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Abstract

This thesis is part of a larger project, called MITOR (a collaboration between Po-
litecnico di Torino (POLITO), Massachusetts Institute of Technology (MIT) and
Spaulding Rehabilitation Hospital’s Motion Analysis Laboratory (an affiliate of Har-
vard Medical School)). This project aims to develop a wearable, wireless, low-power
surface ElectroMyoGraphy (sEMG) acquisition system for long-term monitoring of
muscle synergies and diagnostic motor rehabilitation.

The system’s hardware specification was defined specifically for sSEMG acquisi-
tion channels. Where the resulting signals are stored locally on a microSD card.

The circuit diagrams were drawn referencing the schematics of the previous ver-
sion of the MITOR system. In this revision, the most significant changes from the
previous MITOR is an upgraded microcontroller and additional components in the
acquisition channel (so the board can detect Threshold Crossing (TC) signals).
The TC signal is a quasi-digital signal obtained by comparing sEMG signal and a
threshold. Each time the sEMG signal exceeds this threshold an event is generated.
The number of events is proportional to the electrical muscle activity. From this
signal, it is possible to calculate the Average Threshold Crossing (ATC) by noting
the number of TC events into a fixed window of time. Applying this approach to
sEMG is innovative as it involves a considerable reduction in power consumption
due to drastically reducing the volume of data in need of processing, saving and
transmission.

Using Altium Design®, a two-layer Printed Circuit Board (PCB) was created. In
this phase, all the electronic components were placed in order to minimize board
size by optimizing its dimensions (50mm x 37.5mm). Most of the components were
soldered manually or with the use of a pick-and-place machine. Once the compo-
nents were set, the electrical connections were checked.
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A case for the PCB was created to ease the process of placing the devices on
human subjects for sEMG signal recording.

The microcontroller firmware was written in C++4, using the IAR Embedded
Workbench IDE®. The firmware allows three different working modes: classic SEMG
signal, SEMG envelope (using digital filters in the firmware), and ATC signal.

The main feature of the firmware is wireless synchronization between the differ-
ent MITOR boards (possible due to a PCB antenna). This is the crucial element
that needed to be tested to guarantee long-term analysis. The results showed a
maximum delay of 10ps with a synchronization period of 5s. Another important
aspect to analyze is power consumption. Each developed board, with a battery
supply of 450mA /h, can store data for more than 42 hours in classic SEMG mode;
or for more than 80 hours in ATC mode.

A commercially available multi-channel EMG system from Motion Lab Systems
was used to validate the sEMG signal recorded by the MITOR system. For the
tests, muscles of the upper-limbs performing grasping movement and of the lower-
limbs during gait were selected.

The developed boards, in combination with the Motion Lab Systems’ probes,
were used to extract muscle synergies during gait in a healthy subject. In addition
to the classic method, the ATC approach was also tested to extract the synergies.
The synergies with ATC signal, compared with the synergies of the classic method,
showed good results. The performance was evaluated in terms of zero lag cross-
correlation between the time activations and of cosine similarity between the muscle
weights.
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Summary

This thesis is part of a larger project, called MITOR (a collaboration between Po-
litecnico di Torino (POLITO), Massachusetts Institute of Technology (MIT) and
Spaulding Rehabilitation Hospital’s Motion Analysis Laboratory (an affiliate of Har-
vard Medical School)). This project aims to develop a wearable, wireless, low-power
surface ElectroMyoGraphy (SEMG) acquisition system for long-term monitoring of
muscle synergies and diagnostic motor rehabilitation.

In this thesis, a new version of the MITOR acquisition system, consisting of 6
wearable devices, has been designed, implemented and tested. Each board can
synchronously record the sSEMG signal, envelope or Average Threshold Crossing
(ATC) signal.

The recorded signal was validated using a system on the EMG market.

In addition, a data collection has been carried out on a healthy patient so that
muscle synergies can be extracted during the journey. In addition to the classic
synergy extraction approach, an innovative approach using the ATC signal has also
been tested. This document is composed by 10 chapters:

1. Background Information: This chapter provides all introductory informa-
tion on all topics of interest to the thesis. This begins with a purely physiolog-
ical part in which the muscle system is analyzed so that the EMG signal can
be introduced and justified. The attention then passes on the surface EMG
signal. The last two paragraphs deal instead with the ATC signal and an
introduction to what is meant by muscle synergies.

2. State of Art: This chapter analyses the state of the art of wearable SEMG
acquisition systems and the literature of ATC applied to the sSEMG signal and

muscle synergies. The last part of the chapter analyzes previous versions of
the MITOR system.

3. Hardware Design: This chapter analyses and justifies all the hardware de-
sign steps taken to make the devices. It also contains a short guide explaining
the main steps to make PCBs with Altium Design®.

v



10.

. Software Design: In this chapter are shown the main flowcharts of the

firmware, written in C++ of the MITOR system. In particular, the algo-
rithms of ATC, DAC, synchronization, and ADC are discussed.

. Operation Testing: This chapter shows the tests performed after assembling

the boards. First, the synchronization between the boards has been tested. In
addition, the quality of the signal recorded in the three modes.

. System Validation: The signals recorded with MITOR devices have been

validated using the Motion Lab System in terms of SNR and time activations.

Electrical Characterization: This part discusses power consumption and
impedance measurement tests.

. Muscles Synergies Analysis: This chapter begins with a brief introduction

to gait analysis and then analyzes in detail the procedures carried out to carry
out the data collection, process data, and extract muscle synergies during
walking.

. Conclusion: This final chapter summarizes all the steps taken in the thesis

to show the final level of the work done.

Future Steps: As part of an unfinished project, this chapter is useful to show
what future changes could be made to the system in later versions.

VI



Acknowledgements

First of all, I would like to thank Danilo Demarchi and Paolo Motto ROS for al-
lowing me to work on this thesis and for motivating and guiding me throughout
the project.

I would also like to thank Paolo Bonato for allowing me to spend six months in his
laboratory: Motion Analysis Lab, at Spaulding Rehabilitation Hospital in Boston.
This experience has allowed me to grow personally and professionally, making me
understand the direction to take in my future career. A special thanks go to Ste-
fano Sapienza for having supported and endured me during the months spent at
the MAL and for having always encouraged me to give the maximum.

I cannot fail to thank all my friends and colleagues who have been close to me
during my studies. Finally, I am truly grateful to my family for having always been
close to me, regardless of physical distances, and for having taught me the value of
sacrifice. Thank you!

Prima di tutto, vorrei ringraziare Danilo Demarchi e Paolo Motto ROS per
avermi dato Uopprtunita di lavorare a questa tesi e per avermi motivato e guidato
lungo tutto il progetto.

Inoltre vorrei ringraziare Paolo Bonato per avermi permesso di trascorrere sei mesi
nel suo laboratorio: Motion Analysis Lab, presso Spaluding Rehabilitation Hospi-
tal in Boston. Questa esperienza mi ha permesso di crescere dal punto di vista
personale e lavorativo facendomi capire la direzione da prendere nella mia futura
carriera. Un ringraziamento speciale va a Stefano Sapienza per avermi supportato
e sopportato durante 7 mesi trascorsi al MAL e per avermi sempre incitato a dare
il massimo.

Non posso inoltre non ringraziare tutti © miet amict e colleghi che mi sono stati
vicini durante questo mio percorso di studi. Infine sono veramente grato alla mia
famiglia per essemi stato sempre vicino, indipendentemente dalle distanze fisiche,
e per avermi insegnato il valore dei sacrifici. Grazie.

Giovanni Manzella

VII






Contents

Abstract v
Summary VI
Acknowledgements VII
List of Tables XII
List of Figures XIII
1 Background Information 1
1.1 Basis of Muscular System . . . . .. .. ... ... ... ... 1
1.1.1  The Skeletal Muscle . . . . .. .. ... ... ... ..... 2

1.2 ElectroMyoGraphy (EMG) . . . . . .. .. ... ... ... . ..., 7
1.3 Surface ElectroMyoGraphy (sEMG) . . . . . .. ... ... ... .. 10
1.3.1 Technique . . . . . . . .. ... 10

1.3.2  Electrical Noise in sEMG Signal . . . . . ... .. ... ... 11

1.3.3 sEMG Acquisition Properties . . . . . ... ... ... ... 12

1.4 Average Threshold Crossing (ATC) . . ... ... ... ... .... 13
1.5 Muscle Synergies . . . . . ... 15
1.5.1 Extraction and Evaluation of Muscle Synergies . . . . . . . . 17

2 State of Art 19
2.1 ATC used to sEMG Application . . . . . .. ... ... ... .... 19
2.2 Muscle Synergies Analysis . . . . . .. ..o 21
2.3 MITOR Project previous versions . . . . . . .. ... ... ..... 22

3 Hardware Design 25
3.1 Design Specification . . . . . .. .. ..o 25
3.1.1 Device Architecture . . . . . . . .. ... 26



3.2

3.3
3.4
3.5
3.6
3.7

3.8

Analog Front-End . . . . . . .. ..o oo
3.2.1 sEMG Acquisition Chain . . . . . . .. ... .. ... .. ..
3.2.2 TC Events Detection . . . . . ... .. ... ... ... ..
3.2.3 RC Debounce Circuit . . . . . . .. .. ... ... ... ...
Power Supply Unit . . . . . .. .. ... L
Antenna . . . . ...
Local Storage Unit . . . . . . . . ... ...
Accelerometer and Gyroscope . . . . . ...
Microcontroller . . . . . . . .. .. oL
3.7.1  Other component . . . . . ... .. ... ... ...
3.7.2 nRF52840 Vs nRFH52832 . . . . . . ... ...
Device Development . . . . . . .. ..o
3.8.1 Case Design . . . . ... ...

Firmware Design

4.1
4.2

4.3

Overview . . . . . . . .
Slave Firmware . . . . . . . . . . . ...
4.2.1 Initialization: General . . . . . . ... ... ... ... ...
4.2.2 Initialization: ATC . . . . . .. . ... ... ... . .....
4.2.3 Synchronization routine . . . . . .. ... ... ...
4.2.4 ADC Management . . . . . .. ... ... ... ...
Master Firmware . . . . . . . . . . . . ...

Operation Testing

5.1
5.2

5.3

Electrical test . . . . . . . . ...
Synchronization Test . . . . . . . . .. ..o
5.2.1 Data Pre-Processing . . . . . ... .. ... ... ......
Recording Data Analysis . . . . . . .. .. ... ... ... ...
5.3.1 sEMG Signal . . .. ... ...
5.3.2 sEMG Envelope . . . . . .. ..o
5.3.3 ATC Parameters . . . . . ... ... ... ... ...,

System Validation

6.1

6.2

Methods and Materials . . . . . . . . ... ... ... ...
6.1.1 Motion Lab Systems . . . . . ... .. ... ... .. .. ..
6.1.2 Test Protocol . . . . .. . . ... ... .. ... ...
Validation Results . . . . . . . . . . . . . ... ... ... ... ...

