabilize the signal taken in dynamic
conditions. The SNR value using the DRL is equal to 23.03 dB, while without
its use 19.56 dB were obtained. Therefore, the use of the DRL in the acquisition
front-end has been confirmed.

The second part of the thesis concerns the detection of muscle voluntary response
during electrical stimulation. To perform this analysis by sEMG it is necessary to
find a way to minimize to minimize the impact on the acquired signal of stimulation
artifacts (SA) that saturate the acquisition channel.

For this reason an hardware-based blanking technique has been investigated. This



technique involves switches on the input of the acquisition channel which allow to
disconnect the body when the stimulation impulse is detected.

Following several tests, it is evident that the SA has been removed so the initial
situation has certainly improved but not entirely as some artifacts continue to be
present and do not allow effective analysis of the signal.

It was therefore necessary to face the issue by changing approach and moving
to software-based SA removal techniques. In particular, it was decided to take
the signal from the muscle adjacent to the stimulated one in order to remove the
artifact.

The choice to analyze the adjacent muscle has been taken since the SA, even
though is still present due to the cross-talk between nearby muscles, has a duration
about ten times lower. For this reason the software SA removal, based on the
subtraction of the SA from the sEMG signal combined with the ATC technique,
it made it possible to effectively distinguish the moments of voluntary activation
as the number of events above the threshold is greater (about 20) than the events
identified during stimulation alone (about 10).
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Summary

According to the World Health Organization just under 0.1% of the population
has a spinal cord injury, this means that about 8 million people worldwide suffer
from some form of paralysis whose severity and extent depend on the location
of the spinal cord injury (SCI). In recent decades, various forms of rehabilitation
have been investigated, among these the one that has obtained the best results
is that based on functional electrical stimulation (FES). It is currently used in
the rehabilitation field in order to help the patient in the recovery of voluntary
movement and consequently of partial independence. It is not able to regenerate
nerve tissues and does not represent a cure for neurological disorders but it is
a muscle stimulation technique whose purpose is to control the contraction and
functional recovery. FES uses impulses of low energy current safer than voltage
pulses as any changes in impedance do not modify the charge injected into the
tissue.

In practical applications it is of fundamental importance that the control of the
FES and the processing of the surface EMG (sEMG) signal take place in real time
since the stimulation patterns and the control of the stimulation itself depend on
the features of the EMG signal.

The EMG signal is the graphic representation of the electrical functioning of the
muscle, since it can also be taken from the surface of the skin from several decades
it has become the preferred method for the study of the muscle as it allows to have
an analysis detailed and non-invasive. The force exerted and the amplitude of the
sEMG signal are closely related and for this reason it is possible to measure the

force produced by a muscle and its behaviour by observing the characteristics of
the sEMG signal.

A physiotherapist-patient system, such as the one used for this thesis, implies the
presence of two subjects: the physiotherapist who performs a certain movement
and the patient to whom the same movement is induced by electrostimulation. To
obtain this result, the stimulation pattern derives from the analysis of the sEMG
signal, taken by the physiotherapist during the execution of the movement, which
determines the amplitude of the FES pulse. Once extrapolated, the stimulation
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pattern is applied to the second subject (the patient) to induce movement replica-
tion.

Signal Signal
acquisition and elaboration:
conditioning ATC technique
for stimulation
pattern
extraction

DRL

Figure 1: Schematic representation of physioterapist-patient system

Since the goal is to improve the front-end acquisition to the device leading to a
closed-loop application it is necessary to record the EMG signal also from the pa-
tient during the stimulation in order to be able to analyze the muscle response. To
achieve this is necessary to improve the interface between the acquisition board and
the human body. Being a device aimed at rehabilitation and constant use during
the day, the main features must be complete wearability, low power consumption as
it is battery powered, the accuracy of the signal acquired during movement and the
detection of signs of fatigue or voluntary response following electrical stimulation.

The first part of the work focused on optimizing the existing acquisition board. In
particular, the board must amplify and filter the signal coming from the muscle in
order to make it suitable for analysis and re-processing. In fact, the pure sSEMG
signal has an amplitude that varies between a few hundreds pV and tens of mV
which, if left unchanged, would be difficult to interpret.

The acquired sEMG signal is sent in input to the hardware platform, which ampli-
fies it with a gain of 500 or 250 in the band between 30 Hz and 400 Hz in order
to eliminate high frequency noises and artifacts due to movements between the
electrodes and skin. Finally, the processing of the event-driven signal is carried out
using a hysteresis threshold comparator.

On the feedback branch, necessary to stabilize the signal, there is the Driven Right
Leg (DRL) circuit which is often used in devices with biomedical applications for
the measurement of biopotentials to reduce electromagnetic interference (EMI)
due to the common mode signal. The basic configuration includes an operational
amplifier with negative feedback and output resistance of a few k{2 connected to
the reference electrode.

The performance of the device with and without the DRL circuit, whose connection
was optional and obtained via solder bridge, was investigated.

Following different combinations of feedback resistors and output resistors, evaluat-
ing the performances in terms of SNR in motion and in rest conditions, it emerged
that the contribution of the DRL is useful to stabilize the signal taken in motion
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since the SNR value using the DRL is equal to 23.03 dB, instead the one without
using the DRL is equal to 19.56 dB. The decision was made to keep it on the board
with a fixed connection since an improvement in performance has been verified
especially in a context of general movement of the patient and not only of the limb
on which the sampling of the sSEMG signal takes place.

The second part of the thesis concerns the detection of muscle fatigue or muscle
voluntary response during electrical stimulation. To perform this analysis again
by surface electromyography it is necessary to find a way to avoid the presence of
stimulation artifacts (SA) that saturate the acquisition channel, without eliminating
the M-wave component.

In particular, the SA is a short duration peak and 1-2V amplitude, after amplifi-
cation, that can be observed in the EMG signal when the FES is applied during
recording. Not having a physiological origin, they are not used for the study of
the response to stimulation. In addition, the amplifiers used have a single power
supply from OV to 1.8V, consequently the SA causes the saturation. If we add the
fact that each SA, however short, has a duration of tens of ms, the result is that at
high stimulation rates it is not possible to see the EMG signal.

The M-wave, on the other hand, represents the response evoked by the muscle
during stimulation and more specifically the excitability of the muscle membrane
during fatigue.

For this reason an hardware-based blanking techniques has been investigated. This
technique involves switches on the input of the acquisition channel which allow to
disconnect the electrodes, and therefore the body, when the stimulation impulse is
detected so as not to record the artifact and avoid saturation.

Acquisition
board

Figure 2: Schematic representation of blanking hardware type techniques

Following several tests, it is evident that the SA has been removed so the initial
situation has certainly improved but not entirely as some artifacts continue to be
present and do not allow effective analysis of the signal.
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It was therefore necessary to find a new approach for muscle analysis during stimu-
lation. Consequently, it was decided to exploit the correlation existing between
adjacent muscles and to take the signal from the muscle next to the electrostim-
ulated one. Clearly, precisely because of the existing correlation, the artifact is
also present on the adjacent muscle, which in any case causes saturation of the
acquisition channel but with a shorter duration of about ten times. For this reason
the software SA removal, based on the subtraction of the SA from the sSEMG signal,
allows to maintain more information about the muscular response to the electrical
stimulation.

The software removal technique combined with a filtering process to eliminate
disturbances at the stimulation frequency equal to 40Hz and the following two
harmonics and the ATC technique has proved effective for the recognition of the
voluntary response of the antagonist muscle (ticeps brachii) during electrical stimu-
lation of the biceps brachii. In the figure below are reported the results of this signal
processing and it is possible to observe that for each current intensity different
from zero 2 voluntary muscular activations are visible only in the third column,
the one where the signal processing has been applied

Comparison between raw EMG signal, ATC values of raw signal and processed signal at different current amplitude
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Chapter 1

Introduction

1.1 Description and functioning of muscular sys-
tem

1.1.1 The muscular cell

In general, when a cell with intracellular ion concentrations (mEq/L) is placed in
an environment with ionic solution of different concentration, an ionic gradient is
formed depending on the diffusibility of the ions. In the particular case of the cells
of the muscular apparatus, the membrane that separates the internal and external
compartments is selectively permeable only to KT, therefore the diffusion of this
ion from the inside towards the outside of the cell begins immediately, with the
consequent generation of a negative charge on the inner side of the cell membrane
and a positive charge on the outside. As shown in fig.[1.1] an electrochemical
equilibrium is established, in which the KT diffusibility gradient is of opposite
sign with respect to the electric gradient and therefore the membrane is negatively
charged.
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10 K+
100 Na+
110 Cl-

J. Perkins

M5, MFA, CMI

Extracellular fluid

Figure 1.1: Membrane potential of a cell, adapted from [1]

In a simple system with only one permeable ion, the membrane potential V,,
can be easily calculated by applying the Nernst equation [1.1].

RT | [X],

B, =
ZF X,

(1.1)
Where:

e E, is the Nernst potential or equilibrium potential

. ln(%ﬁ) is the natural log of the ratio between the concentration of ion X

outside the membrane ([X],) and the concentration of the ion inside ([X];)
_ J
i R = 8314m
o T is the absolute temperature

e 7 is the ion charge

o F =9.648534-10*

Taking into account that in the human body the temperature T is about 37°C,
the equation can be simplified as follows[1.2]

_ 6wV (X,
Tz
2

E, (1.2)
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In a simple model with a single monovalent cation (e.g. KT) such as that of the
cell whose internal concentration is 10 times greater than the external one, it is
possible to calculate the equilibrium potential:

6lmV | 0.1mM
1%

The difference in ionic concentration between the cytosol (intracellular liquid)
and the extracellular liquid is due to the transport activity of the Na™ /K™ ATPase
protein, which pumps Na* ions out of the cell in exchange for K ions which
instead is pumped inside the cell.

Figure [1.2a] schematically represents the operation of the pumping system where
the size of the rectangles indicates the relative concentration of ions.

B+ = = 61mV -log(0.1) = —61mV (1.3)

+50 mV ™~
gna =1 Resistance
gk = 100 -

WS ——

gcr = 5010 150

+ RMP -
=70 mV

_ [K#+ outside]
B = 61 18 e Tnside]
[Na* outside]
[Nat inside|

3
o N>

Eq = —61log |Cl- outside! »% Y

a (CI= inside]

Extracellular fluid

Equivalent
circuit

Na+
diagram

Mito-
Na+ chondrion

ATP4——————

omm,
¥ -
P ATPase

Ena = 61 log

(a) Pumping system of a cell (b) Equivalent electric circuit of the pumping
system

Figure 1.2: Resting membrane potential, adapted from [1]

The loss of KT from the cell is the main factor in the genesis of the membrane
potential at rest since it is the most permeable ion and therefore the one that has
the greatest output speed. Added to this is the fact that the membrane is not
permeable to proteins which are negatively charged and are mainly intracellular.
In figure [1.2b] this passage of ions is schematized as an electric circuit to which
the potential difference values of the ions (mV) and their permeability expressed in

3
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terms of conductance have been added.

As in any circuit, the movement of charges determines a current flow whose direction
depends on the potential differences of the system and on the resistance opposed by
itself. In order to calculate this current it is convenient to first define the elements
and laws used:

o the conductance G = 1/R measured in Siemens (S), is generally very small,
the body offers a particularly high resistance, so the order of magnitude will be
that of nano and/or pico Siemens. From the conductance value it is therefore
immediate to derive that of the resistance used in Ohm’s law.

e the Ohm law: V = I - R which will be used for the calculation of the ionic
current based on membrane potential and conductance.

Given these premises, the ion current can be calculated as the difference between
membrane potential and equilibrium potential (1.3):

I, = G(Vyy — E,) (1.4)

Then the positive ion KT continues to escape from the cell generating a positive
current, while the sodium Na™ enters the cell generating an opposite current. This
activity keeps the potential difference constant and is called the sodium-potassium

pump.

1.1.2 Action Potentials

Sudden changes in the polarization of the channels for the K™ and Na™ ions caused
by an electrical or chemical stimulation cause an increase in the permeability of
the cell and a consequent depolarization, so that it passes from a voltage of about
-60mV to one of about 50mV very quickly and then return just as quickly to the
equilibrium potential. This positive voltage peak is defined as Action Potential,
the most important characteristics are:

o The potential threshold, i.e. the potential to be overcome for an AP to
start.

e The “all-or-none” answer, which according to the cell type will have a fixed
amplitude and shape.

o Non-decremental propagation, or the propagation of the AP from one
cell to another. This characteristic is linked to the propagation speed which is
greater in the largest and myelinated axons.
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The Refractory Period is a time interval following the start of the AP
during which it is impossible to excite a second AP.