50
20
20
o1
53
26
o8
60

62
62
62
65
66
66
70
70



7 Electrical Characterization 78

7.1 Power Consumption . . . . . . .. .. ... ... ... 78
7.1.1 Comparison With Other Devices . . . ... ... ... ... 81

7.1.2 ATC consumption: Hardware VS Firmware . .. ... . .. 82

7.2 Impedance Measurements . . . . . . .. ... ... ... .. .... 83
7.3 Potential Risk . . . . . . .. ... 83

8 Muscles Synergies Analysis 85
8.1 Gait Analysis . . . . . . .. 85
8.2 Materials And Methods . . . . .. ... ... ... ... ...... 87
8.2.1 Muscle Selection . . . . . ... ... oL 87

8.2.2 Data Collection Protocol . . . . . . . . ... ... .. .... 91

8.2.3 [Inmitial processing . . . . . ... ..o 91

8.3 Traditional Approach . . . . . . . .. ... ... L 92
8.4 ATC Approach . . . . . . . . . . . ... 95

9 Conclusion 100
10 Future Steps 102
A Circuit Diagram and Altium Design® Project 104
Acronyms 114
Bibliography 117

XI



List of Tables

3.1
3.2
0.1
6.1
6.2
6.3
7.1
7.2
7.3
7.4

ADb5621 characteristics . . . . . . . .. .. .. 38
nRF52840 nRF52832 comparison . . . . . ... . ... ... .... 45
Comparison of Peak Artifact Amplitude . . . . . . .. .. ... .. 68
MA-300 EMG System, Motion Lab System, System Specification . 74
MA-411 EMG Preamplifier probe Specification . . . . . . . . . . .. 75
SNR values: Motion Lab System Vs MITOR board . . .. ... .. 76
Current Consumption . . . . . . . . . . .. ... .. ... 81
Current Consumption previous version . . . . . . . ... ... ... 82
Current Consumption ATC: Hardware vs Firmware . . . . . . . .. 82
Impedance Checks: acquisition channel and supply track . . . . .. 83

XII



List of Figures

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
2.1
2.2
2.3
2.4
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13

Type of muscle fibers. . . . . . . . .. ... 2
Skeletal muscle overview. . . . . . . .. ..o 3
Physiology of the contractile mechanism of muscle fibers. . . . . . . 4
Mechanism of muscular contraction. . . . . . . . . .. ... ... .. 5
Type of Muscle Actions. . . . . . . . . ... ... L. 7
Intramuscolar ElectroMyoGraphy i(EMG . . . . . . . . . ... ... 8
Surface ElectroMyoGraphy sEMG . . . . . . . . . .. ... .. ... 9
Electrodes Positions . . . . . . .. ..o 11
Example of the frequency spectrum of the sSEMG signal . . . . . . . 12
Average Threshold Crossing transmission . . . . . . . . . ... ... 13
Example of output signal of the comparator . . . . . ... ... .. 14
Example of TC signals . . . . . .. .. ... ... ... .. .... 16
ATC, Force, ARV signals in time domain . . . . . . . .. ... ... 20
PCB Layout MITOR board version 1 . . . . . . .. ... ... ... 23
PCB Layout MITOR board version 2 (Digital Part) . . . . . . . .. 24
PCB Layout MITOR board version 2 (AFE Part) . . .. ... ... 24
nRF52840-DK . . . . . . . . 26
PCB slave overview . . . . . . . . . ... 27
Block diagram of the custom slave boards . . . . . .. .. .. ... 27
Block diagram of analog front-ends . . . . . . . .. ... ... ... 28
Block diagram of EMG conditioning circuit . . . . . . . .. ... .. 29
Schematic: overvoltage protection . . . . . . . . . ... .. ... .. 29
Voltage follower configuration and schematic . . . . . . ... .. .. 30
Schematic: overvoltage protection . . . . . . . .. .. ... ... .. 31
Schematic: Instrumentation amplifier . . . . . . . . ... ... ... 32
Schematic: Initial reset . . . . . . . . .. ... 33
Initial reset LTSPICE® . . . . . . . . .. . ... ... ... ..., 34
Schematic: active low pass filter (feedback) . . . . . .. .. ... .. 35
Schematic: voltage follower (reference) . . . . ... ... ... ... 35

XIII



3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25
3.26
3.27
3.28
3.29
3.30
4.1
4.2
4.3
4.4
4.5
4.6
4.7
5.1
5.2
5.3
5.4
2.5
2.6
2.7
2.8
2.9
5.10
5.11
5.12
5.13
5.14

Schematic: active low pass filter (Sallen-Key) . . ... .. ... .. 36
Block diagram of TC events detection . . . . . . .. ... ... ... 36
Hysteresis comparator . . . . . . . . ... ... ... ........ 37
Schematic: DAC . . . . . . . . . . .. .. 39
Force Sensing Resistor . . . . . . . .. .. ... L. 39
Schematic: RC Debounce Circuit . . . . . . .. .. ... ... ... 40
Schematic: Power Supply Unit . . . . . . . . . ... ... ... ... 40
Antenna layout . . . . .. ..o 41
Schematic: pSD card slot . . . . . . . . . ... ... ... ... 42
Schematic: Accelerometer and Gyroscope . . . . . . . . .. .. ... 42
Schematic: Microcontroller . . . . . . . . . .. ... ... 43
J-Link EDU Mini . . . ... .. .. ... ... .. ... ... 44
Schematic: LEDs . . . . . ... o 44
IPC® Compliant Footprint Wizard . . . . . . . .. ... ... ... 46
Schematic editing . . . . . . .. ..o oL A7
PCB layout . . . . . . . . . . 48
Case Design . . . . . . . . . 49
Flowchart: main high level . . . . . . ... .. ... ... ... ... 51
Flowchart: Threshold Calibration . . . . . . .. ... ... .. ... 54
AD5621 input register contents . . . . . .. ... o6
Flowchart: Synchronization routine . . . . . . . . . ... ... ... o7
Flowchart: High level sampling routine and raw-data routine . . . . 59
Flowchart: envelope and ATC routine . . . . . . . . ... ... ... 60
Flowchart: master main high level . . . . . . . .. ... .. ... .. 61
Test delay without synchronization . . . . ... .. ... ... ... 63
Test delay with synchronization . . . . . ... ... ... .. .... 64
Missing Synchronization Event . . . . . . . . . ... ... ... ... 64
Correct Synchronization Event . . . . . . .. . ... ... ... ... 65
Flowchart: Data Pre-processing . . . . . . . . ... ... ... ... 65
Recorded sEMG signal . . . . . . ... ... ... ... ... ..., 66
Peaks analysis with TPS61099 . . . . . . . . . ... ... ... ... 67
Load Regulation comparison between TPS61099 and TPS63070 . . 67
Peaks analysis with TPS63070 . . . . . . .. . ... .. ... .... 68
Peaks analysis with TPS63070 and 20pF Capacitor . . . . . . . .. 69
PSD comparison between the three different test . . . . . . . . . .. 69
Recorded sEMG Envelope . . . . . .. .. ... ... ... 70
Selected Threshold (ATC mode) . . . . . . .. ... ... ... ... 71
Comparison ATC value Hardware vs Software . . . . . ... .. .. 71

XIV



5.15
6.1
6.2
6.3

6.4
7.1
7.2
7.3
7.4
8.1
8.2
8.3
8.4
8.5
8.6

8.7
8.8
8.9
8.10
8.11
8.12
8.13

Borderline peak Hardware vs Software . . . . ... ... ... ... 72
MA-300 EMG System, Motion Lab System . . . . . ... ... ... 73
Motion Lab System probes and Covidien Electrode for MITOR board 74
Signal recorded during maximum voluntary contraction of: a)Biceps
Long Head by Motion Lab System; b)Triceps Brachii Lateral by Mo-
tion Lab System; c¢)Biceps Long Head by MITOR system; d)Triceps
Brachii Lateral by MITOR system . . ... ... ... .. ..... 76
Comparison between the sEMG singnal from Gastrocnemius Medialis 77

Block diagram of the power consumption test connection . . . . . . 78
Elaboration data supply current . . . . . . . .. ... ... .. 79
Behavior of current consumption in three different working mode . . 80
Zone time/current of AC current on human body . . .. .. .. .. 84
Mains phases during gait cycle . . . . . . ... ... ... 85
Bipolar electrodes placement . . . . . . .. ... ..o 87
Timing of muscle activity during normal gait . . . . . . . . ... .. 90
Data collection signals pre-processing flowchart . . . . . . .. . .. 92
Block diagram of traditional synergies extraction method . . . . . . 93
Comparison between original envelope and reconstructed envelope

(using R%) . . . . . 93
Extracted Synergies during the gait Left Vs Right Leg. . . . . . . . 94
Zero-Lag Cross-correlation and cosine similarity: Traditional Approach 95
Block diagram of ATC synergies extraction method . . . . .. . .. 95
Similarity coefficient of classic envelope and ATC envelope . . . . . 96
Example of ATC envelope Vs Classic envelope . . . . . . . ... .. 97
synergies extraction with ATC approach . . . . . . . ... ... .. 98

Zero-Lag Cross-correlation and Cosine similarity: ATC Approach . 99

XV



Chapter 1

Background Information

1.1 Basis of Muscular System

The muscular system is composed by several muscles that interacting allow the
human body movement, but also stabilize and maintain posture, protect underlying
organs, produce of heat and permit the transport of organic substances like blood
and food.

All this functions are controlled by the Nervous System through electrical stimuli,
called action potential (AP). After receiving it, the muscle contracts it, and the
contraction force determines the movement that can be involuntary or voluntary.
This link between the Muscular system and the Nervous system has led to the
creation, in physiology, of the Neuromuscular System.

It is possible make an initial categorization of the muscular system based on the
type of muscles tissue that compose it. There are three different types of muscle
tissue in the body [1]:

« Skeletal (or Voluntary) Tissue

The skeletal muscles are voluntary muscles controlled by the peripheral portion
of the Central Nervous System (CSN). In Figure 1.1A, we can see that this
type of tissue appear as striped with multi-nuclei. they are the only cells in
the human body that are multinucleated. These muscles are responsible for
body mobility. In fact the main functions are allow the movement of bones,
maintaining the body’s posture and moves lymph and blood. The ends of
the skeletal muscles usually are linked to bones, skin or other muscles. In the
subsection 1.1.1 there is a more details about this muscles type.

e Smooth (or Involuntary) Tissue
The Smooth Tissue are called Involuntary because these are controlled by the

1



1 — Background Information

autonomous nervous system. The cells of this muscle type are non-striated and
have a spindles shape (Figure 1.1B). Each cell has a single, centrally located
nucleus. This type of muscles has slow but sustained contraction in fact their
principal functions are move organic substances trough digestive and urinary
tracts. The smooth tissue is find in the walls of hollow visceral organs in the
body, except in the heart.

o Cardiac Tissue

The cardiac muscle or myocardium, work autonomously and rhythmically.
This muscle is characterized by a self-exciting and rhythmic repeating that
define the heart‘s rhythmic contraction. This muscle is made up of striated
cell connected in a network (Figure 1.1C). This particular structure allow that
the stimulation of one part passes to another part of the heart muscle. It’s
this event that gives rise to the rhythmic movement introduced above. As its
name suggests, this type of muscle is only present in the walls of the heart.