Relative refractory period is a time interval after the absolute refractory
period in which a second AP can be generated but requires a much greater
stimulus than under normal conditions.

ARP EREF

Action potential

Ma* conductance
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m greathy inoreasesd, giving rise to nomial; K* comductance increases,
strorg insward Ma* current cauzing hyperpolarization
Stimulus current
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Eq.liv:l:rll:ir:uildhg:m:
Figure 1.3: Action potential mechanism, adapted from[1]
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The synoptic table represented in figure [1.3] illustrates the cellular AP mecha-
nism starting from the electrochemical mode with the variations in conductance of
the K and Na' ions.

The action potential generated at the axon hillock propagates like a wave along
the axon, opening gradually into adjacent Na™ channels, the absolute refractory
period ensures that the propagation of the AP is in a single direction along the
axon.

The ionic current is carried by the cytoplasm and is sufficient to depolarize the
first two following Ranvier nodes thus allowing rapid signal conduction.

A. Unmyelinated fibers

Axolemma
B. Myelinated fibers Axoplasm

Node of Ranvier

Myelin sheath

Figure 1.4: Axonal conduction in myelinated and unmyelinated fibers, adapted
from [1]

1.1.3 The organization of the skeletal muscle

The basic unit of skeletal muscle is represented by the sarcomere, which is the site
where the reciprocal sliding of the actin and myosin filaments produces contraction.
The ordered succession of sarcomeres within it produces the characteristic striated
appearance.

Figure [1.5] shows from the macro to the micro structure of the muscle and it is
possible to observe the single fibers wrapped in a layer of connective tissue called
endomysium and the multinucleated cells that compose it. These cells in turn
consist of myofibrils which contain a succession of sarcomeres.
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Figure 1.5: Organization of the skeletal muscle, adapted from [1]
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The Z line marks the boundary between two sarcomeres. Band I contains only
the thin actin filaments, which extend from the Z line towards the center of the
sarcomere itself, while the thicker myosin filaments are found in band A, which is
characterized by a darker color. The M line is located in the center of the sarcomere
and is the site where the thick filaments are connected to each other. Zone H, on
the other hand, is an area of the muscle fiber in which there is no overlap between
actin and myosin.

Finally, the three cross sections at the bottom of figure [1.5] show the myofibrillar
organization respectively in zone H where there are exclusively thick filaments, in
zone A in which there are both thick and thin filaments and in zone I in which
they are present exclusively the thin filaments.

1.2 The Electromyography

Electromyography is a technique that allows to investigate and graphically represent
the potential electric field generated, as seen in section [1.1.1], by the depolarization
of the external muscle membrane, the sarcolemma, and therefore to identify the
action potentials mentioned in section [1.1.2]. Electrodes that can be intramuscular,
needle-like, or surface electrodes are used for this type of analysis. The type
of electrode used determines the type of electromyography, the accuracy and
invasiveness of the investigation.

The tissue that separates the origin of the potential from the probing electrodes is
defined as the conduction volume and its properties determine the characteristics
of the recorded signal. In general, it acts as a low-pass filter on the electrical signal
coming from the muscle, this effect is considerably less if an intramuscular analysis
is performed while for surface electromyography (sEMG) this effect has a greater
importance as it causes significant distortions on the signal.

Since all the work was done only with surface electrodes, only the behavior and
characteristics of SEMG will be described below.

The schematics [1.6] represents the electrical approximation of a section along the
z-axis of the muscle membrane.
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Figure 1.6: Electrical approximation of a muscle membrane, adapted from [2]

From here we can derive an analytical description that shows how the potential
decreases according to the length of the fiber, in particular the decrease is given by
the product between the resistance per unit length (r.) and the current (I.) flowing
along the tissue.

0P,

0z

As for the extracellular current, it could decrease as z increases for two reasons:

the current flowing through the membrane could decrease or due to losses caused
by the surface electrodes.

= I, (1.5)

o1,
0z

where i,, is the transmembrane current per unit length and i, is the current
flowing through the electrodes. Finally, the transmembrane voltage is given by the
difference between the internal potential and the external potential.

=1+ (1.6)

V,, = ®; — @, (1.7)

The basic unit that is detected during an electromyography is the intramuscular
action potential (IAP) in which three main phases can be recognized:

« depolarization phase: corresponds to the opening of the Ca-channels, the
entry of Ca™ ions and the consequent peak of potential
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» re-polarization phase: corresponds to the opening of the K-channels, the
entry of KT ions and the return of the potential to the starting value (resting
potential)

« hyper-polarization phase: it precedes the stable return to the resting value
in which the membrane has a more negative potential for a short period and
then stably assumes the resting value.

The study of the variation in the shape of the IAP allows us to observe the muscle
in various conditions, such as that of fatigue in which the amplitude decreases
slightly.

Since the sources of EMG signals are not plane waves with constant velocity that
travel from less to more infinity, it is necessary to consider some effects such as
the one that occurs at the tendon junction where the potential runs out called the
end-of-fiber effect.

It is important to emphasize that during application, in the case of surface electrodes,
the distance between the source and the detection point and the positioning of the
same are relevant issues.

To reduce the low pass filter due to the tissue separating the signal source from the
electrodes, and to remove the common mode usually two electrodes are used, plus a
third as a reference. The use of multiple electrodes allows you to extract the signal
as a linear combination and to obtain more precise information, less affected by
noise. The simplest form of bipolar mounting is the differential one in which there
are two electrodes (+,-) at a distance of about 1-3cm as depicted in figure[1.7].

Single differential amplifier

v
+ WiliBl
- | Wil
i Surface electrodes
SI-:ln\NN /
Subcutaneous
tissue

Figure 1.7: Bipolar configuration for EMG signal detection, adapted from [2]
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1.2.1 Parameters that affect the EMG feature

The characteristics of an electromyographic signal depend on innumerable anatom-
ical, physical and detection system factors. Those with a higher incidence are:

o the thickness of the subcutaneous tissue layer, the thicker it is and the smaller
the amplitude and bandwidth of the signal

o the distance of the surface electrodes from the signal source and consequently
the depth of the source

« the inclination of the system with respect to the muscle fibers and the posi-
tioning of the electrodes, it is always recommended to position the electrodes
longitudinally with respect to the fibers.

o the length of the muscle fiber that is responsible for the end-of-fiber effect
o the inter-electrode distance which must be minimal to reduce spatial filtering

 size and shape of the electrode which, if not carefully chosen, can lead to a
decrease in amplitude and frequency content

o the crosstalk between adjacent muscles, i.e. the signal recorded on a specific
muscle but generated by the adjacent one.

Crosstalk is a problem that occurs exclusively with surface EMG as the distance
between the detection point and the source is of the same order of magnitude for
different muscles. To measure the impact of this effect on the measurements, the
cross-correlation coefficient is calculated.

1.2.2 Signal amplitude and muscle strength

The strength used and the amplitude of the EMG signal both depend on two
factors:

« the recruitment of multiple motor units (MU)

o the increase in the firing rate of the motor units already recruited

For this reason, it is possible to measure the force produced by a muscle by
observing the amplitude of the EMG signal. It follows that, again by analyzing the
variation in amplitude, it is possible to identify any signs of fatigue.
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1.2.3 The electrodes

A fundamental choice concerns the electrodes to be used, in fact, as mentioned in
the paragraph [1.2.1], shape, materials, positioning and inter-electrode distance
have an important influence on the quality of the signal taken from the muscle.
Normally the favored materials for the manufacture of good electrodes are Ag/AgCl
(silver/silver chloride), Au (gold), AgCl and Ag since they are materials with high
conductivity and consequently allow to better detect the electrical activity of the
muscle. In particular, in surface electromyography it is possible to choose mainly
between two types of electrodes:

o Wet
e Dry

Wet electrodes are currently the most used since they provide excellent adhesion
to the skin and therefore easy application. They are identified as wet as they
use an electrolytic gel as an interface between the skin and the metal part of the
electrode which allows for a very low electrode-skin impedance. For the metal part
Ag-AgCl is usually used which allows a better passage of the current from the
muscle through the electrolyte-electrode junction and this means that less noise is
introduced during the measurements.

Stratum corneum 1
Rat T &
R,
Ese
v | Fo

Figure 1.8: Schematic and electrical equivalent of wet electrodes, adapted from
3]

As previously mentioned, the electrode simply represents an interface between
the ionic charge generated in the body and the electron flow of the external detec-
tion device. Looking at the circuit model in the image [1.8] on the right, starting
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from the top it is possible to notice how the interface created when the electrode is
attached to the body is of the electrochemical-electrolytic type and generates a half
potential cell Ej,. while the the electrode itself can be modeled as an impedance
where C, is the capacitance and R, is the resistance.

Continuing we find the resistance R, which represents the actual resistance due
to the effects of the contact between gel and skin. Going forward we have the
potential E,. caused by the difference in ionic concentration that is generated
through the stratum corneum and calculable with the Nernst equation ([1.1]), the
entire epidermis is usually modeled as a further impedance with a resistance R, and
a capacitor C,.. Finally we have the resistance R,, which represents the dermis and
the subcutaneous layers, a capacitive component is not added as its contribution
can be ignored.

The gel electrodes can be reusable but disposable ones are preferred since they
are very light and there is no risk of interference due to residues of skin or hairs
remaining attached following previous use. There are various shapes and sizes of
wet electrodes and often depend on the manufacturer, in any case with a correct
application it is possible to have a perfect adhesion to the skin which drastically
reduces the risk of displacement even during particularly rapid movements.
Despite everything they have disadvantages that cannot be ignored. First of all, it is
not possible to use them for long-term acquisitions since the gel is slowly absorbed
and, combined with the effect of the glue on the edge, can cause skin irritation and
allergic reactions in particularly delicate subjects. Furthermore, the absorption of
the gel causes a significant deterioration in the quality of the recordings.

Dry electrodes are recently finding a wide use in long-term applications as they do
not have problems of signal degradation over time and do not cause skin irritation,
and they can also be reused.

On the other hand, they are decidedly heavier than wet electrodes and have a
much higher electrode-skin impedance that can no longer be ignored. Due to the
lack of gel, fixing on the skin is also more complicated: they must be pressed to
the skin to have a good contact and in any case they are much more subject to
displacement during movements.
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Figure 1.9: Schematic and electrical equivalent of dry electrodes, adapted from

3]

In dry electrodes, since there is no conductive gel, the resistance R, is replaced
by a resistance R; and a capacitor C; connected in parallel as shown in figure [1.9].

1.2.4 The Average Threshold Crossing technique (ATC)

A new technique called Average Threshold Crossing (later ATC) was used to delin-
cate the stimulation profile, presented and extensively discussed in [4], [5], [6] and
[7].

This allows to considerably reduce the amount of data to be processed and therefore
have a lower circuit complexity and lower power consumption, all fundamental
aspects for obtaining an increasingly integrated device.

The ATC allows for a quasi-digital conversion without the need for an analog-to-
digital converter (ADC) as the entire muscle signal is simply compared with a
previously set threshold. The result is the generation of digital pulses whenever
the sEMG signal exceeds the threshold.

The sequence of impulses obtained exploits only the temporal dimension and not
the amplitude thus reducing the information to be transmitted while maintaining
a high correlation with the firing rate of the motor units of the muscle in question
and therefore with the force generated. In particular, the information relating to
the strength is contained in the time that the SEMG signal takes to return below
the threshold. This way of evaluating it is precisely what allows us not to consider
the amplitude of the signal.
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Figure 1.10: Standard EMG signal in comparison with the quasi-digital conversion
obtained with ATC technique, adapted from [4]

The stimulation pattern is obtained by dividing the signal into time windows,
for each one the suprathreshold events are counted and finally they are summed up
to obtain a vector in which each cell contains the total number of suprathreshold
events in a time window.

The uniqueness of the activation paths of the muscle fibers that avoid cross-talk
interference between different muscles, combined with the robustness of the ATC,
allows for a signal-to-noise ratio (SNR) of 5-6 dB.