Figure 1.1: Type of muscle fibers:(A) skeletal, (B) smooth, and (C) cardiac [2].

1.1.1 The Skeletal Muscle

For this study is very important clearly understand the main features of the skele-
tal muscle, because these are related to the body movement and therefore of Flec-
troMyoGraphy (EMG). In fact the EMG signal represent the skeletal muscles’ elec-
tric activity.

Skeletal Muscle makes up about 40% of the body weight, and another 10% is
for smooth and cardiac tissue. So in an healthy body half of the total weight
are muscles. These are composed by water (about 75%), protein (25%) and other
organic and inorganic components like salt, carbohydrates, fat, glycogen ... (5%).

In this chapter, the several functions of the skeletal muscles will be analyzed in
two different point of view: Metabolic and Mechanical. From a Metabolic prospec-
tive, skeletal muscles has an important role in the basal energy metabolism. In

2
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fact this type of muscles works as a deposit for substrate such as amino acids and
carbohydrates, but also like consumer of nutrients and oxygen during the contrac-
tion or to maintain the internal temperature. From Mechanical point of view the
principal goal of the skeletal muscles is convert chemical energy into mechanical
energy in order to generate force and power during the physical activity.

Physiology of Skeletal Muscles

Fasciculus

Muscle
fibers

Figure 1.2: Skeletal muscle overview [2].

The skeletal muscles are made up of numerous muscle fibers with varied diame-
ter (from 10 to 100 pm), hold together by fibrous connective tissue. The external
structure take the name of muscle fascia that inside is composed by smaller ele-
ments. The epimysium is a connective tissue capsule that wraps the perimysium.
The latter groups in turn the muscle fibers in fasciculi. The single muscular fiber is
covered by the sarcolemma (a transparent plasma membrane). At the fiber extrem-
ities, sacolemma and tendon fibers merge to giving rise to inelastic parts (tendon)
that link the muscle to the bone.

Each muscular fiber is made up of myofibril that in turn is composed by about
3000 filament of Actin and 1500 filament of Myosin [3]. Between myofibril there
is the sarcoplasm, a intracellular liquid rich of magnesium, phosphate, magnesium
and numerous mitochondria that supply energy in form of ATP during contraction.
These filaments are responsible for the muscle contractions as a result of their
sliding movement. A longitudinal section of myofibril show that the inside structure
is organized in different areas:

e I bands are made up of filaments of actin. These bands are bright because are

3
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Figure 1.3: Physiology of the contractile mechanism of muscle fibers [2].

isotropic to polarized light.

e A bands are dark bands made up of filaments of Myosin that are isotropic to
polarized light.

Z disks are composed by mostly alpha-actinin. This protein fix the filaments
of actin. The portion of myofibril between two disks Z is called sarcomere.

e H zone is the central part of the sarcomere. It is composed by thick filament.

e M line is a thickened area inside of the H zone that consists of proteins that
hold the filament in place.

The position of the filaments of actin and myosin is fixed by the titin.This protein
has a elastic filamentous structure. These filaments are placed among the 7 disk
and the M line, and work as a spring during the contraction.

Contraction Mechanism

The muscle contraction start when the CNS send an electrical stimulus via a motor
nerve. The AP is spread through the motor neuron until the muscular fibers.
Each ending the nerve free acetylcholine. This neurotransmitter opens the cationic
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channels of the muscular membrane. This means that a significant amount of
sodium ions (Na*) enter inside that cause a local depolarization of the membrane.
For this reason there is a AP generation inside the membrane that reaches the center
of muscular fiber where the sarcoplasmic reticulum release calcium ions (Ca™).
These ions give rise to attractive force between the filaments of actin and myosin,
that cause the sliding each other. Another essential characteristic of the myosin
for the contraction, is the enzymatic property to obtain energy from the phosphate
bond with high energy content of ATP (that became ADP). The contraction finish
with rebalancing of Ca™” inside the sarcoplasmic reticulum.

Figure 1.4 shows what happens to actin and myosin during the contraction.

Sarcomere Sarcomere
(relaxed muscle) (contracted muscle)
)
~ =D S
R e e feresereTeTeTeTel | moeselwseeseTe]
~ =ss=meoe N ———
R e e e
=~ .-_.-7-‘ e =
/
Thick (actin) filament Thick (myosin) filament

MNormal aerohic
respiration

Boeeeleed - l
T Thick filament ) *—
Thick filament \)

—_— —_—

2. Working stroke — the
myosin head pivots and
bends, pulling the thin
filament towards the

In death, with no ATP production,
the cycle stops here (rigor mortis)

Figure 1.4: Mechanism of muscular contraction [1].

o

1. Myosin head (thick
filament) attaches to
actin (thin filament)

3. ATP attaches to the myosin
head, causing it to detatch
from the actin filament.
The cycle then repeats

Type of Muscular Fiber

Each skeletal muscle is formed by different types of fibers, classified, in 3 types,
based of their resistance and contraction speed. Another different between these
types of fibers is the amount of myosin that determines a change of color of the
fibers.

o Type I or Red fibers
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These are suitable for slow and long lasting work, because they have a good
tolerance to fatigue and have the capacity to remain contracted. This type of
fiber involved in intense and long efforts. They are the first type of fiber to be
recruited during the muscle contraction and they are able to produce a small
force. The red fibers come with aerobic metabolism.

o Type Ila or Intermediate fibers
The intermediate fibers are able to perform rapid and medium-term contrac-
tion before expend effort. They are remarkably resilient. This type of fiber
have an anaerobic metabolism.

o Type IIb or White fibers
The white fibers are the most powerful muscle fibers. They are suitable for
strong and short-term efforts. They are characterized by a higher conduction
velocity and for this reason have a rapid answer but a small resistance to
fatigue. The fibers IIb are useful for maximum contractions. Also this type of
fiber, as fiber Ila, have an anaerobic metabolism.

Muscle Movement

During the movement each muscles don’t work alone but every movement is the
result of the action of a group of muscles. It’s possible classified, this groups, by
functions. The muscles that are main activating during the movement take the
name of agonists or prime movers. Instead, the muscles that oppose the movement
are called antagonists. The role of the muscles is not fix, but a same group can be
agonist or antagonist based on the type of move.

There are muscles that stabilize the origin (they hold a bone) of the prime
movers. These muscles are the fixator. The synergists muscles help the agonist in
the execution of the same movement.

The two main type of muscle contraction are static, also called isometric con-
traction of dynamic, defined as isotonic contraction. In the first type of contraction,
the length of the muscles don’t change. When a muscle contracts isometrically, a
tension is generated without shortening or lengthening of the muscle fibers even
if his sarcomeres became shorter. Instead, the isometric contraction are those in
which there is a variation of length of the muscles. These can be eccentric or
concentric. Eccentric occurs when the muscles is stretched and develops tension.
As opposed the concentric in which the muscles shortens to move the attachment
closer.
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Figure 1.5: Type of muscle actions [1].

1.2 ElectroMyoGraphy (EMG)

The electromyographic signal is a bioelectrical information generated by the muscles
during its contraction, representing neuronal and muscular activities. The smallest
unit of the muscle activation signals are the Motor Unit (MU), these functional
units are the smallest parts of the muscle that ca be voluntarily contracted. One
MU is composed by all the muscle bers innervated by the same motor neuron. One
collection of MUs ,that is activated together during a low moderate force contrac-
tion, create a Motor Unit Action Potential (MUAP), which waveform shows how
the MU are organized in that MUAP.

The EMG signal is the result of the electrical potentials generated by the depolar-
ization /repolarization of the external membrane of muscle fibers. The amplitude of
these potentials depends not only on the anatomical characteristics of the muscles
but also on the position and properties of the electrodes used for the collection. The
resulting signal at the detection point is the spatial-temporal sum of the individual
action potentials produced by the depolarizations of the muscle fibers of a motor
unit and is called MUAP (motor unit action potential)

Generally, in the electrode detection zone, there are contributions from other motor
units, so a series of MUAPs are detected. Depending on the electrode used, there
are variations in the shape, phase, and duration of MUAPs. The amplitude and
shape of an observed MUAP are, therefore, a function of the geometric arrangement
of the UM, muscle tissue and electrode properties used. The MUAPs generate a
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contribution so much greater the closer they are to the area of withdrawal giving
rise to the electromyographic signal.
There are two different types of EMG signal:

o Intramuscolar ElectroMyoGraphy (iEMG)
This is the classic technique for recording and evaluating the EMG signal.
The electrodes used are small needles embedded directly on the muscle. This
technique has high selectivity and it is possible to study the single MUAP.
The extracted signal allows us to distinguish the contributions of the single
units (figure 1.6).
For this reason, it can be used to study both the morphology of the signal and
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Figure 1.6: Intramuscolar ElectroMyoGraphy (iEMG) [4].

the temporal activation. Another advantage of this technique is the absence of
any kind of filtration and artifact caused by the tissue, as the electrode is di-
rectly placed in the muscle. The disadvantages of this technique are certainly
the invasiveness of electrodes and the need to sterilize needles. Moreover, this
type of sampling cannot be applied to dynamic motor activity. Nowadays, this
technique is widely used in neurophysiology for the diagnosis of myopathies.

« Surface ElectroMyoGraphy (sEMG)
This is a non-invasive technique that involves recording the EMG by placing
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the electrodes on the surface of the skin. The biosignal recorded in this way
is an interference signal given by all the AP of all the motor units recruited.
The signal obtained is affected by tissue filtration between the muscle and the
electrodes. It is not useful to study the morphology of the sEMG signal as
this because of the multiple sources that generate it giving it a noise aspect.
This technique is suitable for dynamic analysis but to obtain good signals it
is important to position the electrodes correctly.
When a surface electrode sample is made, the total potential generated by the
motor units that they can detect is recorded and it is defined as the potential
for interference. Generally, the surface electrodes can know the activity of
about ten motor units regardless of the total amount that makes up the muscle.
From the EMG signal of interference, it is possible to trace back to those
generated by the individual motor units and to the instant of time in which
they are activated, it is necessary to carry out the decomposition of the EMG
signal. This procedure is carried out to know the method of recruitment of
the motor units and therefore the specific functioning of the analyzed muscle.
The sEMG is widely used in rehabilitation because it allows to easily have
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Figure 1.7: Surface ElectroMyoGraphy (sEMG) [5]

information both on the timing of the muscle activation during a movement
both on the degree of contraction and on the relationship between muscle
groups.
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1.3 Surface ElectroMyoGraphy (sEMG)

1.3.1 Technique

When an sEMG signal is acquired it is necessary to define the recording mode
(monopolar or bipolar), the electrodes configuration (single or double differential),
the type of electrodes to be used and especially their position.

Electrodes

The most used electrodes are made of silver/silver chloride (Ag / AgCl), silver
chloride (AgCl), silver (Ag) or gold (Au). The Ag/AgCl electrodes are the most
used and have the ability not to be polarized. In addition, thanks to the use of
a conductive gel layer, it is possible to reduce the sensitivity’ to the movement
artifacts caused by the sliding between electrode and skin. So these electrodes have
good stability at the electrode-skin interface. Low-cost disposable electrodes exist
with the built-in gel state to simplify and lessen the timing of electrode positioning.
As for the size of the surface electrodes, they vary from millimeters to a few cen-
timeters in diameter or length. Each electrode has its particular field of application,
and the size depends on both the area of acquisition and the distance between two
electrodes. So the size of the electrodes determines the spatial resolution.

Recording mode

For the sEMG, there are two recording modes: monopolar and bipolar. The
monopolar mode consists of placing an active electrode at the muscle to be ex-
amined and a reference one at a neutral point. The bipolar mode instead requires
the use of two active electrodes placed both on the examined muscle. The bipo-
lar recording provides better immunity to disturbances but is characterized by less
selectivity than the monopolar mode. In addition, more complex positioning is
necessary for small muscles.

Electrodes Configuration

There are two electrode configurations: single or double differential. In the single
differential, the SEMG signal is equal to the output voltage of an Operational
Amplifier that makes the difference between its inputs. Three amplifiers are used
in the dual differential. This mode allows to create a spatial filter and therefore
allows to pick up signal more on the surface. The single differential sampling has
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smaller dimensions and is less noisy but less selective. The double differential
requires an extra electrode and this increases space but is more selective.
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Figure 1.8: Electrodes positions|6]

1.3.2 Electrical Noise in sEMG Signal

During the acquisition of the sEMG signal the sources of noise that afflict the
quality of the signal are multiple [7]:

o Inherent Noise (electronic Components): All electronic components gen-
erate noise throughout the band (white noise). This noise cannot be eliminated
but can be reduced with high-quality components and by properly designing
a circuit.

o Environmental Noise: This noise is caused by interference between the ac-
quisition device and the external environment (antennas, power supply, etc.).
One of the most interesting interferences of the SEMG signal is network inter-
ference (50Hz in the EU, 60Hz in the USA). ambient noise

o Motion Artefact: This noise can be generated either by the electrode sliding
on the skin or by the movement of the cables connecting the electrodes to the
amplification circuits. This noise is low frequency (below 15Hz).

e Inherent Instability of the sEMG signal: The sEMG signal between 0Hz
and 20Hz is influenced by the almost physical nature of the firing rate of muscle
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fibers. For this reason, it is appropriate not to consider this frequency band.

e Muscle Cross-Talk: This noise is caused by the activation of more muscles
during the same movement. So during the recording of the sEMG signal of
one muscle, the electrodes detect also the activation of another muscle. This
causes a wrong interpretation of the recorded sEMG signal. The factors that
most influence this phenomenon are the inter-electrode distance and their size.

» Electrocardiographic (ECG) Artefacts: The activity of the heart is a
strong source of the noise. There is no way to eliminate, completely, this
noise. This can be reduced using a high CMRR acquisition channel with
bipolar recording.

1.3.3 sEMG Acquisition Properties

The sEMG signal is a stochastic signal, reasonably representative with a Gaus-
sian distribution. The signal amplitude varies between 0mVpp and 10mVpp (Vpp:
amplitude peak to peak), or from 0 to 1.5mV in rms. Spectral components are gen-
erally between OHz and 500Hz, but those with a higher power are in the O0Hz-150Hz
band. A typical example of an sEMG signal is shown in the figure .

To acquire a signal sSEMG is typically used as a biopotential acquisition chain

100

Power

0 100 200 300 400 500
Frequency (Hz)

Figure 1.9: Example of the frequency spectrum of the SEMG signal [6]

composed of a series of alternating filtering and amplification blocks. The filtering
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blocks are used to record only the SEMG signal in the most interesting band (usu-
ally 15Hz-400Hz) and to attenuate the previously analyzed noise. The amplification
is necessary to adapt the SEMG signal (usually under 10mVpp) to the dynamics of
ADC useful for digitizing the signal. So the typical acquisition channel consists of
4 main steps: detection, amplification, conditioning, and digitizing.

1.4 Average Threshold Crossing (ATC)

The Threshold Crossing (TC) is a technique in which an event is generated each
time that an input signal crosses a fixed threshold. Many papers in literature show
the advantages of using this approach for sEMG signal [8] [9] [10].
A comparison between the classic way of transmitting data and the innovative
TC technique is shown in figure 1.10. The classic method involves the acquisition
and the generation of TX Packets each fix time (7's) with a sampling frequency of
1/Ts. Meanwhile, with the TC approach, only when the signal crosses the threshold
(Vth), the TX events are created.

On electronic point of view, this technique (applied to sEMG) is very easy to

EMG signal L L
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10S11S

/ N
TX Packets |

i - 1 b
3514 S15S16S17  {ime

—_ e

1

(3]

S

i'\/ ) time
TX events \\; I] D ( D ) I] >

\E‘: | E2 / E3 E4 time
N K [12] [P | Patterned Event: E[x] @
Packet Pattern Sample: S[x] ®

Figure 1.10: Comparison between classic sSEMG transmission way and ATC technique
[10].

implement, in fact, in addition to the classic acquisition channel only a operational
amplifier comparator is required. This type of component are able to compare two
analog voltage or current inputs. The sEMG signal and a voltage reference are the
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inputs of this component, so in this way, every time that the signal is higher than the
reference (threshold) the output take the value of the voltage supply. The output
maintain this level until the signal falls below the threshold. Therefore, the outputs
signals of the comparator has the same shape of a digital signal like in figure 1.11.
It’s more correct define this signal a Quasi-Digital Signal, because the information is
contained in the time between two consecutive events. The TC signal can be given
directly as input to a micro-controller or a wireless transmission module, without
using an Analog-to-Digital Converter (ADC). This allow to reduce the number of
component, and hence the space occupied by electronic components, in the device.
The quasi digital signal allows to decrease the amount of data to be sent or in

— High Level

Quasi Digital
Signal

Low Level

Time Window

Figure 1.11: Example of output signal of the comparator.

general, that to be saved. Furthermore the ATC technique permits to obtain a
low power consumption on transmitter perspective, compared to the standard way
to process data. The shape of TC signal is optimal to be combined with Impulse
Radio Ultra Wide Band (IR-UWB). This is a low power and robustness against
interference radio technology that in the last years, has become very popular in
Wireless Body Area Networks (WBAN), and in general in bio applications. The
consumption of the T'C technique are very dependent on the choice of the threshold,
because a threshold level too low would cause many events to send, but a too high
level would be the cause of few information. For this reason, the correct selection
of threshold is a critical point of this technique. To obtain a good compromise
between power consumption and amount of data, it could be useful use a Dynamic
Threshold. In this way, the level of the threshold and so, also the number of events
would be more controlled.

Starting to TC (figure 1.11), a time window can be fixed, in order to define the
ATC parameter. This parameter give information about the average behavior of
the signal into a fix windows. With this approach the amount of data significantly
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decreases.
To sum up,the advantages of the TC technique are:

o ultra low power consumption;

e robust to noise;

reduced data transmitted or saved;

reduced component circuitry;
« applicable to WBAN application.

In opposition to these advantages, there are also same disadvantages that restrict
the application fields of this technique:

e loss of the morphological properties of the signals;
o difficulty choosing of the correct threshold

In section 2.1 will be analyzed the multiple uses of the TC signals and of the
ATC parameter, for the sEMG signal.

1.5 Muscle Synergies

Information about the sEMG signals of the muscles that taking part in the same
movement, allows extracting muscle synergies. Synergic control is used by the Cen-
tral Nervous System (CNS) to simplify the monitoring of the body’s muscles. In
this way, during a movement, the CNS controls the muscles in modules instead of
individually. Managing these modules allows it to solve the problems of inverse
dynamics related to different degrees of freedom in the musculoskeletal system.
Among the different theories on synergistic recruitment, the most widespread is
the theory of "hierarchical control". This involves a complex chain of actions that
starts from the motor cortex and reaches the spinal interneurons. For example,
when a voluntary movement has to be performed, the CNS controls many muscles
to perform the action. Each group of muscles has a specific action to define over-
all spatial directions, the strength, and the speed of the movement. Synergies are
therefore strongly linked to the coordination of muscles to generate movement. So
it’s as if to make a movement the CNS would draw multiple synergies from a sort
of base library. The overlap of these describes a complex movement over time.
The fundamental problem in defining these "groups" is the high variability of the
EMG. This variability greatly increases in the subsets with muscle abnormalities.
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The study of muscle synergies has a twofold purpose: to investigate the abnormal
activation of muscles, to use them as a mechanism to simplify the control of move-
ments. With the technique of synergies, it is, therefore, possible to study how the
motor system is organized. This information is clinically useful for rehabilitation.

Synergies not only give information about which muscles are grouped but also
how they work together. Each muscle has a certain weight in synergy (figure
1.12). Considering the weight and the temporal activation of the synergy it is
possible to regain the activity of a single muscle. It is, therefore, possible to define
a mathematical model of the following type:

m(t) ~ éWi x h; (1.1)

where m(¢) is the envelope of the muscular activity, w; is the ¢ synergies weight
values, h; represent the time activation pattern and n is the number of muscle
synergies.
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Figure 1.12: Muscle synergies hypothesis: from the sum of the products between the
muscle synergies weights (w;) and the time activation (h;), it’s possible define the envelope
of the muscular activity (m).
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1.5.1 Extraction and Evaluation of Muscle Synergies

In MATLAB®, it is possible to extract muscle synergies using the nnmf (Non-
Negative Matrix Factorization) algorithm. This function to work properly requires
the following inputs:

o sEMG envelope: matrix ¢ x [ where ¢ is the number of channels and [ is the
length of envelopes;

o k: number of synergies.

The outputs of this function are:
o W: matrix ¢ X k that containing weight vectors for each synergy
o H: matrix k£ x [ of time activations.

The algorithm selects the W and H factors to minimize the root-mean-squared
residual between the matrix of envelopes provided in the input and the reconstruc-
tion given by W*H. Factoring uses an iterative method that starts with random
values of W and H. This implies that sometimes the algorithm can converge to a
local minimum. This implies that the solution rank may be less than k and thus
give incorrect results. To avoid this the "replicates" option is activated which allows
repeating the factoring several times. According to previous works[11], this value
has been set to 1000.