The generated pulses can be transmitted asynchronously using an RFCMOS
Impulse-Radio UWB transceiver chipset, this implies the transmission of a single
bit at a time with an unfixed pulse-rate which further simplifies the components,
reduces the active silicon area and the power consumption.

Thanks to the reduced complexity, it is possible to easily switch from a single
channel to a multi channel system composed of multiple channels with incoming
EMG signals that generate ATC events, an "arbiter" to regulate concurrent events,
an encoder to form data packets coming from the same channel and finally a
transmitter.

In general, with ATC the number of pulses transmitted is considerably lower as
the information is represented only by the delay between one trigger event and
the next one, this means that no further compression techniques are required to
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minimize the data to be transmitted.

1.3 The Mechanomyography

Mechanomyography is another technique for detecting muscle activity which, in-
stead of recording electrical activity, records mechanical activity using MEMS
condenser microphones and the information derives from the sum of the pressure
pulses detected on the surface of the skin and its trembling. This different type
of analysis avoids many of the limits imposed by electrical detection such as the
positioning of the electrodes, the preparation of the skin and above all the problem
of the stimulation artifact is no longer present as it is not detected.

Clearly, the use of microphones introduces other problems such as noise, the need
to design particular cases that allow detecting even the slightest displacement of
the skin, the positioning of the transducers is not relevant but their pressure on
the skin yes because, if excessive, it could suppress the pressure waves generated
by the muscle.

Sofia Milanese in her thesis [8] investigated the use of different types of microphones
and the quality of the recorded signals. In general, MEMS condenser microphones
are useful in muscle detection of dynamic movements and show greater reliability
during daily rehabilitation exercises. The main components are:

« a movable plate, usually made of silicone, free to move if pressure waves are
present

« a fixed plate always of silicone

At the output, there will be a variation of the capacitive value provided as a
sequence of bits (digital) or as a waveform (analog) based on the type of microphone
used.

An analog microphone is best for low-frequency responses and the output values
vary between GND and the supply voltage in a band between 10 and 100 Hz.

A digital microphone, such as the one designed by S. Milanese [8] is made up of
two modules:

o a XA modulator that digitizes the signal using a 1-bit ADC converter and a
DAC

o a digital filter for decimating the signal, it generates a clock pulse at each
rising edge in order to reduce the sampling rate
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The digital microphone is able to detect low frequencies but with much greater
attenuation than the analog one. However, excluding the question of frequency
detection, the digital microphone proved to be more reliable during recordings.

1.4 Topics covered: DRL circuit and SA removal

A physiotherapist-patient system, such as the one used for this thesis, implies the
presence of two subjects: the physiotherapist who performs a certain movement
and the patient to whom the same movement is induced by electrostimulation. To
obtain this result, the stimulation pattern derives from the analysis of the sEMG
signal, taken by the physiotherapist during the execution of the movement, which
determines the amplitude of the FES pulse. Once extrapolated, the electrostimu-
lation pattern is applied to the second subject (the patient) to induce movement
replication.

Physiotherapist side 4 N
Signal Slgnal

Recording EMG acquisition and elaboration:
Bmp\ :sim:r\ conditioning | | ATC tgchnique
for stimulation
o S extraction

Reference Elec;od_é
& N J/

Patient side ‘

Figure 1.11: Schematic representation of physioterapist-patient system

The main goal is to improve the interface between the acquisition board and the
human body in order to upgrade the front-end acquisition of the device to arrive
to a closed-loop application.

Being a device aimed at rehabilitation and constant use during the day, the main
features must be the complete wearability and therefore reduced dimensions and
wireless connections, low energy consumption as it is battery powered, the accuracy
of the signal acquired during movement and the detection of any signs of fatigue
following electrical stimulation.

The first part is dedicated to the study and analysis of the data acquired by the
brachial biceps muscle using two different configurations of the circuit mounted on
the breadboard relating to the Apollux3 board and in the final stages the board
itself. The two configurations concern in particular the presence or absence of the
Driven Right Leg (DRL) circuit and the comparison between the two sEMG output
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signals was made in terms of signal to noise ratio (SNR).

The second part, on the other hand, is dedicated to the study and design of a
circuit part capable of eliminating the stimulation artifacts present in the SEMG
signal coming from an electrostimulated muscle (in this case always the brachial
biceps).The idea of removing this type of disturbance derives from the desire to
also analyze the muscle signal during the electrostimulation phase to detect signs
of fatigue or voluntary response.
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Chapter 2

State of the art on
Functional Electrical
Stimulation

According to the World Health Organization ([9]) just under 0.1% the population
has a spinal cord injury, this means that about 8 million people worldwide suffer
from some form of paralysis whose severity and extent depend on the location of
the spinal cord injury (SCI).

In order for the condition of paraplegia or quadriplegia to occur it is necessary that
there is an interruption of the signal through the spinal cord since the nerve endings
that allow the movements start from there. SCI can be of a traumatic nature
(falls, road accidents,...) or non-traumatic (infectious diseases, tumors, congenital
problems).

To the paralysis due to SCI are also added those due to strokes.
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Figure 2.1: Spinal cord and its innervations, adapted from [9]

Bearing in mind that the human body does not have the ability to regenerate
nerve tissues, functional electrical stimulation (FES) is a valid solution to allow
movement in people suffering from paralysis as it allows you to skip the point where

nerve transmission is interrupted and directly stimulate the muscle.

The first application of FES dates back to the 1960s with the aim of correcting
foot drop in hemiplegic patients by stimulating the common peroneal nerve when

the patient’s heel was not in contact with the ground during walking.

Currently the FES is used in the rehabilitation field in order to help the patient in
the recovery of voluntary movement and consequently of a partial independence.
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Figure 2.2: Application of FES using surface electrodes, adapted from [10]

FES is unable to regenerate nerve tissues and does not represent a cure for neu-
rological disorders even though it can be integrated with neuroprostheses that
permanently replace the physiological mechanisms of movement.

It is a muscle stimulation technique whose purpose is to control contraction and
functional recovery as physiologically as possible, for this reason it uses low-energy
current pulses. One of the conditions necessary to maintain low current values is
to apply the stimulation directly on the motor nerve (i.e on the bundle of motor
axons) instead of on the muscle, which would require energies up to three orders of
magnitude higher. For this reason it is necessary that the muscle in question is
well innervated, if it is not it is possible to intervene surgically to replace it with
an innervated one.

Stimulation occurs by injecting a train of rectangular impulses into the nerve as
shown in fig.[2.2] and contraction occurs if the membrane potential is high enough
to generate an action potential. The pulse can be both monophasic or biphasic, in
this case there will be a positive and a negative phase with the aim of removing
the charge injected from the tissue. Generally the two impulses are balanced in
such a way as to prevent an accumulation of charge in the tissue and the ionization
of the electrodes thus avoiding that part of the material of the latter is deposited
on the tissues.
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Examples of Pulses Used for Functional Electrical Stimulation

Monopolar

Symmeitric Bipolar

Asymmetric Bipolar

e
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Bipolar

Figure 2.3: Different shape of pulses used in FES, adapted from [11]

Normally the electrodes used are the surface ones which make the technique much
more accessible and non-invasive but present some problems related to placement
on the skin and greater variability between the subjects which makes the calibration
phase fundamental.

Muscle contraction can be achieved with both voltage and current regulated pulses,
in both cases the fundamental parameters established during the calibration phase
are the pulse width and the stimulation frequency (fig.[2.4]). Current regulation is
preferred as it is safer since the impedance variation does not modify the charge
injected into the tissue and therefore does not require the continuous adjustment
of the stimulation parameters.
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Figure 2.4: Fundamental parameters of FES pulses, adapted from [11]

In practical applications it is of fundamental importance that the control of the
FES and the processing of the electromyographic signal take place in real time
and therefore it becomes necessary to replace the general purpose computer for
the control of the FES with a dedicated integrated system. In this thesis work for
the muscle stimulation part an integrated bio-mimetic system based on Functional
Electrical Stimulation (FES) was used in combination with the ATC technique
applied on the sEMG signal as depicted in [7].

In the particular case of a physiotherapist-patient system, such as the one used for
this thesis, the stimulation pattern derives from the analysis of the SEMG signal
using the ATC technique and the FES pulse amplitude depends directly on the
ATC values. Once the electrostimulation program has been extrapolated, it is
applied to the second subject (the patient) to induce the replication of the same
movement.

2.1 Differences between physiological muscle con-
traction and that induced by FES.

The contraction induced with FES has several disadvantages that lead to muscle
fatigue much faster than a physiological contraction. The main differences are as
follows:

o The first fibers to be stimulated are those innervated by a motor neuron with a
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larger axon diameter, since they offer a lower electrical resistance [12] allowing
them to be excited with a lower current. This means that the fibers are excited
in an inverse way to the physiological one and, since we start with the most
fatiguing ones, this type of contraction causes greater muscle fatigue. The
advantage of the contraction induced by the FES is that the fibers in question
are the ones most prone to atrophy in patients with motor difficulties, the
continuous recruitment therefore allows to prevent this effect.

e Since the stimulation current is injected through the electrodes which have
a fixed position, the recruited fibers are always the same and this leads to
greater muscle fatigue [10].

o In a physiological contraction the motor units are stimulated asynchronously
so as to be able to distribute the muscular effort and reduce fatigue. During
artificial stimulation (FES), on the other hand, the motor units are recruited
synchronously, this leads to the need to use higher stimulation frequencies,
greater than 20 Hz, to obtain continuous muscle tension. Of course, this factor
also causes increased muscle fatigue [10].

2.2 System architecture description

The system used for the acquisition of the EMG signal and its reprocessing with the
ATC technique can be divided into three macro areas starting from the acquisition
and ending with the stimulation [7]:

e input
e control

e output
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Figure 2.5: System architecture and user interface, adapted from [7]

Once acquired, the data is processed in the control unit that is to say a generic
device on which a software ,written in Python, is started and flexible enough to be
able to adapt to the machine, which analyzes and processes the acquired signal
according to the ATC technique.

2.2.1 The input: the hardware platform

The input devices used are exclusively the wet electrodes described in section [1.2.3]
which allow to take the SEMG signal. The acquisition board is also able to receive
signals deriving from articular electrogoniometers useful for detecting variations in
the angles assumed by the joints during the movement of the limbs but, since they
have not been used, they will not be described below.

In the case of wet electrodes, the acquisition board must amplify and filter the
signal from the muscle in order to make it suitable for analysis and re-processing.
In fact, the pure sSEMG signal has an amplitude that varies between a few hundred
1V and tens of mV which, if left unchanged, would be difficult to interpret.

The gain factor cannot be too high in order to comply with the constraints related to
the power supply of the amplifiers used in the device which are of the single-supply
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type between 0V and 1.8V.

The sEMG signal acquired in a differential way using three electrodes (two explorers
and one reference) is sent to the input of the hardware platform, which amplifies it
with a gain of 500 or 250 in the band between 30 Hz and 400 Hz in order to eliminate
high frequency noise and artifacts due to even minimal movements between the
electrodes and the skin. The desired bandwidth was obtained with a cascade of a
first order high pass differential filter and a second order low pass filter of the Sallen-
Key type. In addition, a protection diode has been added for each input channel for
overvoltages that could damage the device during coupling with the FES stimulator.

Event-driven signal processing begins with the extraction of TC events using a
threshold comparator with hysteresis set to 30mV to avoid detecting even spurious
glitches. The second step is to count the events using a digital interface with a
microcontroller whose task has been reduced to a GPIO interrupt that detects
the TC event and a timer that calculates the activation window set to 130 ms.
The value of the window was evaluated as an optimal compromise between the
temporal resolution of muscle activation and the differentiation of the various levels
of muscle strength.

Two solutions are available for this board which differ in the number of input
channels: the first has four acquisition channels and is useful for controlling
multiple muscles in the same limb, the second is a single channel board useful for
single acquisitions. Since multiple acquisitions were not necessary for the purposes
of the thesis, the platform used is the one with a single acquisition channel.
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Figure 2.6: Single channel module, adapted from [7]

In any case, both solutions are equipped with wireless connectivity for maximum
freedom of movement and a Bluetooth Low Energy (BLE) protocol for data trans-
mission necessary for the stringent requirements on the power supply of the device.

Finally, the last feedback stage of the device consists of a voltage follower and the
DRL circuit on which the first part of this thesis will focus.
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Figure 2.7
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2.2.2 The output: FES stimulator
Overview of a typical FES stimulator

The first electrical stimulators were designed for specific applications while for more
generic applications that allow different types of configuration by the user it is
necessary to consider only the devices of the last decades. An accurate description
of a configurable device can be found in the work of M. Ilic et all [13] in which
there is the design of a stimulator whose main features are:

 two operative modes: Setup Mode (SM), which involves setting specific param-
eters to be able to program different stimulation patterns, and Autonomous
Mode (AM) which instead generates pre-set patterns

o at least four programmable channels

« portable and battery-powered

« generation of bipolar and monophasic compensated stimulation pulses
« availability of synchronized input and output pulses

e low power consumption

« galvanic isolation

e low price

control unit suitable for non-expert users of the sector

In particular, as regards the stimulation patterns, to obtain wide applicability
of the system, it is necessary to have the greatest possible freedom on the greatest
number of parameters, therefore, in the case of M. Ilic et all citellic:FESstim the
device has been designed to respect the following characteristics:

o pulse duration between 10 and 500 us
o stimulation frequency between 5 and 99 Hz with an increase in 2 Hz steps

o positive stimulation current between 0 and 140 mA with 2 mA incremental
steps

Obviously, these parameters are specific to the device which is one of the first
general purpose designed, at the moment some devices allow you to act on a greater
number of parameters and with less stringent limits. In any case, to give a complete
and explanatory view of a generic electrical stimulator, the treatment of M. Ilic et
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all is more than sufficient.

Taking the above specifications as a reference, the necessary system requirements
are:

» the possibilities to use different analogic and digital transducers as inputs

 the ability to flexibly program all the channels present to adapt the stimulation
to the application area (training, rehabilitation ...)

From the block diagram in figure [2.9] it is possible to see the main stages that
make up the architecture of the stimulator.

PUSH-BUTTONS FOUR [ ~CHI
CHANNEL SELECTION (= ouUTPUT [~ B2
¢ ADJUSTMENT E = L CH 3
PROGRAM SELECTION | coneoL | LTAGES =ci4
“
SYNCHRO IN ——= DC - DC
| CONVERTER
[SYNCHRO OUT = ﬂ
BATTERY
S
RS232 INTERFACE ==

Figure 2.8: Block diagram of typical stimulator, adapted from [13]

The output stage

The output stage consists of 4 channels and must be able to generate constant
positive and negative current pulses, to control their duration, the delay between
one pulse and the next, the frequency with which they are generated and must
allow manual correction amplitude.

30



State of the art on Functional Electrical Stimulation

+Vee

3 [

R 7

o\l

INp o
INN &
C .—0—-——%2 ' QN

R 'R
D

' -Vee

Figure 2.9: Output stage circuit, adapted from [13]

This stage is made using two high voltage transistors in push-pull configuration
Qp and Qu which act as constant current generators whose amplitude is limited by
the breakdown voltage of the Zener diodes D and by the variable resistances of the
potentiometers P. The negative current depends exclusively on the collector current
of the transistor Qx while the positive one depends both on the collector current
and on the current flowing through the Zener diode. This second component is
not constant due to the Early effect of the OC,, and OC,, photocouplers, for this
reason, the current received by the muscle tissues with different resistance varies
with respect to the set value.

The circuit does not consume power when the load current is equal to zero,
the thermal stability is ensured by the presence of the Zener diodes and the
measurements taken during the circuit test have confirmed the values expected
from the simulations for which the pulses can have an amplitude between 0 and
140 mA, frequency between 5 and 100 Hz, duration between 50 and 100 ps. Timing
accuracy is ensured by the presence of a quartz oscillator.
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The power source stage

The battery power unit is made using a DC / DC converter that guarantees high
voltages, galvanic isolation, high efficiency and small size. The circuit and the block
diagram are shown in figure [2.10]

I::ﬁ

Figure 2.10: Power source stage circuit, adapted from [13]

The square wave voltage with variable frequency f = % where T= ton + torr
is generated by the oscillator, the pulse time toy is limited internally to protect
the converter from any voltage peaks.

The entire DC/DC converter is made using single power supply operational ampli-
fiers and comparators of which two (U1/A and U1/B) behave as passive elements
and constitute the oscillator whose output controls the transistors Qi, Qo and Qs.
In general, the power consumption is low but in any case, the diode D2 has been
added to have a faster shutdown of the MOSFET Q3.

The operational U2/A and U2/B are used to compensate (U2/B) the errors in
output from the amplifier and increase the current detection voltage (U2/A).

The control unit

The control unit is mainly based on the use of a microcontroller and must be able
to control the output stage according to the duration and frequency parameters set.
To obtain the same result, several possibilities can be implemented: the generation
of a periodic pulse at the desired frequency, the generation of pulses by calling a
subroutine, the usage of sensors that control the generation of pulses by sending
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signals to the control unit.

Finally, the use of the device by the user is facilitated by the implementation of
buttons and a graphical interface.

FES stimulator used

The control of the functional electrical stimulation impulses depends, as mentioned
in section [2], on the parameters set at the beginning and during the stimulation
session. For this reason, the RehaStim 2 stimulator already chosen in the paper [7]
was used throughout the work. In fact, it allows advanced control of all parameters
relating to the impulse, can be easily interfaced with other external devices and
is provided with a medical certification that classifies it as suitable for muscle
stimulation.

Taking into account the dependence of ATC on muscle strength, the intensity of
the impulses was calibrated on the basis of TC events while all other parameters
were set following the physiotherapy manual provided by the manufacturer of the
stimulator. In this way it is possible to excite the muscle fibers correctly for a wide
range of movements without running the risk of tissue damage.

RehaMove’

Figure 2.11: FES stimulator RehaMove2, manufacturer: Hasomed GmbH
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Chapter 3

Design and validation of the
DRL circuit

3.1 Introduction on DRL circuit

From the literature [14] it emerges that the Driven Right Leg circuit is useful during
biopotential measurements to reduce electromagnetic interference (EMI) due to
the common mode signal. Theoretically, the use of three electrodes in differential
configuration should already lead to a significant reduction of the common mode,
but the connection of the third electrode (the reference one) directly to the common
should be avoided mainly for two reasons:

1. if the circuit is not well insulated there could be a current flow through the
third electrode potentially dangerous for the human body.

2. the risk of a bad contact of the electrode is higher with respect to the one
present with the DRL circuit and can lead to very high resistance (about 100
k) between the patient and the common.

For these reasons the best and most used method is to connect the third electrode
directly to the DRL circuit.

A generic circuit diagram is shown in figure [3.1] and comprehends an amplifier
(number 3) with negative feedback connected in input to two equal resistances
which act as voltage divider (R3) and in output to a resistor Ry. Furthermore, on
the feedback branch there is a third resistance Ry.
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Figure 3.1: Example of DRL circuit, adapted from [15]

The resistor Ro, as widely described in [14], has the task of limiting the flow of

current from external sources and protecting the patient from any current transients,
for this reason it assumes a value between a few k{2 and the M.
Usually the input resistances (R3 of figure [3.1]) and the feedback resistance (Ry)
assume values such that the gain of this amplification stage is greater than 1 but,
not being a necessary condition, the designer has the possibility to choose, also
bearing in mind that a too high gain (greater than 100) introduces other types of
interference due to the instability of the circuit.

Also according to [14] it is possible to replace the feedback capacitance with a
capacitor of a few tens of nF. This allows to have a decidedly greater overall gain
while maintaining good circuit stability.

Another possibility, theorized by Spinelli et all [16], which allows for a common
mode rejection at higher frequencies, involves replacing the classic operational
amplifier with one of transconductance. In this way we would obtain:

o the independence of the stability of the system from the impedance of the
electrode

e a band in the order of MHz
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3.2 Inmitial DRL circuit

At the beginning of the revision the DRL circuit used in the acquisition board was
connected through solder bumps (S1-S5 in figure [3.2]) leaving the actual decision
on the use to a moment after the design and production as it could be connected
by stagnating solder bumps or left unconnected. The main reason for this choice
depends on the fact that in this specific case the DRL circuit did not seem to
provide obvious advantages in terms of interference rejection and in general of
signal to noise ratio (SNR).

7

Resl 53

- DRL circuit

ab
26

Figure 3.2: DRL circuit designed for the Apollux Project by MiNES group. The
branch of Ryy is connected to the reference electrode and the non-inverting input
of the amplifier is connected to th reference voltage equal to 0.9V

Furthermore, the addition of the operational amplifier U10 which constitutes
the DRL circuit involves two disadvantages which for the final application of the
device can be particularly problematic. In fact, being an extra component on the
PCB (printed circuit board), it implies the need for additional space and power
consumption. Both factors are in contrast with the main requirements of the device
such as the small size to allow a complete wearability and the lowest possible power
consumption to avoid having to change the supply battery too often.

For these reasons, an in-depth analysis of the performance of the device was started
in the two configurations (with and without DRL circuit), quantified in terms of
SNR, applying changes to the same to verify any improvements and using both
dry and wet electrodes.
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The initial DRL circuit shown in figure [3.2] has several aspects that differ from
the configurations suggested in the literature:

o the gain is equal to 1 while it is recommended to have a gain with a factor of
10 or 100 [14]

» the output resistance from the operational amplifier is only 330 2 and therefore
much lower than the hundreds of k{2 reported in the literature

Furthermore, a further performance analysis was performed by replacing the
feedback resistance with a capacitor as proposed in [16] and [17].

3.3 Improvements to the circuit and performance
analysis

Taking into account the proposals found in the literature ([14],[16],[17]) and the
initial circuit, various configurations were tested, the performances of which were
reported and analyzed through Matlab to verify the situation with a higher SNR
and therefore a lower sensitivity to electromagnetic noise or due to movement.
All the changes made will be presented below, then the acquisition method and
finally the main phases of the analysis performed on Matlab.

3.3.1 Changes to the circuit

Taking into account what has emerged from the literature, the feedback configura-
tions that have been tested are mainly the three listed below.

Furthermore, a modification independent of the feedback has been applied concern-
ing the output resistance of the operational amplifier; in fact the resistance Ry, as

shown in the figure [3.2], has a starting value of 330€2 which has been increased up
to 100 k€2.

Gain equal to 100

The first test was that relating to the gain for which the two resistors Ro; and Ras
shown in figure [3.2] and equal to 12 k) were replaced with two others respectively
equal to 10 k€2 and 1 M in such a way as to obtain a gain factor equal to 100.
This modification should allow a better rejection of the common mode without
compromising the stability of the circuit.

Summarizing, the variations of this first configuration are:
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e Rys = 100 kO
° R21:10k§2
e Rypp =1 MQ

Gain equal to 1

The second test was made on the initial circuit with a gain equal to 1 and the only
change is that related to the resistance at the output of the operation amplifier. In
this case the aim is to verify whether a circuit with a low gain but certainly stable
or one with a higher gain but less stable is more sensitive to noise.

Summarizing, the variations of this first configuration are:

e Roy = 100 k2
e Ro; =10 k2
e Ry =10 KQ2

Capacitive feedback

The third test consists in completely changing the type of feedback passing from a
resistive to a capacitive type, for this reason the Ry resistor has been replaced with
a 10 nF capacitor. This should allow for high gain and at the same time maintain
good circuit stability.

The choice of the capacitor value was made keeping in mind the values reported by
Spinelli et al.[17].

3.3.2 Matlab analysis

The signal to be analyzed contains ten muscle activations alternating with as
many moments in a situation of rest, moreover, the recording begins and ends in a
situation of rest. All moments of muscle activation were obtained by flexing the
left forearm on the upper arm and taking the signal from the brachial biceps muscle.

To evaluate the signal-to-noise ratio at the output of the acquisition circuit in

the various configurations, a Matlab code was written whose main steps are
schematically presented in the image [3.3] and will be fully described below.
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EMG signal
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Filtering?

i fi =30Hz for HEF
= frpr = 250Hz for LPF
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Y

Evaluate SNE.

Figure 3.3: Block diagram of the Matlab code written to evaluate the SNR
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First of all, it is possible to choose whether to further filter the signal or not.
Band-pass filtering is obtained by first executing a high-pass filter and then a
low-pass filter, if this option is chosen, the lower (for II-Order Chebyshev HPF)
and upper (for II-Order Chebyshev LPF) cut-off frequency values must be entered
from the keyboard. The choice of these values is made on the basis of the spectral
density of the signal power, that is, by evaluating in which frequency range the
main component of the signal falls.