An essential parameter to be given to nnmf is the number of synergies that must
be defined a priori. To select the appropriate number of synergies, the coefficient
of determination (R?) has been calculated between the original envelopes and the
reconstructed muscle activations (W x H). The R? values have been calculated
for all possible k values( 1 to c-1). The value of k has been chosen for which the
mean R? value is greater than 85% and an R? greater than 70% for each channel [12].

Similarity Coefficient

to compare and evaluate the similarity between the synergies or the reconstruction
of nnmf function, three different parameter were used.

« Coefficient of Determination (R?)
The coefficient of determination gives information on the proportion between
the variability’ of the input data (envelope) and the correctness of the statis-
tical model used (nnmf result: W x H). This coefficient is calculated using

17



1 — Background Information

the following formula [13]:

Ssres
SStot

RP=1- (1.2)
where: SS,., is the residual sum of squared and SS;, is the total sum of

square that is proportional to the variance of data.

n

Ssres = Z(yl - QZ)Q (13)
S =3 (0i ) (1.4)

y; are the original, y is the mean of y;, and §; is the model estimation data.

R2 has characterized by a maximum value of 1. It means that the model
explains the data perfectly.

Zero-Lag Cross-Correlation

The cross-correlation measures the similarity of two signals as a function of a
temporal shift applied to one of them. Zero-lag cross-correlation is a particular
type of correlation in which the signals are compared with a zero delay. This
parameter was calculated using the following MATLAB® code:

CC=xcorr(signall, signal2, 0, 'coeff’);

Where signall and signal2 are the time signals of synergies [14]. This coeffi-
cient compares the signals regardless of their amplitude. The zero-lag cross-
correlation verifies if when one signal increases (or decreases) also the other
increases (or decreases). For this parameter, however, a signal that always
remains at 1 and another that remains at 0 has a very high cross-correlation.

Cosine Similarity

The Cosine similarity allows to compare the similarity between two non zero
vectors. This index varies in the range between -1 and 1, but generally is
used only in the positive range [0;1] respectively for absence and maximum
of similarity. This coefficient was used to compare the weight synergies value
[14]. The cosine similarity was calculated by the following formula:

Wi« W',

CS =t 1 _
Wil | [[W73]]

(1.5)
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Chapter 2

State of Art

2.1 ATC used to sEMG Application

Some studies have combined ATC technology with EMG acquisition devices. In
particular, the Istituto Italiano di Tecnologie (IIT) has shown that by combining
ATC technology with IR-UWB communication technology it is possible to obtain
and transmit information on the muscle strength developed.
In a first study [15], a portable wireless device for biomedical applications was built.
This system is based on the wireless protocol Impulse Radio - Ultra Wide Band
(IR-UWB). This technology consists of the transmission of short pulses of duration
to minimize transmission consumption. The system consists of an sEMG acquisi-
tion channel and allows to obtain in hardware the ATC signal. In particular, this
work demonstrated the correlation between system performance in terms of ATC
events (digital pulses) and system performance by looking at the ARV values calcu-
lated on the raw sEMG signal in the recognition of force levels. These values have
been validated using also the signal of force recorded with a dynamometer during
a maximum voluntary contraction.

The results (figure 2.1) show a correlation between ATC and the dynamometer
signal of 0.95+0.02 and 0.974+0.02 with the AVR of sEMG.
An improvement of this system was developed by the same research team [10]. This
second work concerns the extension of the previous ATC wireless system to a more
complex version of multichannel acquisition. Data are transmitted using the AER
(Address-Event Representation) approach which uses an encoder to form a packet
of data that identifies the input channel and wireless transmitter. The pattern of
this prototype is the same as the previous one: starting from the raw signal sEMG
is obtained the signal almost-digital (TC) generating pulses for the IR-UWB trans-
mitter that sends data accordingly. The work has determined a confirmation in
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Figure 2.1: ATC, Force, ARV signals in time domain[15].

the reduction of power consumption and the dimensions of the board. This work
also aims to evaluate the robustness of the ATC signal by varying the SNR signal,
amplifier distortion, saturation and number of lost events. A tolerance of 5-6dB for
SNR and 70% for lost events has been demonstrated.

The [8] proposes a prototype for the transmission of wireless muscle force consist-
ing of a wearable PCB. This device contains the sEMG amplification and filtering
chain and the IR-UWB transmitter. This prototype shows the possibility to reduce
as much as possible the size of the acquisition card and the power consumption.
"In-Vivo" tests show that the number of TC events increases with the increase in
muscle strength produced. The tests were carried out using a series of weights in
an isometric and isotonic condition. The system is able to discriminate the state
of muscle rest over two levels of strength that differ by at least 6kg, with an error
rate of 0% and eliminating the peaks associated with noise.

In [16] a dynamic threshold to generate the TC signal, called D-ATC was intro-
duced. The result of this technique shows greater robustness and a greater corre-
lation with the force level. In further work [17], the prototype of the multi-channel
ATC/sEMG card was validated to define the parameters of the ATC (time window,
threshold value). In this work, a threshold is fixed to 100mV from the noise on the
baseline of the signal. As for the temporal window instead this must be sufficiently
large to modulate the muscle activity, but it must not be too large so as not to
compromise the temporal resolution. Generally, the values are between 50ms and
200ms [18].

A prototype based on the previous work [17], for the multichannel acquisition of
sEMG signals using the ATC approach, was produced in [19]. This work contains
tests, performed on biceps and quadriceps muscles, that show how the number of
peaks TC increases with the increase in the force produced and therefore how this
type of signal is able to describe the muscle activation without the use of any signal
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sEMG.

Another work [20] used the acquisition cards designed in [19] in order to control in
real-time a functional electrical stimulation (FES)as a therapy used in neuromus-
cular rehabilitation.

Finally, in the work [11] was used the signal ATC to extract muscle synergies during
the analysis of the path. This work the optimal ATC parameters to carry out this
type of study has been evaluated. The synergies extracted with the sEMG signal
envelope (traditional approach) and those extracted with the ATC parameter have
a very high similarity of 95% with a standard deviation of 5%.

2.2 Muscle Synergies Analysis

The number of studies and works on muscle synergies is very large. There are
studies such as [21], which compare factor algorithms to extract muscle synergies.
The study shows that the best performing algorithms are factorization algorithm
(FA), independent component analysis (ICA) and non-negative matriz factoriza-
tion (NNMF). These provide results without obvious differences and with the same
number of synergies extracted. The most commonly used method in literature is
the NNMF algorithm.

Other studies such as [22] show a general description of the various application
fields of muscle synergies (clinical research, robotics, sports).

D. Rimini’s research team has analyzed how the various techniques of preprocessing
the sSEMG signal can determine the variability of the synergies extracted [23].

In particular, in [24], it is analyzed as changes in standardization techniques (max-
imum voluntary contraction or maximum signal amplitude), in initial bandpass
filtering ([20 — 500Hz] or [50 — 500Hz]) and in the cut-off frequencies of the low-
pass filter (0.5Hz, 4Hz, 10Hz, 20Hz) influence the extraction of muscle synergies.
The results show that filtering passes band anon causes appreciable changes. In-
stead, the cut frequency of the low pass filter to get the sEMG signal envelope is
the main cause of the variability of the extracted synergies. These changes in terms
of both the number of synergies and the contributions of muscle weights. Specif-
ically, it is noted that using too low a frequency (0.5Hz) results in a very blunt
signal, which causes an incorrect increase in muscle weight and inter-variability.
Frequencies high of 20Hz instead generate an envelope too sensitive to noise that
results in a reduction of the number of synergies and variability. For these reasons,
an optimal choice is to set an intermediate value like 10Hz.

Various studies analyze the best ways to define the right number of muscle syner-
gies. This value is generally decided by choosing the first condition in which the
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variance index, the variance accounted for (VAF) or the coefficient of determination
R2, is higher than a certain value. These thresholds are between 90-95% for VAF
and 80-85% for R2 or if the parameter does not reach these thresholds when the
slope curves in about flat.

In the work of Gelsy Torres-Oviedo and Lena H. Ting [25], the number of synergies
is done with the use of a double VAF threshold. The first requires that the VAF
for each channel must be >75% while the second limit refers to the average of the
individual VAF (VAF, erqu) which must be >90%. This method of selection was
also applied in another work [26].

Other works, however, use the coefficient of determination R2. In [12] the number
of synergies is chosen based on the first value that results in a reconstruction of the
envelope matrix measured with R2 >80%. While in [27] the number of synergies is
determined by assessing when the R2 curve reaches a plateau.

Most research projects study muscle synergies related to walking. It has been shown
that based on the number of muscles selected for a path analysis, the number of
synergies extracted varies between 4 and 6 [11] [26] [14] .

In [28] the non-negative matrix decomposition algorithm extracted muscle syner-
gies from 6 lower limb muscles, e.g. tibialis anterior (TA), gastrocnemius medialis
(GA), rectus femoris (RF), biceps femoris (BF), adductor longus (AL), gluteus
medius (GM) and erector spinae (ES). The analysis showed that 4 muscle synergies
represent at least 70% and 5 muscle synergies represent at least 90%.

Finally, in the work described in [14], muscle synergies are analyzed considering
over 180 gait cycles and 12 healthy subjects. The work showed that all 12 subjects
are characterized by 5-7 muscle synergies.

Examining the weights of the synergies W and the temporal coefficients H, have
been calculated both the into-similarity of the single subject and the coherence
between different subjects. The similarity indices used are cosine similarity (CS)
and zero-lag cross-correlation (CC) between the synergy weights W and the tem-
poral coefficients H. The 5 muscle synergies correspond to the main biomechanical
functions of locomotion.

2.3 MITOR Project previous versions

The system realized in this thesis is the third prototype of the MITOR system.
During the design phase of this new version, the aim was to solve all the prob-

lems encountered in the previous prototypes. The first two versions were entirely
designed by Abuduwaili Tuoheti during his PhD [29].
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MITOR System Version 1
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Figure 2.2: PCB Layout MITOR board version 1: a) Top Layer; b) Bottom Layer

The device is a single-layer PCB with dimensions of 58x38x11mm. The sEMG
signal is taken using two exploding electrodes and a reference electrode. The ac-
quisition channel has a bandwidth passing between 30Hz-400Hz with a gain of 922
determined by the instrumentation amplifier (INA321). The sEMG signal is in-
put to a microcontroller ADC pin (NORDIC SEMICONDUCTOR® nRF52832). The
information on the operating status of the device is given by 3 LEDs of different
colors. The boards also have a triaxial accelerometer (LIS2DH12). The device’s
power supply is set to 3.3V using the XCL210C33 component. In this first version,
there is also a switch to enable and disable the power supply of the pSD card.
Radio communication between individual devices is made possible by the use of an
antenna chip.

This prototype was used to verify the proper functioning of the acquisition chan-
nel, in fact, there are various test points and headers available to connect external
components. However, the power regulator was not able to guarantee the correct
functioning of the device with all batteries. This was the main reason why no in-
vivo tests were done with this device.

From a firmware point of view, a custom radio protocol and high synchronization
have been implemented.

MITOR System version 2

This new version features a PCB stack architecture on two levels. The final di-
mensions are 29x27x19mm. The acquisition channel is similar to the previous one
but a protection circuit with Zener diodes has been inserted at the beginning of
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Figure 2.3: PCB Layout MITOR board version 2 (Digital Part): a) Top Layer; b)
Bottom Layer

Figure 2.4: PCB Layout MITOR board version 2 (AFE Part): a) Top Layer; b) Bottom
Layer

the acquisition chain. The power supply problem has been solved using a boost
regulator that sets the 3.6V power supply voltage. In addition, a MEMS Motion-
Tracking component (accelerometer and gyroscope) was introduced to replace the
old accelerometer.

From the firmware point of view this version allowed to record the sEMG signal
in three modes: raw data, envelope, and ATC. ATC is calculated in firmware. A
more stable custom radio protocol (ESB) has also been included. The test points
of the first version have been removed to reduce space consumption.

This version has been tested during route analysis but the stack structure some-
times presents problems related to mechanical stability. During the tests, it was
observed that the acquisition channel was saturated due to the INA.
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Chapter 3

Hardware Design

3.1 Design Specification

The MITOR Project aims to develop a wearable, wireless, low-power, multi-channels
sEMG signal acquisition system for long-term monitoring of muscle synergies and
diagnostic motor rehabilitation. In this thesis, six new boards were developed,
and to do it, the same hardware design specification of the previous system was
respected. The design specification points to optimize are:

e Quality of signal
To obtain a good quality of the signal is required a system insensitive to
movement artifacts with a sampling frequency of 1kHz. Moreover, every single
channel should be able to filter the recorder signal to obtain the sEMG and
also the TC signal.

e Devices dimension
The channels should be not so big so as not to restrict the body movement
during the exercise.

« Power consumption
One of the main tasks of this project is the long-term monitoring of muscle
activity. So, for this reason, it is important to optimize power consumption. In
line with the other technologies on the market, the device should be work with
low power voltage (3V to 3.6 V). The choice of the component is fundamental
to reduce power consumption.

e Synchronization wireless
Because of the independence among the channels a wireless communication to
synchronize the different boards is need.
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e Data recording
The system requires a way to storage local recording signals.

e Reduce component cost
Whit a view to reducing the cost of the device a good choice is to use no
expensive components.

3.1.1 Device Architecture

This third version of the MITOR system is composed of six custom slave channels
with the same hardware features, and one master board. At present, in line with
the type of micro-controller used in the slave boards, a commercial development kit
(nRF52840-DK of the NORDIC SEMICONDUCTOR®) was chosen as a master (figure
3.1). This board is programmed to communicate and manage wirelessly the slaves.

Figure 3.1: nRF52840 Development kit of NORDIC SEMICONDUCTOR®.

Using the buttons on the development kit it is possible to select the working mode:
normal sEMG mode, envelope mode, or the ATC mode. There is a fourth button
that is used to start and stop the recording. After pressing the buttons, the master
sends a packet containing the start-up information to the slave. Another important
task of the master board is to send the synchronization packets with the aim of
maintaining a low drift of the sampling frequency between slaves.

The design of the slave boards is shown in figure 3.2 and in section 3.8 the design
of this layout will be justified. The Printed Circuit Board (PCB) has only 2 layers
and all the components are placed strategically to optimize the space occupied.
The dimension of the boards is (50.0 x 37.5mm). Each board is supplied by an
external battery that given a voltage of 36V to all the circuit. To understand if the
slaves work correctly or there is a problem, two LED (Light Emitting Diode) were
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Figure 3.2: PCB slave overview: top layer (left), bottom layer (right).

added to have visual feedback about the operating state of slave boards. In general,
in conditions of corrected operation, after receiving the start command from the
master, the slaves start to record the signal (compliance with the selected working
mode) in the pSD card. The storage of the signal continues until a stop command
arrives or the supply goes down.

Each slave has a connector that allows connecting to the system an external pressure
sensor. The information from this sensor is very useful in the study of muscular
activation because, it can be used to discriminate the begin and the end of a cycle
of repetition, during for example a gait or grasp analysis.

______________________ N A ACCELEROMETER

GYROSCOPE

INITIAL
RESET

TC signal

CONDITIONING

ELECTRODES SIGNAL

microCONTROLLER

4_m NnRF52840

RC signal

PRESSURE SENSOR DEBOUNCE
CIRCUIT

__________________________ microSD CARD [ @

Figure 3.3: Block diagram of the custom slave boards.

In figure 3.3 are show the main blocks that composed the designed slave board.
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In the next sections of this chapter, each block will analyze in detail from an
electronic point of view and all the design choices will be justified.

3.2 Analog Front-End

The Analog Front-End (AFE) is the part of an analog circuit that has the role
of making the input signal suitable to be processed by the microprocessor. The
AFE is composed by a succession of blocs that generally be operational amplifier
(op-amp), filter and analog specialized circuit to data acquisition for the sensor.
In each slave, there are two different and separate analog front-end: one of them is
responsible for the conditioning of SEMG and also of the TC signal[19], the other
one, however, management the signal from an external pressure sensor.

INITIAL
RESET

CONDITIONING
ELECTRODES CIRCUIT

SEMG microCONTROLLER

nRF52840

TC

DETECTION [JE VSR

RC signal
DEBOUNCE
CIRCUIT

PRESSURE SENSOR

Figure 3.4: Block diagram of analog front-ends.

Figure 3.4 shows which are the interconnection for each AFE. The sEMG’s
conditioning circuit has four input and three of them are signals from the electrodes.
The actual version of the board detects the SEMG in bipolar mode, and it uses a
pair of the electrode to record the electrical activity produced by skeletal muscle
and one electrode like the reference. Furthermore, the conditioning circuit requires
also a signal from the microcontroller to active the initial reset of the channel, in a
way to impose the initial condition of the circuit.
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3.2.1 sEMG Acquisition Chain
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Figure 3.5: Block diagram of EMG conditioning circuit.
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FILTER

110 Hz]

Figure 3.5 shows the block diagram of the sEMG acquisition channel. The chain
as a total amplification of 922 into a single block (Instrumentation Amplifier) and
on the whole bandwidth from 30Hz to 400Hz.

The circuit schematic of this acquisition chain is realized to follow the schematic of
the previous version of the MITOR system [29]. The complete circuit diagram of
the system is in Appendiz A.
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Figure 3.6: Circuit diagram of overvoltage protection.
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The overvoltage protection allows preserving the circuit from excessive out-range

voltage inputs. In fact, the high or negative voltage could damage all the board
because the components have a limited input voltages range. In the design shown in
figure 3.6, Zener diodes [ESD5Z3.3][30] are used in reverse bias configuration with
a breakdown voltage of 3.3V. In this way each time that the input voltage exceeds
this value, the diode works as a short circuit and conducts current to ground. This
model is chosen because it is characterized by a small dimension, little response
time and low leakage current.
The other two normal diodes [CMADG6001-TR]|[31] are added to compensate for the
voltage input between the two lines and also the noise. An additional protection
is provided by ferrite chip [BLM15AG102SN1D][32] and by the Transient Volt-
age Suppressor (TVS) [TPD2E001-DRLR][33] based on two line of Electrostatic
Discharge (ESD) protection diode array.

Voltage Follower

A voltage follower is a configuration of the Operational Amplifier (Op-Amp) char-
acterized by negative feedback obtained by connecting the inverting input with the
output, how shown in figure 3.7a. The features of this configuration are a unity
gain and a very high input impedance (hundreds of M) that allow isolation of the
output from the signal source. In the developed acquisition channel, a microPower,
rail-to-rail, low-cost operational amplifier [OPA2347UA|[34]. The connection are
shown in figure 3.7b. This component is chosen for two reasons. Firstly, because

VDD _nRF

9
100nF
V3
®
GND
- -
oV, +———J oura Vi
L— INA- OUTB va
Vi &e— + Vi @———| INA INB- __1
V- INB+ f——
OPA2347
GND
V2 0—
(a) (b)

Figure 3.7: a)Op-Amp in voltage follower configuration, b)Circuit diagram voltage
follower.
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allow a space optimization in which it has inside two separate voltage followers,
and secondly because has a very small quiescent current (max 341A);

Differential High Pass Filter

V3 @ | o s
470pl
Lria $R17
S10M 210M
ris Rig
210M 310M
cll
V4 @ | o V6

Figure 3.8: Circuit diagram of overvoltage protection.

The filter configuration in figure 3.8, is a second-order passive high-pass filter
that allows removing the DC input voltages [35]. The term ’passive’ implies that
no active component (an op-amp), but only resistors and capacitors are used to
implement the filter. The cut frequency can be calculated as:

1

fcut = 2rRC (31)

According to equation 3.4, the value of R and C' are chosen in order to have a cut
frequency approximately of 30Hz so be sure to remove the motion artifact from the
sEMG signal ([36],[37]). Selecting R = 10 M and C'= 470 pF the frequency of the
filter is set to 33.86Hz.

In figure 3.8, it is possible to note 4 test point that allows monitoring the state of
the circuit. These points are placed also in other parts of the front-end because so
it is possible to follow the input signal during the several steps of the acquisition
channel and in case of incorrect operation, identify the problem and correct it.
Moreover, the test points are useful also to provide test signals.
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Instrumentation Amplifier

Instrumentation Amplifier is a particular type of op-amp suited for amplifying
signals, since it has a stable gain (typically adjusted via one or more resistor outside
the chip), very high common-mode and differential mode impedance and low output
impedance. Usually, the gain required in an acquisition channel for sk MG is more
or less 1000 V/V because the input signal has an amplitude of the signal of few
millivolts peak-to-peak.

The instrumentation amplifier chosen for this application is the INA321 [38]. This

VDD _nRF

INA6

>R24
OR

3
I].\,\ RIFX

INA OUTx

Vio®

Figure 3.9: Circuit diagram of Instrumentation Amplifier.

chip has a range of gain from 5V /V to 1000V /V and this value depends by the two
resistor R21 and R23 (figure 3.9) according to equation:

R23
ﬁ> (3.2)

The gain is set exactly to 922V /V, having chosen R21 = 1.2k} and R23 = 220 k(2.

G =5+5(

Initial Reset

The previous versions of the MITOR project are characterized by a mistake that
causes the saturation of the sEMG acquisition channel. The error is due to INA321
because in some cases, the reference pin (pin 5) raise to voltage supply value and
consequently the output (pin 6) falls in zero. The system was unable to get out of
this situation. Initially, the reason for this behavior was not clear, but a way to fix
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a problem was made, manually, a short circuit between the pin 5 and 6 of INA321.
It is like the initial condition of the amplification chain are set from the outside.