In the case of the EMG signal taken from the brachial biceps, the frequencies that
were found to be appropriate are:

e f;, = 30Hz for the HPF
e fy = 250Hz for the LPF

Subsequently, whether it is decided to filter the signal or whether you prefer to

keep the raw signal, we proceed by calculating the envelope of the signal useful to
clearly distinguish the moment in which muscle activation is present.
To obtain the envelope of the signal it was necessary to rectify the signal using the
Matlab abs(x) function which returns the absolute value of the function and then
applying a low pass filter with a very low cutoff frequency as the main interest was
the general behavior of the signal. Cutoff frequency:

1
= 3.1
I = S0t (8.1)
where 500 Hz is the Nyquist frequency calculated as:
samplin 1kH
f = Jrompting _ IKHZ g py (3.2)

2 2
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Figure 3.4: Raw EMG signal without DRL circuit and its envelope

Once the envelope was obtained (green graph in the image [3.4]), a threshold
value was entered from keyboard (figure [3.5b]) to recognize when muscle activation
begins and ends.

SEMG envelope, not filtered signal

Threshold without DRL (not filtered)

E) 3 w©

(a) Envelope of not filtered signal with and with- (b) Activation windows
out DRL

Figure 3.5: Envelope signal and recognition of start and stop activation time

Whenever the envelope exceeds the threshold it means that we are at the begin-
ning of the muscle activation window and the raw signal values relating to those
instants of time are saved in a new vector called "activation'. When the envelope
returns to having values below the threshold and therefore there is a rest situation,
the raw signal is stored in a second vector called "baseline”.
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At this point it is possible to proceed to the determination of the signal to noise
ratio (SNR) by calculating the standard deviation of the activation and baseline
vectors. Subsequently, the standard deviation of the baseline is subtracted from
that of the activation and finally the SNR is calculated as per definition:

noise

SNR =20-log (szg@al) =20 - log <W> (3.3)
Stdbaseline

This cycle is repeated for all the activation periods and therefore allows to have
an estimate, averaged over 10 repetitions, of the SNR value.

3.3.3 Results comparison

All the tests relating to the feedback branch and the output resistance were first
performed on the circuit mounted on the breadboard, using the wet electrodes
described in the section [1.2.3]. The use of a circuit mounted on a breadboard
implies the fact that the components used are not integrated and therefore, having
greater tolerances, they provide less precise results, furthermore the connections do
not all have the same length so there may be, albeit minimal, some transmission
delays between one branch and another which also make the measurements less
precise.

It is also necessary to emphasize that all SNR values were obtained by choosing
not to further filter the signal via software.

However, table [3.1] shows the SNR values for the various combinations of feedback
and output resistance.

Rout=100 kQ | Ry =330 Q | Ry=4.7 kQ

Without DRL 25.968 dB 25.498 dB 29.154 dB
DRL gain = 100 18.050 dB 14.851 dB 20.718 dB
DRL gain =1 24.878 dB 25.681 dB 29.985 dB

DRL capacitive feedback | 26.504 dB 26.191 dB 30.857 dB

Table 3.1: SNR results of the circuit mounted on breadboard
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From a first analysis it is evident that the circuit with the high gain DRL, equal
to 100, is the configuration that gives the worst results, while the one with the
capacitor on the feedback branch would seem the most promising. In addition, it
is useful to highlight how the results without DRL are similar or even better than
the others.

Taking these results into account, we moved on to experimentation on the Apollux
boards present in the laboratory. Since it is a printed circuit board (PCB) it
wasn’t particularly practical to modify the value of the resistances on the feedback
and output branch so the resulting SNR values are related exclusively to the
configuration without DRL and with DRL with unity gain and output resistance
Ro: = 330 Q. Furthermore, the measurements were taken with wet electrodes
which are the best case and which introduces less noise due to the displacement
of the electrodes on the skin, and with dry electrodes which instead represent the
worst case as they are not fixed on the skin but always subject to some shift.

As last test, the muscle signal was acquired using the dry electrodes and while
performing a walk simultaneously with the flexion and extension movement of the
arm.

WET electrode | DRY electrode | DRY electrode and walking

Without DRL 23.010 dB 24.228 dB 19.562 dB

DRL gain =1 22.602 dB 25.603 dB 23.035 dB

Table 3.2: SNR results of the Apollux board

From table [3.2] it is possible to see how the DRL has a fundamental stabilizing
function if the acquisition of the signal occurs during the performance of other
motor activities.

It is important to underline that the tests with capacitive feedback were not carried
out with the Apollux board since the advantage in terms of SNR shown in table
[3.1] was not so high and, moreover, and furthermore, by introducing an RC circuit,
there would have been a very high risk of introducing a delay that would have led
to a phase shift of the signal.
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3.4 Conclusion

Taking into account that the main intent is to use the device in the rehabilitation
field and with constant use during the day, which includes the need to be able to
acquire a sufficiently stable signal even when the patient performs other movements
(see table [3.2]) and considering the results obtained which indicate that the most
favorable configurations are those with an output resistance equal to 4.7 k{2 and
DRL with gain 1 or with capacitive feedback (see table[3.1]), it was decided to
keep as the definitive configuration the one that involves:

. Rout = 47 kQ
e DRL gain =1

Furthermore, since it is no longer necessary to choose whether or not to connect
the DRL circuit based on use, solder bumps have been eliminated, leading to a
reduction in the size of the board.

Therefore the final circuit is the one shown in figure [3.6].

LPVE21
L2

R20
12k

R23
47k

xD?

ESDS5Z2.5

—_— DRL circuit
GND

Figure 3.6: Final DRL configuration implemented on the Apollux board. The
non-inverting inputof the amplifier is connected to th reference voltage equal to
0.9V
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Chapter 4

Stimulation Artifact
Suppression

The main objective of this thesis, as anticipated in the [1.4] section, is to improve
the front-end acquisition of the device in order to be able to use it in closed-loop
applications. For this, it is necessary to be able to record the sSEMG signal also
from the electrostimulated muscle. The recording of the signal during stimulation
is anything but trivial since, due to the electric current that runs through it, there
are two types of artifact that make the analysis complex:

e the stimulation artifact

e the M-wave

4.1 The Stimulation Artifact

The stimulation artifact is a voltage peak of about 1-2V (post-amplification value)
and short duration caused by the rapid, as well as passive, depolarization of muscle
tissues following electrical stimulation. This type of artifact is characterized by
three different components:

o the peak whose amplitude depends on the intensity of the stimulation current
o the fast decay tailing part

o the slow-decay tailing part, depends on the electrode-skin impedance which
discharges slowly.
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Figure 4.1: The typical form of a stimulation artifact and peak variation with
increasing current intensity, adapted from [18]. The values are taken without
amplification

Not being a response of physiological origin, it is recommended to eliminate
it as it does not provide useful information on the muscle response. In addition
to having no relevance for the muscular response, the presence of this type of
artifact does not allow the correct visualization of the sSEMG signal for two reasons
related to its intrinsic characteristics. First of all, having an amplitude of the
order of magnitude of volts, it causes the saturation of the acquisition channel
(see section 2.2.1). Secondly, the duration of the queue component, despite being
quite short, is still several tens of ms. This implies that, at high stimulation
frequencies, and therefore very short distances between one electrical impulse and
the next, it is no longer possible to obtain an adequate representation of the
sEMG signal since the SAs appear at such close distances that it is no longer pos-
sible the visualization of a large part of the muscle signal between one and the other.
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4.2 The M-wave

The M-wave represents the evoked response of the muscles during electrical stimu-
lation, more specifically it provides information regarding the excitability of the
muscle membrane in situations of fatigue.

It is a wave that, based on the stimulation current, can have amplitudes up to
2-3 times greater than the SEMG signal and can also be prolonged for an entire
stimulation period, thus superimposing itself on an sEMG that represents a possible
voluntary response of the muscle.

The properties of the wave such as amplitude and duration depend in general
on the stimulation current acting on the muscle therefore if we want to go more
specifically, it is possible to find the explanation for these characteristics in the
reaction of the motor units.

In particular, the waveform is influenced by the number of motor units that are
activated, by the dispersion of their innervation areas and by the thickness of the
subcutaneous layers.

Increasing current stimulations

40% current level 60% current level 80% current level 100% current level

Va® e

—
:

10ms

Figure 4.2: Variation of M-wave amplitude due to different stimulation current,
adapted from [19]
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However, since it is a physiological response of the muscle to stimulation, even if
it prevents the graphic display of information relating to the voluntary response, it
may be useful to analyze it if you want to know the fatigue state of the muscle. To
extract it, however, it is necessary to be able to remove the SA since the M-wave, in
accordance with the literature [18], is visible after the peak of the SA and therefore
in correspondence of its tail.

1|mv

stimulus 10m
artifact

w

M-wave

—
|QT|

Figure 4.3: Combination of stimulation artifact followed by the M-wave, adapted
from [18]

4.3 Introduction on Stimulation Artifact suppres-
sion

In recent decades, research has focused on the study of the stimulation artifact,
its characteristics and the most effective techniques for removing it. In particular,
there are two possible ways of removing: hardware removal with blanking circuits
or software removal with subtractive methods. Given the diversity in terms of
duration and amplitude of the SA components, the two techniques are often used
together to obtain better results.
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4.3.1 Hardware removal techniques

The most used hardware removal techniques are those that involve signal blanking
with Sample Hold circuits activated by a trigger signal sent in advance or when
the start of the stimulation phase is detected. It is good practice to filter the signal
afterwards to eliminate the residual frequency components, however, it is often not
necessary to add a filter as those present on the acquisition channel are enough.
The disadvantage of this strategy is certainly the loss of all information during the
blanking phase which, however, is balanced by good signal robustness for the rest
of the acquisition.

In literature [18],[20],[21] there are several examples of blanking circuits that
generally use bidirectional switches, placed at the input of the circuit, which have
the task of short-circuiting the electrodes to ground when they receive the trigger
signal sent by the computer or microcontroller used to control the circuit.
What varies, also based on the project specifications, are how the electrodes are
short-circuited and which can be distinguished into two macro-strategies:

e the first is to not short-circuit directly to the ground but to add a resistance
of a few tens of Ohms to help the decay of the current peak ([21])

o the second is to short-circuit the electrodes directly to ground ([18])

Furthermore, Bi et al. [20] proposed not only to disconnect the electrodes during
stimulation but also to disconnect them from the electrostimulator to help remove
the SA. To improve the rapid recovery of the baseline, they added an integrator on
the branch of the reference voltage of the instrumentation amplifier that also helps
to filter out movement artifacts. In particular, the resistance Rg remains connected
for the entire duration of the stimulation pulse and for a subsequent time interval
and is then disconnected, thus helping the elimination of movement artifacts.
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Figure 4.4: Circuit proposal for stimulation artifact removal with non linear
feedback, adapted from [20]

However, blanking techniques have not always given exhaustive results for two
reasons: the first is that there is a loss of information throughout the blanking
period, the second is that they often only eliminate the SA peak and not even the
tail parts. For this reason, hardware filtering techniques adapted to this type of
problem have been introduced. For example, A.Crema in his master thesis [21] has
obtained promising results using a filtering method proposed by Thorsen [22] which
involves the use of a rapid recovery instrumentation amplifier with the addition of
non-linear feedback on the baseline.
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IC1,AD620 C2,AD620

R6,10k V u

Clamped electrode input

Figure 4.5: Simplified circuit of myoelectric amplifier used for fast artifact
suppression, adapted from [21]

This circuit allows for continuous acquisition through the electrodes, which
always remain connected, limiting the potential difference thanks to the protection
diodes. The IC2 amplifier amplifies the signal while the IC3 amplifier is the one
responsible for the removal of offsets and the suppression of artifacts. Finally,
the two transistors Ty and Ty compensate for the drift of the system. The two
transistors never enter the active region during stimulation as the time constant
R;C; maintains |Vey|> Vy.. Compensation occurs only when

—t
‘/be = out<1 - eRlcl) (41)
In this situation the capacitor C, is charged, evaluating the time constant

VR4,5
AVy/t,

R,5Cy = (4.2)
where t, is the compensation time, we obtain that the only components that
can pass through the T, o network are those with a frequency lower than 0.72 Hz.