To avoid the saturation problem, in this third version, an analog switch operated
from the microcontroller (MAX4594)[39] is added to the acquisition channel. This
component is normally open, and during the initialization phase of the device, the
microcontroller changes the state of the control pin (high active) of the switch (pin
4), in the way to link the pin 5 and 6 of the INA321 for a few milliseconds. This

4y VDD GRF
— 100nF
SN
u1¥\P
vie—aS | com Vi
INAS N fo———— NI
e No  p
MAXA594EXK-T

GND

Figure 3.10: Circuit diagram of the switch to initial reset of the INA321 condition.

component is chosen because has a extremely low off-leakage current (0.5 nA max),
excellent off-isolation (80 dB), low supply current (1pA max) and digital input logic
level compatible with the microcontroller chosen.

To decide how much time the switch should be closed and to understand the impact
this component has on the rest of the system, the circuit was tested with simulation
software (LTSPICE®), before it "is printed".

All the acquisition channel is reconstructed with the data of the real components.
In figure 3.11 is shown the result of the simulation. The blue and the green waves
are two sinusoids with a frequency in the SEMG band that simulate the input signal
of the system. The red signal is the output (pin6), and the turquoise is the reference
(pin 5) of the INA321. After powering the device on, the reference raises to supply
voltage (3.3V in the simulation), instead the output is not able to follow the input
signal and so has a slight variation near the zero. The white square is the moment
in which the microcontroller turns on the switch for 10 ms. After this event, the
INA starts to work properly. As a result of this test, the switch is kept turned
on for 10ms, during the initialization of the system. In this way, the problem was
averted in the third version of the MITOR.

After the realization of the PCB, the cause of this problem was found during the
working test of the device. The source of the problem is the limited voltage input
of the reference pin of the INA321, in fact on page 10 of the datasheet [38] is given:

"The output is referred to the reference terminal, which must be at least 1.2V below
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Figure 3.11: The picture shows the impact that the switch has on the circuit when
the channel goes in saturation. On LTsPICE® the saturation condition are recreated
thought the two input signal. The INA reference is blocked to the supply voltage and for
this reason, the INA output is about zero. So the switch is activated. In this way, the
short circuit between the output and reference of INA can allow the channel exit from
saturation condition.

the positive supply rail.". So to solve the problem the reference pin should not be
allowed to reach the power supply value, so a simple Zener Diode with a breakdown
voltage of at least 1.2V, could be included between pin 5 and pin 6 to comply with
the condition found on the datasheet.

Active Low Pass Filter (Feedback)

The filter, shown in figure 3.12, has a multiple-feedback architecture that takes
advantage of the higher open-loop gain. This filter is active because is composed
also by an op-amp is used to provide negative feedback to reference voltage of the
INA321 and allow to remove the low-frequency component introduced by the INA.
The cut of the frequency of this filter is about 10 Hz, calculated as:

1
2mv R4 x R5 x C2 x C4

with R4 = 150k€), R5 = 33k(2, C2 = 470nF and C4 = 100nF.
This type of filter is defined as "active" because it is composed not only by resistor

fcut =

(3.3)

and capacitor (passive component) but also by an op-amp. Moreover, this filter is
of the second order this means that the transfer function has two poles.
The operational amplifier chosen for this application is OPA333 [40] because has
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Figure 3.12: Circuit diagram of the active low pass filter for the reference-output

INA321 feedback.

minimum Common Mode Rejection Ratio (CMRR) of 106dB and a very low quies-

cent current (10 pA).

In this filter block, the reference electrode voltage is generated by a resistive di-
vider on voltage supply (R8 and R9). This voltage is not directly connected to the
electrode but passes through a voltage follower in order to isolate input and output

as in figure 3.13.
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Figure 3.13: Circuit diagram of voltage follower to the reference electrode voltage.

Active Low Pass Filter (Sallen-Key)

Figure 3.14 is the last stadium of the sEMG signal acquisition channel. Also, this
(like the filter in figure 3.12) is an active low pass filter of the second order but
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Figure 3.14: Circuit diagram of the active low pass filter with architecture Sullen-Key.

it has a different architecture called Sallen-Key. This filter is characterized by a
unitary gain and the cut-off frequency is 397Hz given by the following formula:

1
2mv/R10 x R11 x C6 x C7

The output of this filter (SEMG signal) is connected to the ADC input of the
microcontroller (nRF52840 provide by NORDIC SEMICONDUCTOR®).

fcut = (34)

3.2.2 TC Events Detection

Threshold

HYSTERESIS TG signal

EEAIC COMPARATOR

v

HCONTROLLER

Figure 3.15: Block diagram of TC events detection.

The block diagram (figure 3.15) shows the additional components necessary to
generate the TC signal from the SEMG signal.
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Hysteresis Comparator

A comparator is an electronic circuit made by an op-amp, that can provide in output
only two continuous levels near, respectively, to the negative and positive supply
voltage. In particular, if the non-inverted input voltage is more than inverted input,
the output is about positive supply (Vog). Instead in the opposite case, the output
is Vo (about negative supply voltage).

The hysteresis is a feature of a system to react to solicitation depending on its
previous state. To obtain a hysteresis comparator (or Smith Trigger) is required to
add non-inverted feedback to the op-amp. This circuit is very important because
it is able to remove quick commutation caused by electronic noise. The V, and V},
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Figure 3.16: a)Hysteresis comparator configuration, b)Hysteresi output.

values depending by TTHR, R19 and R22 according to the following equation:

THR

= R1I9—— +TH .

V, = R19 75 +THR (3.5)
_ THR(R19 + R22) — VppR19
Vo = R22 (3.6)
R19

A = — .

VHYS VDD R22 (3 7)

In particular, equation 3.7 allows to calculate the hysteresis width, that means
which is the noise oscillations that the circuit can stand without changing state.
Have a big width makes the system slow to react more slowly. With the value of
resistor chosen (R19 = 10k and R22 = 1 M(2) and the voltage supply of 3.6V,
the hysteresis is about 36 mV.

The comparator chosen for the developed circuit is TLV3691 [41], because has a

37



3 — Hardware Design

low quiescent current (150nA maximum) and extremely small packages.
The output of the comparator is a quasi-digital signal so it can be connected to
any input of the microcontroller because is not required the ADC.

Digital Analog Converter (DAC)

To get the threshold reference (THR) for the hysteresis comparator handled by the
microcontroller, an external DAC is required, that is because the nRF52840 does
not have an internal DAC.
To choose the best component for this circuit, the features considered are the num-
ber of bits, operating current, shutdown current, accuracy, type and dimension of
the package. The DAC chosen is the AD5621[42], the characteristics of which are
given in table 3.1.

The DAC is connected to microcontroller in Serial Peripheral Interface(SPI) way.

Table 3.1: DAC AD5621 characteristics

Bit Resolution 12
Operating Current 60pnA
Shutdown Current 0.2pA

Accuracy +0.5LSB
Package SC70 (6 pins)
Dimension 2.2 x 24 x1mm

In this case, with this protocol the communication the Master (microcontroller)
send to the Slave (DAC) a command of Chip Select (or also Sync) with which the
master enable the slave, the Serial Clock (SCLK) to synchronize the communica-
tion, and the Serial Data Output (SDIN). Each line is unidirectional. Figure 3.17
shows the connection of the DAC. The pin SYNC is denied and it means that this
input pin is active low. The input signal of the DAC is binary coded. Each bit is
saved in a 16-bit shift register on the falling edge of the SCLK signal. Only when
the internal register is full the output (VOUT) is available.

The ideal output voltage is given by:

D

Vour = Vpp X (27) (3.8)

where D is the decimal equivalent of the binary code loaded to the DAC register, n
is the bit resolution, and Vpp is the voltage supply. The maximum output voltage
settling time is 10ps.

38



3 — Hardware Design

U9
SPI1 CS -
——+= SYNC VOuUT THR >
SPI1 CLK
—> SCLK GND —JVDD nRF

DAC signal —
——— = SDIN VDD -

AD5621

Figure 3.17: Circuit diagram of the DAC connections.

3.2.3 RC Debounce Circuit

The RC debounce circuit is used as a conditioning circuit to connect a Reset button
or, as in this case, a Force Sensing Resistor (FSR) to the microcontroller. In the
developed system, this type of sensor is used as a pressure button, to detect the
phases of body movements, during grasp or gait analysis.

An FSR is a sensor made by a polymer thick film that changes resistance when
external stress (force, pressure) is applied. The structure of a generic force-sensing
resistor is shown in figure 3.18. This sensor is very thin, chip and easy to integrate.

b)

d)

Figure 3.18: Basic FSR construction[43]: a)Flexible substrate, b)Printed semi-
conductor (PTF), c)Spacer adhesive, d) Flexible substrate with printed interdigitating
electrodes

These sensors are characterized by high impedance (tens of MQ2) that go down
to few 2 when the sensor is pressed. Its operation is like a button and for this
reason a conditioning circuit, like the one shown in figure 3.19, is required.

This circuit neutralizes the non-ideal behavior of the contacts that creates mul-
tiple electrical transitions for a single input. The RC circuit delay filters out the

39



3 — Hardware Design

VDD nRF

R25
10K

J_C32

) 100 nF

GND GND

SW1

Figure 3.19: Circuit diagram of the RC Debounce Circuit.

rapid changes in switch output in order that the microcontroller sees a clear sin-
gle transition. Essentially the capacitor quickly charges and discharges over every
voltage spike, smoothing out the button bounce. Depending on how quickly the
capacitor can charge, the button bounce should be mitigated. The time constant
of the circuit (7 = R25 x (C'32) is 1lms.

With this circuit when the FSR has not stressed the output is high logic level,
instead, the output goes down when the FSR is pressed.

3.3 Power Supply Unit
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Figure 3.20: Circuit diagram of the power supply.

The system can be supplied by an external lithium battery, with a voltage from
3V to 3.6V. That is made possible by a boost voltage regulator that uses a hysteretic
control to ensure power supply of 3.6V to the whole system. The component chosen
is the TPS610995 [44] that has a ultra-low quiescent current (10 pA). According to
the datasheet the application circuit is shown in figure 3.20.
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An on-off switch to enable the supply is added between the battery holder and the
voltage regulator.

3.4 Antenna

A planar meander line PCB antenna 2.4GHz is added to the system to allow wireless
communication with the master board. The layout of the antenna is exactly the
same of the nRF52840 Dongle of the NORDIC SEMICONDUCTOR®, downloadable
from the official web site[45]. The antenna layout is illustrated in figure 3.21.

Figure 3.21: Antenna layout of the developed board.