4.3.2 Software removal techniques

The hardware removal of the stimulation artifact is not always the best technique
for several reasons, including the increase in the circuit complexity of the acquisition
board, the introduction of other types of disturbances due to new components, or
the sudden variation of the impedance values due to the disconnection from the
human body and, last but not least, the fact that it is not always possible to obtain
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a total removal of the SA.

For all these reasons, software-level SA removal techniques have been developed
in recent years. This methodology allows not to further complicate the circuitry
and does not involve the loss of information as the acquisition is constant. On the
other hand, are techniques that do not allow the real-time removal of artifacts and
require devices with greater computing capacity.

It is possible to divide the software methods into two groups:

o filtering of the sEMG signal

 subtraction of a previously modelled artifact from the sEMG signal

For what concern the signal filtering, it is applied only in certain bands and
some also include frequencies that belong to the spectrum of M-wave and voluntary
EMG. This means that the signal, after processing, will not be particularly faithful
to the starting one and therefore not useful for identifying voluntary responses
from the muscle.

On the subtractive methods, on the other hand, there are different strategies
applicable in particular for the extraction of a model of the artifact. For example,
Keller and Popovic [23] propose to evaluate the artifact model by performing a
weighted average of several previously recorded artifacts and to apply an IIR filter
only in the 12.5 ms following the stimulation pulse.

A second possibility is described by Y.Li [18] and considers the idea of deriving
the SA template from a pre-stimulation phase in which a subthreshold current
is used. Once this phase has been completed, the model is calculated using an
autoregressive process.

Regardless of the methodology with which the SA model is obtained, the next step
is to subtract it from the raw sEMG signal. In this way, in addition to the peak,
the tail components are also eliminated.

4.4 Initial assesment

Before applying techniques for the removal of the stimulation artifact, a test was
performed to verify that the voluntary activity of the muscle is not actually visible
during the electrical stimulation. For this, the sEMG signal was taken directly
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from the electrostimulated muscle and the ATC technique was applied to observe
if the muscle activity was still recognizable.

For these trials during the recording of the signal, in addition to applying the
electrical stimulation, two voluntary flexion movements of the arm were performed.
The stimulation current values used are 2mA and 10mA to have limit cases and,
for each intensity, five recordings were taken.

The results obtained, as visible from the images [4.6],[4.7],[4.8], are not satisfactory
as it is not possible to distinguish the moments of voluntary activation.
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Figure 4.6: ATC values extracted from stimulated muscle with current intensity
equal to 2mA
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Extraction of ATC values from stimulated muscle, | = 10mA
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Figure 4.7: ATC values extracted from stimulated muscle with current intensity

equal to 10mA

Comparison between ATC values extracted from stimulated muscle signal with different current amplitude
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Figure 4.8: Comparison of ATC values extracted from stimulated muscle with

different current intensity

It is also useful to underline how the ATC values for low stimulation currents,
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e.g. 2mA, assume a value of 0 in some points despite the stimulation current
applied. This is because the threshold, calculated as

threshold = mean(baseline) + 3 x std(baseline) (4.3)

in some cases, it is lower than the stimulation peaks which therefore, in certain
time windows, are not detected and thus leading to an ATC value equal to 0.

This does not occur at high stimulation currents since, as visible from the image
[4.7], the sSEMG signal taken brings the acquisition channel to complete saturation
and therefore the above-threshold events will always be detectable but however it
is impossible to distinguish the voluntary activation signal from the stimulation one.

4.5 Preliminary tests with the instrumentation
amplifier

The first test performed for the removal of the stimulation artifact concerns a
modification to the feedback branch of the acquisition board and in particular the
branch that supplies the reference voltage to the INA 333 instrumentation amplifier.
In the original circuit, the reference voltage is supplied through a low-pass filter
with a cut-off frequency at 70 Hz which takes the voltage of the inverting input,
from the INA333 output as shown in figure [4.9].
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250x gain stage
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T150k
R22
150k
- ——C24
] 330F
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Figure 4.9: Low pass filter on feedback of INA333, adapted from Apollux Project
by MiNES group. Positive and negative input of INA333 are connected to the
differential HPF visible in figure 2.7, the non-inverting input of the LPF at 70Hz is
connected to reference voltage.

The idea for this test comes from the study carried out by Bi et al. [20] where
the low pass filter has been replaced with an integrator (fig. [4.4) whose resistance
Rg is excluded from the circuit after the stimulation interval to facilitate rapid
recovery of baseline values.

Before mounting the circuit on the breadboard, the functioning of the circuit
was simulated with LT-Spice on which the entire circuit of the acquisition board,
reported in figure [4.10] was implemented excluding only the last stage consisting
of the threshold comparator. Furthermore, to have results as similar as possible to
the real case, three RC parallels have been added that reproduce the behaviour
of the electrodes and a current generator with 2 other capacitors in parallel to
recreate the impedance of the body. The additions to get closer to the real case
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are shown in figure [4.11]
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Figure 4.11: Circuit to recreate contribution of body impedence and electrode
impedences

Where:

o the current generator supplies a sinusoidal current at 60Hz and 100nA of
direct current (DC value)

 the capacitors C; and Cy are respectively 2 pF and 200 pF

o the three RC parallels are composed of a resistance R equal to 40 k€2 and a
capacitor C equal to 40 nF

» the voltage generator placed between the first two RC parallels represents the
electromyographic signal, initially the signal, previously recorded, which was
used for analysis on the DRL circuit was given as input

The first step was to verify that the modifications on the reference voltage of
the INA333 did not modify the output signal, for this reason, both the low pass
filter shown in figure [4.9] and the integrator, shown below in figure [4.12], were
implemented on the LT-Spice.
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GND ... =10

Figure 4.12: Integrator on feedback branch to provide reference voltage to INA333

Initially, the simulations were performed in static conditions for which the sEMG
signal was observed without the intervention of the switch to disconnect the Rg
resistor. From the results obtained it is evident that this modification has no effect
on the recorded signal, in fact the green signal, which represents the EMG signal
on only one branch of the acquisition channel, and the orange signal, which instead
represents the differential signal obtained by the difference between the upper and
lower branches, shown in figures [4.13a] and [4.13b], have the same width and the
same shape.
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V(emg)

(a) Integrator

V(emg)

(b) Low Pass Filter

Figure 4.13: Simulation results on LT-Spice

This allowed us to continue on this way by introducing the switch for rapid
baseline recovery, so the second step was to simulate, with the same input signals
used previously, the circuit with the switch on the feedback of the integrator used
to disconnect resistor Rinseqrator and accelerate baseline recovery.
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GHND

oy = 2IESY

Figure 4.14: Integrator on feedback branch to provide reference voltage to INA333
with addition of a switch to disconnect the resistor Riyteqrator t0 accelerate baseline
recovery

The recovery of the baseline is possible since the output voltage from the inte-
grator is negative and, adding to the positive input voltage to the INA333, should
lower it and bring it closer to the baseline value.

The results obtained from this second simulation are not so promising as the
reference voltage supplied is outside the amplifier dynamics and causes it to be
completely saturated. From image [4.15] it is possible to observe the behaviour of
the signal at the output of the acquisition board (red), at the integrator output
(green) and the step signal which determines the switching instants of the switch
so that if once the resistance Riniegrator i disconnected, complete saturation is
obtained.

61



Stimulation Artifact Suppression

il -rl?i"‘.u'r‘\"f n{l\I] AR

Figure 4.15: Saturated output signal of the INA333

This effect is caused by the fact that the specifications of the device in use
are decidedly more stringent than those of the device presented in the paper, in
particular as regards the power supply voltage which is dual between 4+ 5V and
-5V while the Apollux board is single power supply between 0V and 1.8V.

The differences in supply voltage are also the reason why all the circuit proposed
by Bi et al. [20] has not been implemented.

4.6 Improvements on the input stage: simula-
tion on LT-Spice

Excluding the possibility of changes to the feedback line, the attention was shifted
to the board inputs connected to the two recording electrodes. Since the ultimate
goal is to avoid stimulation artifacts, it was decided to implement a hardware
blanking of the input signal and therefore not to absolutely record the instants
in which the artifact is present. As regards the positioning of the SW and the
switching instants, the work of Bi et all [20] was taken as an example , while, as
regards the signal supplied in input during the LT-Spice simulation, it was created
on Matlab starting from an sEMG signal previously recorded during the analysis
of the DRL circuit.

4.6.1 Circuit design

The circuit used for the simulation on LT-Spice is exactly the one shown in the
schematic [4.10], once again excluding the stage of the threshold comparator and
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applying the changes between the 10k() input resistances showed in figure [4.10] and
the RC parallels that simulate the impedances of the recording electrodes reported
in figure [4.11], and between the output of the DRL circuit and the reference
electrode. To carry out the signal blanking the SPDT switch must commutate
at a determined instant, which in the real case coincides with the arrival of the
stimulation pulse while during the simulations it is decided a priori, disconnect the
electrodes from the rest of the circuit and carry them to GND.

In order not to leave the two branches of the recording electrodes floating, other
two SPDT switches have been added which, under normal conditions, connect the
circuit to the electrodes and when the control signal arrives they switch and connect
the circuit to the reference voltage V,.; equal to 0.9 V which is also the baseline
value. This should achieve two useful results: the first is to avoid unwanted voltage
spikes due to the unconnected branches and the second is a faster baseline recovery.
As for the branch connected to the reference electrode, since it is not an input, it
can remain disconnected without creating the risk of voltage peaks.

The whole circuit is reported in figure [4.16]
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Figure 4.16: Circuit implemented on LT-Spice for the simulation

4.6.2 Processing of the input signal on Matlab

In order to evaluate the behaviour of the circuit through simulation in the LT-Spice
environment, it was necessary to reprocess a previously extracted sEMG signal,
using the Apollux board with a gain set at 500. The goal is to obtain a 100ms
signal in the middle of muscle activation and add a sequence of 3 SA at a distance
of 25 ms and 2 M-waves also at a distance of 25 ms, in this way it is possible to
simulate the stimulation frequency of 40Hz with which the impulses arrive. The
choice to add only 2 M-waves is determined by the fact that about 25 ms pass from
the beginning of each M-wave to the end of the tail part, having to distance them
by 25ms to respect the stimulation frequency and leaving an initial 20 ms of the
pure signal without other components and delaying the arrival of the M-wave by
bms compared to the beginning of the SA, the third M-wave could not be summed
as it would have been longer than the remaining part of the sEMG signal. The
delay concerning the start of the SA is necessary to reproduce the real case for
which the M-wave is detected at the end of the SA which normally lasts about
5 ms. Figure [4.17] shows the duration and intervals of the signals that will be
generated on Matlab.
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Figure 4.17: Composition of the input signal used for the LT-Spice simulation.
The values reported on the vertical axis are not indicative as the positioning of the
signals was done purely for the purpose of demonstrating how they are summed
over time, so the only indicative axis is the x axis which reports the times. also
to make it visible in comparison to the SA, the M-wave has been multiplied by a
factor of 100.

The starting sEMG signal had a duration of about 60s, contained 10 muscle

activations, the sampling frequency with which it was taken was 1kHz and the
acquisition board introduced a gain factor of 500.
The first action was to high pass filter with a cutoff frequency equal to 15Hz to
eliminate low-frequency noise. Subsequently, the signal was resampled to have
8000 samples per ms to have the same sampling of the stimulation artifact already
provided in digital format. The last steps were the division by 500 of the signal in
order to bring it back to a situation before amplification and finally a large number
of samples were removed before and after the portion of the interesting signal in
such a way as to have a 100ms track in the middle of muscle activation.
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Figure 4.18: 100ms signal extrapolated in the middle of a muscle activation

Once the noise-free signal was obtained, the processing on Matlab continued
with the creation of the SA and M-wave sequences.

The first sequence to be carried out was that relating to stimulation artifacts,
as the signal of the single artifact was already available, so the actions were to
resample it to 8000 samples per ms and to concatenate the signal three times. In
order to maintain the distances of 25ms between one and the other imposed by the
stimulation frequency at 40Hz, and to leave the first 20 ms of sEMG signal free of
any additional noise, the three vectors containing the artifact signal all have the
same total length but a different number of zeros before and after the points that
actually make up the SA.
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(b) Sequence of three stimulation artifacts

Figure 4.19: Stimulation artifacts signal

Once the artifact sequence was added to the sSEMG signal, the work focused on
the realization of the M-wave sequence. The single signal was obtained by recreating
its shape point by point taking as a reference the image [4.3]. In particular, a point
was taken every ms and, once the vector with all the points was formed, a cubic
interpolation was applied to obtain a smoother line and with the same number of
samples per ms (8000 samples/ms). Subsequently, as for the stimulation artifact,
two vectors of the same length but with a different number of zeros before and after
the points defining the M-wave were created and finally they were added together
obtaining the result shown in the figure [4.20b].

67



Stimulation Artifact Suppression

10 M-wave

Amplitude (V)
= @
T T
™~

\
\\ /// -
05 [~ h \\/ T -
a I I I |
) 5 10 R 15 20 25
(a) Single M-wave
3 x10° Sequence of 2 M-wave
el N [
i A
| | |
T H m
\
15— e/ \ / \0
| |
£ T ;/ \ / \\
05 / | \
L / \
| \
0 \\ ) — \\\ —
n \\\ \ //, \ / S
a I I 1 I 1 I I I I |

: 0 0.01 002 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
time(s)
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Figure 4.20: M-wave signal

Finally, both sequences were added to the 100ms of SEMG signal obtaining the
result shown in figure [4.21] from which the problem related to the stimulation
artifact is clearly noted, in fact, when it is present, it has an amplitude such
large compared to the sEMG signal to make it extremely difficult to visualize and
recognize the M-wave or any other muscular signal.
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Figure 4.21: 100ms signal with superimposition of SA and M-wave sequences

All the signal processing is shown schematically in the image below [4.22].
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Figure 4.22: Block diagram of signal processing performed to obtain a 100ms
signal containing both SA and M-wave

4.6.3 LT-Spice simulation

The whole circuit described in section [4.6.1] has been reported on LT-Spice to
proceed with the simulation of the behaviour. To verify the operation of the SA
blanking by the switches, the signal processed on Matlab and described in section
[4.6.2] is given as input to the differential branches of the board.

The power supply voltage equal to 1.8V and the reference voltage equal to 0.9V are
generated by voltage generators external to the circuit, the switches are controlled
using a square waveform that every 25 ms assumes a high logic value for 1 ms.
Furthermore, an initial delay of 20ms has been added to the command signal of
the switches, which coincides with the duration of the initial portion of the sEMG
signal free of disturbances due to stimulation.
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The signal taken out of the circuit at the end of the simulation was reported on
Matlab and plotted to observe the behaviour of the entire circuit more easily. In
order to make a comparison as truthfully as possible, the original EMG signal with
no artifacts and without switching the switches, the EMG signal with only the SA
and switching of the switches and finally the EMG signal with SA, M-wave and
switch switching were plotted together.

From the graph below (image [4.23]) it can be seen that in correspondence with the
switching of the switches (dashed lines) the artifact is effectively removed without
eliminating the M-wave (blue signal) which retains its contribution in amplitude
but not the shape. Furthermore, it is necessary to underline how the contribution
of the switches leads to small variations of the signal in the 3-4 ms following the
return to the initial position of the switches.

EMG signal with SA and M-wave

I3
©
T

Amplitude(V)

0.85 —

08—

0.06 008 0.1 012
Time(s)

Figure 4.23: Comparison between three signal: pure sEMG signal without the
contribution of the switches, sEMG with the SA and the contribution of the
switches, sSEMG with SA, M-wave and the contribution of the switches

4.7 Implementation and experimental results

Given the promising results provided by the LT-Spice simulations the physical
device was tested using:
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« an Apollux board as the one shown in the figure [4.10], used to acquire the
sEMG signal

o the Apollo3 EVB microcontroller to drive the switching of the SPDT switches

e a circuit mounted on a breadboard that includes: the switches to disconnect the
body during stimulation, a voltage divider to supply the reference voltage equal
to 0.9V to the switches, a push-button to simulate the arrival of an impulse
and a last stage useful for the recognition of the initiation of stimulation.

4.7.1 Implemented circuit

The switches used are of two different types due to the availability of components, an
ADGT734 was used for the recording electrodes since it includes four SPDT switches
which then go through between two positions connected to different branches, while
for the reference electrode it was used an ADG811 composed of four SPST switches
of which only two were used.

The operation is the same as previously described for which all the electrodes, in
normal conditions, are connected to the acquisition board while in stimulation
conditions they are carried to GND. As regards the Apollux device, the acquisition
channels, when they are disconnected from the electrodes, are brought to the
reference voltage equal to 0.9V, obtained using a voltage follower with a voltage
divider on the non-inverting input, while the branch feedback remains floating.
The circuit diagram with which the switches and connections were mounted is
shown below [4.24]

72



Stimulation Artifact Suppression

_ Apollux

Acgqusition
Board

Eref 8 &

Figure 4.24: Real circuit mounted on breadboard

To what concern the push-button used to simulate the arrival of an electrical
stimulation pulse, it was connected between ground and power supply by adding a
pull-up resistor for the correct functioning. The signal taken between the button
and the resistor assumes a high or low logic value and is directly connected to a
GPIO of the microcontroller.

4
v DD
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)-‘ Pushbutton
ol

~

Figure 4.25: Circuit for the push-button
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In the real case, where electrical stimulation is present, it is necessary to have a
circuit for pulse recognition and thus generate an interrupt on the microcontroller.
In this case, two operational amplifiers were used to generate a signal which, from
a low logic value, passes to a high logic value when there is a stimulation impulse.
The operational, whose output is connected to a GPIO of the microcontroller
different from the one used for the push-button, has the two probing electrodes as
inputs and the reference voltage generated by the second operational in voltage
follower configuration with a voltage divider on the non-inverting terminal.

GPIO

Figure 4.26: Circuit for electrical stimulation pulse recognition. The input IN 4
and INg are connected to the recording electrodes

To conclude, figure [4.27] shows the block diagram of the entire circuit.

Apollo3 EVB

ADGT34 H—
—. | | apesut |
j:‘F Apollux

Acquisition
Board

Figure 4.27: Block diagram of the whole circuit mounted on breadboard
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4.7.2 Programming of the microcontroller

The microcontroller used is an Apollo 3 EVB of the Apollo MCU family, they are
ultra-low-power microcontrollers, highly integrated and based on Ambiq Micro’s
patented “Subthreshold Power Optimized Technology” platform.

The C code written to program the microcontroller is based on the use of interrupt
service routines and timers. In particular, based on the active GPIO at the input,
the microcontroller will recognize the transition from high to low in the case of
the GPIO connected to the push-button, or from low to high in the case of the
GPIO connected to the circuit that recognizes the arrival of the electrical impulse.
Once the transition has been recognized, an interrupt is triggered which calls two
functions simultaneously: the first relating to the timer set to count up to 1.2ms
and the second which takes care of driving the GPIOs connected to the switches to
make them switch and disconnect the body from the device . After the set time
interval is elapsed, the timer function generates a second interrupt that calls the
function to bring back the switches to their initial state.

It is necessary to underline that for the switches two different GPIOs were used,
normally set with opposite values, so the one that controls the ADG734 and a
single SPST switch of the ADGS811 in static conditions has a high logic value, while
the one that controls the other SPST switch used by the ADGS811 initially has a
low logic value. This solution was adopted for two reasons:

o the ADG734 component is equipped with an inverter on the command signal
inputs, so in order not to have a position change of the switches already at
the beginning, it is necessary to supply a signal with a high logic value which,
once inverted, will be perceived as low and not will cause commutations.

o the switches used on the ADG811 component must open and close alternately
so that two different command signals are required.

4.7.3 Circuit testing

The entire circuit, consisting of Apollux, Apollo3 EVB and components mounted
on breadboard, was tested using the Rigol MSO5000 digital oscilloscope to take
the output signals from the Apollux board. All the acquisitions have been digitized
and reported on Matlab to allow a correct visualization.

The tests were performed by varying the stimulation current, starting from 2mA
up to 26mA, with a fixed increase of 8mA and sending only one pulse at a time in
such a way as to be detected by the dedicated GPIO of the microcontroller and
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causing only one cycle of commutation of the switches.

The results reported on Matlab are shown in figure [4.28] from which it is possible
to notice how the peak of the SA has been partially removed and partially replaced
by another type of noise whose amplitude and duration depend, in a directly
proportional way, by the intensity of stimulation current.

Reference electrode to GND and Recording electrodes to Vref
Current amplitude: 2mA Current amplitude: 10mA
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Figure 4.28: Measurements from the circuit mounted on breadboard

It was therefore necessary to investigate the origin of these voltage peaks.

4.8 Investigation on alternative input stages

Before investigating the origin of the spikes, tests were carried out to reduce
the phenomenon using an RC circuit, commonly used for the removal of spikes
generated by the commutation of switches, but did not give positive results. For
this reason, it was essential to understand its origin and in this regard, several
tests were carried out with related changes to the circuit and programming of the
microcontroller aimed at excluding each one a different cause.
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4.8.1 Test 1: commutation of the switches on identical
paths

The first test performed has the purpose of verifying the correct functioning of the
switches. Being solid-state components they should not introduce noises during
switching but wanting to perform an accurate study they were equally tested in
two different configurations and keeping the reference electrode always connected
to avoid circuit instability.

The first configuration involves the use of all four switches of the ADG734 which
commutate simultaneously between two identical paths connected to the recording
electrodes.

The second configuration is similar but instead of using all four switches, only two
are used, which commutate on identical paths connected to the recording electrodes.

The circuits are shown in figure [4.29a] and [4.29a], while the test result is shown
in image [4.30].

G~ © ]
O——s > g -
Apollux Q \_0/07 Apollux
Acquisition Acquisition
Board Board
Eref Eref
(a) Four switches (b) Two switches

Figure 4.29: Test 1: switch commutation between two identical path
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Switch n with refe lctrode fixed

Am plitude (V)
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Figure 4.30: Simulation results of test performed by commutating the switches
between two identical path

4.8.2 Test 2: commutation of the switches with early and
late closing

This second test aims to verify if the too rapid variation of the common mode,
deriving from the variation of the input signal on the two branches of the acquisition
board, first coming directly from the body, and then equal to the reference voltage
at 0.9V, may be the cause of the spikes.

Also in this case two types of the same test were tried by changing the opening
and closing times of the switches that are connected to the reference voltage by
adding a timer in the programming code of the microcontroller.

For the first try, a delay AT was added with respect to the opening of the switches
connected to the electrodes, so the body is first disconnected, the input branches
remain floating for a period equal to AT, and then they are connected to the
reference voltage.

In the second case, instead of introducing a delay, the switches related to the
reference voltage are closed with an advance AT, so before disconnecting the body
there will be a time interval in which the input branch is connected both to the
body and at the reference voltage.
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Figure 4.31: Test 2: switch commutation with early and late closing of switch
towards reference voltage

Both tests introduce an intermediate state between the common-mode generated
by the voltage taken from the body and the reference voltage which should stabilize
the response of the circuit.

The ATs set are equal to 300, 600 and 900ns both when a delay is introduced and
when closing is anticipated. The results are shown in figure [4.32a,5.2b| from which
we can see that the voltage spike is always present and variable based on the time
interval used.
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Comgparison of sigaal with different delays

(a) Delayed commutation

with diftes o

varce = 900
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(b) Advanced commutation
Figure 4.32: Simulation results of test performed by adding a delay or an advance

in the commutation of the switches

From here it is also reasonable to exclude the rapid variation of the common
mode from the causes of the origin of the spikes.

4.8.3 Test 3: four switches for each recording electrode

The last test was carried out by making the variation between body voltage and
reference voltage as gradual as possible to verify if this strategy could contribute
to the cancellation of the spikes coming out of the circuit.
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Figure 4.33: Test 3: use of four switches for each recording electrode

To perform this test it was necessary not only to modify the circuit by adding
switches but also to modify the code substantially in order to introduce two new
timers (100ns and 1us) in addition to the one already present (1.2ms) and finally
also the actions related to the number of times the interrupt is generated by the
timer that has finished counting. Specifically, two functions have been added, both
containing a switch-case that returns different commands to the GPIOs that drive
the switches.

The execution sequence for closing and opening the switches is as follows:

1. Closing switch 3 and calling the 100ns and 1.2ms timers
2. Closing switch 1 and calling the 1us timer

3. Opening switch 2 and calling 1us timer

4. Opening switch 3 and calling 100ns timer

5. Closing switch 4

At this point it is necessary to wait for the 1.2 ms timer to finish counting, once
this interval has elapsed, we have:

6. Opening switch 4 and calling 100ns timer
7. Closing switch 3 and calling the 1us timer

8. Closing switch 2 and calling the 1us timer
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9. Opening switch 1 and calling 100ns timer

10. Opening switch 3 and end of execution.

For clarity below (image [4.34]) the timing of the signals taken by the digital
oscilloscope with which the switches are driven is shown and where the high logic
signal indicates the opening of the switch while the low logic signal indicates its
closure. It should be noted that the switching intervals of less than 1ms, declared
in the code written for the microcontroller, in reality, are not fully respected due
to the physical limits of the device, in any case, they have been kept in the order
of hundreds of us.

Timing of the switches

e e ]

Timing SW1

Timing SW2
Timing SW3
Timing SW4

Amplitude (V)
o
I

1 1 L | I 1 L I |
0 0.2 04 0.6 0.8 1 12 14 1.6 1.8 2
Time(s) %107

Figure 4.34: Timing of switch command signals

The results obtained continue to present voltage spikes at the instants in which
the switches commutate, since the switching intervals are very short at the output
of the circuit there is a single spike with a duration of about 25ms and a high
amplitude close to the upper limit of dynamics accepted by the circuit.
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Output signal with 4 switches for each recording electrode
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Figure 4.35: Simulation results of test performed by using four switches for each
recording electrode

4.8.4 Conclusions on the origin of the spikes

Having excluded all other causes, the most reasonable hypothesis on the origin of
these voltage spikes is that they are caused by the considerable and sudden decrease
in the impedance seen at the input when the body is disconnected. Since eliminat-
ing this type of voltage spike would have meant making a substantial change to
the hardware before going down this path, it was preferred to try software removal
of the stimulation artifact.
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Chapter 5

Software Stimulation
Artifact Suppression

For the software removal of the stimulation artifact, the electromyographic signal
was not taken directly from the electrostimulated muscle but, in the case of the
arm, from the antagonist muscle, again using the Apollux acquisition board. The
choice turned out to be convenient since the duration of the artifact is about 10
times shorter than the one detected on the electrostimulated muscle.

|
i i 'l

rrrrrrrrrrrrrr

(a) SA detected on stimulated muscle (biceps(b) SA detected on antagonist muscle, not di-
brachii) rectly stimulated (triceps brachii)

Figure 5.1: Comparison between SA recorded from directly stimulated and not
directly stimulated muscle

The technique used for software removal in post-processing is based on the sub-
traction of a model of the artifact, obtained previously, and notch-type filtering to
eliminate any disturbances correlated to stimulation frequency and the components
present in the second and third harmonic.

Finally, the ATC technique was applied (see section [1.2.4]) to detect the periods
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of voluntary muscle activation during stimulation.

The ATC technique was also applied to the signal taken directly out of the acquisi-
tion device and not processed in order to compare the results and have an objective
comparison on the usefulness of signal processing.

5.1 Signal processing algorithm

The signal was taken 5 times for each current intensity used starting from 2mA and
reaching up to 10mA increasing in 2mA steps, in order to obtain a good sample of
signals and to verify the reliability of the results.

Each signal lasts about 20s and is composed of two phases: a first phase of stimu-
lation only and a second in which, during the stimulation, a voluntary contraction
of the brachial biceps muscle is performed which leads to complete flexion of the arm.

The signal processing was performed on Matlab and the first step was to bring
the baseline of the signal back to zero by subtracting the average value of the
baseline from the signal itself. Subsequently, the part containing the recording of
the stimulation only and the one containing both the stimulation and the voluntary
activation were separated in such a way as to have two separate vectors and to be
able to proceed with the extraction of two different SA templates: a generic one of a
stimulation signal and a more specific one of muscle activation added to stimulation.

In both cases, the artifact model was calculated as follows: all the peaks present in
the signal were identified using the appropriate function of Matlab findpeaks() by
setting a minimum height to detect only the peaks due to electrical stimulation.
After identifying the peaks, 5 samples were taken before the peak and 20 after it
and in this way it was possible to take the entire range of samples containing the
peak and the tailing part of the stimulation artifact.
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(b) Evaluated SA template both from generic stimulation signal and from signal with stimulation
and voluntary activation

Figure 5.2: Evaluation of SA template starting from raw signals

Once the generic or specific model was calculated, it was subtracted from both
the stimulation-only signal and the signal also containing the voluntary activation,
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identifying the intervals in which to subtract it in the same way in which they were
identified to evaluate the model, i.e. starting from the identification of the peak
point, 5 samples were taken before and 20 after. Of the two types of templates
removed, the one that proved to be more effective is the one calculated from the
simple stimulation signal even if the differences with the other type of model are
minimal.

The next step was to apply three II-order IIR notch filters at 40Hz, 80Hz and
120Hz in order to eliminate disturbances at the stimulation frequency (40Hz) and
at the first two harmonics. Finally, the signal obtained was squared and so rectified
to have only positive values and to make the use of the ATC technique more effective.

Finally, the ATC technique described in section [1.2.4] was applied, the threshold
value was obtained by adding three times its standard deviation to the mean
value of the baseline. This choice for the threshold value was made to make all
the calculations automatic and not left to arbitrary decisions that could be less
accurate.

The ATC technique was applied to both signals separately, the final result was
obtained by subtracting from the ATC values of the signal with stimulation and
voluntary activation of the muscle, the ATC values obtained from the stimulation
signal alone.

The entire signal processing algorithm is reported in figure below:
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Signal processing algorithm
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Figure 5.3: Flowchart of signal processing algorithm implemented for software
SA removal
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To confirm the usefulness of this software removal, the ATC technique was also
applied to the signal taken directly out of the Apollux board without undergoing
any type of further software manipulation.

5.2 Results

The results obtained both on the processed signal and on the raw signal were
grouped by current intensity and compared the 5 tests carried out, so in the images
[5.4],[5.5],[5.6],[5.7],[5.8] it is possible to observe the ATC values of the processed
signal on the right column and the ATC values of the raw signal on the central

column.

Comparison between raw EMG signal, ATC values of raw signal and processed signal, | = 2mA
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Figure 5.4: Comparison between ATC values obtained from the processed signal

and from raw signal, I = 2mA

89



Software Stimulation Artifact Suppression

Comparison between raw EMG signal, ATC values of raw signal and processed signal, | = 4mA
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Figure 5.5: Comparison between ATC values obtained from the processed signal
and from raw signal, I = 4mA
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Figure 5.6: Comparison between ATC values obtained from the processed signal
and from raw signal, I = 6mA
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Comparison between raw EMG signal, ATC values of raw signal and processed signal, | = 8mA
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Figure 5.7: Comparison between ATC values obtained from the processed signal
and from raw signal, I = 8A

Comparison between raw EMG signal, ATC values of raw signal and processed signal, | = 10mA
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Figure 5.8: Comparison between ATC values obtained from the processed signal
and from raw signal, I = 10mA

From these results, it is possible to make some observations: the first is that
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signal processing is actually useful to more clearly distinguish the moments of
voluntary activation from those intervals in which there is only electrical stim-
ulation. Furthermore, applying the ATC technique on the raw signal it is not
always possible to detect something while with the processed signal the results
have constant repeatability.

The second observation concerns the ATC values, in fact for the processed signals
there are on average higher values, which reach peaks equal to 20, compared to
those of the raw signals whose peaks do not reach 15.

Finally, the third observation relates to the stimulation current intensity values,
from the image [5.9] it can be seen that as the stimulation current increases,
the reduction of the ATC values of the stimulation in the signal also containing
the voluntary activation, subtracting the average value of the ATC values of the
stimulation alone, it is less effective so that there are quite high peaks even when
there is no voluntary activation. However, this does not significantly compromise the
distinction of the periods of voluntary activation from those of electrical stimulation
alone, since the peaks relating to voluntary movement have a longer duration.

Comparison between raw EMG signal, ATC values of raw signal and processed signal at different current amplitude
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Figure 5.9: Comparison between ATC values evaluated at different stimulation-
current intensity

To study the robustness of the ATC technique, all the signal processing was
also applied to sEMG signals always taken from the triceps brachii but without
electrostimulating the biceps. The results shown in figure [5.10] display that despite
all the processing undergone by the sEMG signal, the ATC profiles can still be
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extracted quite precisely, in fact the highest values of ATC occur in correspondence
with muscle activations.

ATC technique applied on SEMG signals without stimulation, | = 0mA

EMG signal with two voluntary muscular activation ATC values, raw signal ATC values, processed signal
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Figure 5.10: ATC evaluated from pure sEMG signal without stimulation

All this software removal process has proved to be particularly useful combined

with the ATC technique as it allows to have a distinction between voluntary
activation and activation caused by stimulation, which is not visible if the ATC
technique is applied directly on the signal recorded by the stimulated muscle using
the switches described in the section [4.7] and then applying hardware signal
blanking.
From the graphs below ([5.11],[5.12], [5.13]) it is evident how, in addition to the
noises due to stimulation, the voltage spikes due to the impedance variation are
added (see section[4.8.4]) which do not allow a useful visualization for the study of
the voluntary response of the muscle.
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Extraction of ATC values from stimulated muscle with HW blanking, | = 2mA
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Figure 5.11: ATC evaluated from stimulated muscle after hardware blanking
technique, current applied I = 2mA

Extraction of ATC values from stimulated muscle with HW blanking, | = 10mA
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Figure 5.12: ATC evaluated from stimulated muscle after hardware blanking
technique, current applied I = 10mA
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Comparison between ATC values extracted from stimulated muscle signal with different current amplitude and HW blanking
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Figure 5.13: ATC evaluated from stimulated muscle after hardware blanking
technique, comparison between two different current intensity
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Chapter 6

Conclusions and future
perspective

The main purposes of this thesis were the optimization of the board and the
improvement of the front-end acquisition leading to closed-loop applications, which
includes the need to record the sEMG signal even during electrical stimulation.

The first part of the thesis focused on the optimization of the sEMG acquisition
board to reach a definitive version, for this reason, the DRL circuit present on the
feedback branch of the device was taken into consideration and its performance
in terms of signal to noise ratio (SNR) was evaluated. At the end of the analyzes,
given the results, it was decided to keep this circuit by modifying the output
resistance by increasing its value up to 4.7k€).

This decision was made based on the SNR values obtained which, in conditions of
movement of the subject and not only of the limb, were greater if the DRL circuit
was present.

The second part of the work, on the other hand, was dedicated to improving the
front-end acquisition and, specifically, the acquisition of the sEMG signal during
muscle stimulation.

First of all, the hardware techniques of signal blanking were tested in order not to
record the SA which, however, introduced new disturbances due to the change in
impedance that occurs when the electrodes are disconnected from the body.Reducing
this new type of noise would have meant making substantial changes to the circuit,
so to avoid revolutionizing the hardware, software removal techniques for the SA
were tried.

The SA removal technique based on the subtractive method and signal filtering
has proved effective when combined with the ATC technique and has provided
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good results regarding the distinction between the stimulation signal alone and
the voluntary activation signal of the muscle at which the stimulation signal is
superimposed on.

Despite the good results achieved there are several studies that can still be done to
further improve the device.

The first step could be to improve the signal processing in such a way as to be able
to detect voluntary muscle responses in paralyzed patients who could therefore
have particularly low amplitudes.

Moreover could be useful to improve the threshold setting technique used for the
extraction of ATC values.

Being a rehabilitation device, one of the most interesting studies to be carried out
is certainly the one relating to the assessment of muscle fatigue that could occur
after a certain number of stimulation sessions. To do this, it might be interesting to
study the variation in ATC profiles at the beginning of the rehabilitation session, in
the middle and at the end in order to observe, if present, the variation in ATC values.

In this thesis work, as regards the study for the removal of SA, the muscle signals
were taken from the antagonist muscle (triceps brachii) and not directly from
the stimulated muscle (biceps brachii) as the SA appears to have a duration
decidedly minor. In this regard, if one wishes to evaluate the response of the
directly stimulated muscle, it would be particularly useful to study and numerically
evaluate the correlation that exists between two adjacent muscles and, in this case,
antagonists.
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