3.5 Local Storage Unit

The local storage unit allows saving the data locally. For this reason a microSD
(nSD) card slot is added in the design. This type of memory is the smallest and
easiest to use, as all PCs have a microSD reader and so that the measurement data
can be fetched easily. For this project, the Kingstone micro SDCS 16GB class 10
memory cards are used. The system works also with a different type of pSD card.
The circuit diagram to connect the memory slot is very easy and it is shown in figure
3.23. Four resistor pads are predisposed if a pull-up resistor should be necessary.
Also for this peripheral, an SPI protocol is used to interface with the microcon-
troller. In this case, in contrast to DAC interconnection, there is also a MISO
(Master Input Slave Output) wave. This is an output line for the memory slot but
an input for the microcontroller. This pin allows to peripheral to communicate its
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Figure 3.22: Circuit diagram of the nSD card slot.

status to master. The other 3 lines are the same as the DAC connection, except by
name of the input data that here is called MOSI (Master Output Slave Input).

3.6 Accelerometer and Gyroscope

A 6-axis MEMS (Micro Electro-Mechanical Systems) MotionTrackingTM Device
(ICM-20649)[46] is added to the system because have information about accelera-
tion and angular velocity is very important during the study of the body movement.
This component is added for future application, in fact, in this thesis, the Motion-
TrackingTM is not tested and programmed in the firmware.
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Figure 3.23: Circuit diagram of the MotionTrackingTM Device.
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The protocol used to connect this component to the microcontroller is 12C (In-
ter Integrated Circuit. As opposed to SPI, in the I2C there are only 2 lines: one

for the data (bidirectional) and the other one for the Serial Clock. This type of

transmission is slower than SPI but it requires a less number of interconnection.

3.7 Microcontroller
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Figure 3.24: Circuit diagram of microcontroller setup.

The nRF52840 by NORDIC SEMICONDUCTOR® is an ultra-low-power multipro-

tocol SoC microcontroller (nC) suited, in a particular way, to wireless application.
Its core is an ARM Cortex-M4F processor with both flash (1IMB) and RAM mem-
ory (256kB).
The circuit configuration, in figure 3.25, is chosen as a result of a careful analysis
of the microcontroller datasheet [47]. With configuration enables only the internal
DCDC converter but the other possible features as a USB connection, NFC and
external supply (EXTSUPPLY) are disabled.
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3.7.1 Other component

Many components surround the microcontroller and these are useful to ensure its
proper functioning or to understand the effective operation of the nC.

Programming/Debugging Interface

A Joint Test Action Group (JTAG) 10-pin header is added in order to debug and
program the pnC. The J-Link EDU Mini by SEGGER® is used as debug probes.

VTref
GND
GND

SWDIO/TMS
SWCLK/TCK
SWO/TDO
TDI

nRESET

NC

a) b)

Figure 3.25: a) J-Link EDU Mini SEGGER®, b) Connection of the J-Link EDU Mini
followed to implement the electronic interconnection to JTAG port [48].

Control Pins

Two pins (P1.02 and P1.15) are connected to a header in such a way that they can
be used to make available on output internal signals of the microcontroller. This is
a handy feature in the firmware design phase. These pins can be also used to give
digital input to the system.

LEDs

Two LEDs are added to the board to discriminate with a light signal, the several
states of the system. Figure 3.26 shows the simple way in which the LEDs are
connected to the pC. A resistor of 750Q2s placed in series of each diode LED, as
protection. D5 is the green LED and D6 is orange, with a current test of 2mA and
1ImA respectively.

LEDI R27

750

Q
21

LED2 R28
750

n

n
z
S

Figure 3.26: Circuit diagram of LEDs connection.
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3.7.2 nRF52840 Vs nRF 52832

In this third version of the MITOR system, the microcontroller is updated to have

a component up-to-date characterized by ultra-low power consumption. In table

3.2, there is a comparison between the main features of the actual microcontroller
and the previous one (nRF52832 by NORDIC SEMICONDUCTOR®).

Table 3.2: Comparison between features of nRF52840 and nRF52832 [49].

nRF52840 nRF52832
Processor 32-bit ARM® Cortex®-M4F 32-bit ARM® Cortex®-M4
@64MHz @64MHz
RAM 256KB 32/64KB
FLASH 1MB 256/512KB
TX Current 13.6mA @8dBm DC- DC 7.0mA @4dBm DC-DC
7.3mA @4dBm DC-DC 5.3mA @0dBm DC-DC
5.3mA @0dBm DC-DC (3V)
(3V)
RX Current 5.4mA @3V DC-DC 9.7mA @3V DC-DC

Serial Interface 2x 12C master/slave

4x SPI master/slave

2x 12C master /slave
3x SPI master /slave

1x QSPI 1x UART CTS/ RTS
2x UART CTS/ RTS 1x 128
1x 12S 1x PDM
1x PDM 1x QDEC
1x QDEC
GPIO Pins 48 32
Package 7 x Tmm AQFN-73 6 x 6mm AQFN-48
Supply Voltage 1.7-5.5V 1.7-3.6V

3.8 Device Development

To implement the circuits and realize the PCB ALTiuM DESIGNER® 18 is used.
This software is user-friendly and only 3 steps are required to have a PCB "ready
for printing".
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Step1: Library generation

The first step consists of the software realization of all the component that is
necessary to make the circuit. For each component, a schematic symbol and the
PCB footprint are designed. The symbol is drawn with the help of line or shape
generator tool available. In this phase, it is good practice to check the correct
number of pins and the right symbol representation of all the components.

A particular toolbox (IPC® Compliant Footprint Wizard) allows to generate the
footprint. This is semi-automatic tools, in fact, the user has to select the family
of components, define the overall dimension of the packaging and the dimension of
the pin. All this information is available in the last pages of all the datasheets. It
is possible to include also the 3D reconstruction of the component in the library.
Figure 3.27 shows an example of setting parameter on IPC® Compliant Footprint
Wizard.

T QRRRRNER
\

2

Preview

Body Width Range (ET) Minimum 1.1mm

-
Body Length Range (D) Minimum 1.5mm -
-

Maximum Height (A) 08mm E—

Minimurm Standoff Height (A1) 1.1mm

Package Type SOT23 5-Lead

enerate lodel Preview ancel < Ba Next > Eins
G STEP Model Py Cancel Back N Einish,

Figure 3.27: Setting parameter on IPC® Compliant Footprint Wizard.

Step2: Schematic editing

In this second step, the schematics of the circuits are drawing. In this phase, the
schematic symbols created in step 1 correctly link so that design the complete
electric circuit.

In addition to that explained in previous sections bypass capacitors are placed
between the supply line and each active component in order to de-couple the noise.
Another important aspect analyzed in this phase is the choice of header, connector
that is useful for the board.
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In figure 3.28 a screen capture of ALTIUM DESIGNER® 18 during the schematic
editing phase is chosen.

MITOR2.PrjPCB - Altium Designer (18.0.12)

c M front end.SchDoc

Figure 3.28: Schematic editing screen capture.

Step3: PCB layout

In this phase, all the component are placed with the aim of optimizing the PCB
dimensions and the track to interconnect the component are draw. To do this, it is
necessary to follow particular PCB layout design rules that are different between
every company that prints circuits. These rules are guidelines to minimize errors
during manufacture. For example set a limit on the minimum and maximum size of
the link track, on vias dimensions (track intra-layer that allow going through from
one layer to the other), on the minimum distance between the mechanical layer or
on legend print size. For this project, as a result of cost analysis, EUROCIRCUITS®
is chosen to print the devices, and so the rules class 8D are followed [50].

An important aspect is the position of each component. Some components or circuit
parts may interfere with each other or have special needs about the position. For
example, the antenna and battery, supply have to be placed in the opposite part
of the board. The antenna requires an empty space without a ground plane and
other components to work in a proper way.

In this phase, it is also necessary to think how will be the physical device and in
which position is more user-friendly place the battery holder, the connector for the
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electrode waves, pSD card slot and the on-off switch.

The layout of the top and of the bottom layers is shown in figure 3.29. In the
bottom layer, all the components of the analog front end and the powered switch
are placed. The top layer contains all the other components.

Four mechanical holes are designed on the edges board to allow that the board can
be attached to a package with plastic screws (3.2mm).

The final step is the generation of the Gerber file. It is used by printed circuit
board (PCB) industry software to describe the print the PCBs.

(a) (b)
Figure 3.29: PCB layout: a)Bottom layer, b)Top layer.

Soldering Process

In the developed board some components are characterized by a QFN package.
This component is very difficult to place manually and so for this reason, they
were soldered by the company chosen to print the PCBs (EUROCIRCUITS®). All
the other components were soldered manually or with the use of a pick-and-place
machine.

3.8.1 Case Design

A case for the PCB is realized with SOLIDWORKS® (figure 3.30).

This package has two openings in the side that allow integrating an elastic band
to fix the board on the body. The back part is characterized by a circular shape
to hold a coin battery to supply the board. The case is made with a 3D printer
at Politecnico di Torino. Transparent resin is used to print it so that the led light
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Figure 3.30: 3D virtual design of the PCB case.

is visible. All apertures are predisposed to guarantee easy access to the connector
and on-off switch.
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Chapter 4

Firmware Design

4.1 Overview

The firmware of the developed system is achieved by making changes and inte-
gration to the firmware of the previous version. First of all, the project set-up is
changed to upgrade the microcontroller and new functions are made to manage the
components added.

The firmware is written in a mix of C and C++ languages. To debug and program
the board the software ITAR, EMBEDDED WORKBENCH IDE FOR ARM®.

There is two different firmware one for the master and the other for the slaves.

4.2 Slave Firmware

The flowchart, in figure 4.1, describes the high-level operation of slaves’ firmware.
The first phase of the firmware is the initialization of all the variables, timers,
protocols that the devices required to work properly. After this, the slave put the
antenna in received mode (RX mode) and it is in these conditions until the slave
receives from master the work mode and the start command. From this moment a
routine is repeated until the reception of the stop command. The routine consists
to check if there is a synchronization event, sampling the input signal with the
ADC and storage the data. In the case in which there is a synchronization event,
the slave receives the clock information from the master board at which each slave
shall calculate the offset with its clock. This offset is useful to adjust the ADC time
sampling.

In the next subsection the most important part of the firmware will be analyzed in
detail.

50



4 — Firmware Design
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Figure 4.1: Main high level flowchart of slave boards.

4.2.1 Initialization: General

The initialization is the first part of the firmware, in which all used structure are
defined.

e Pins Mapping
SPI ports and in general GPIO pins are set to respect the connection of the
circuit diagram.

e Peripheral Programmable Interconnect
The PPI enables interconnections between peripherals using tasks and events
independent of the CPU. In this way, the CPU activity is reduced. This
method is also useful to manage the CaptureéCapture registers. Each time
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that there is an interrupt from one of this timer the PPI perform a different
command. This register is named CCJx], in which x represents the number
of channels. In this firmware CC[0] and CC[1] menage the radio communi-
cation, CC[3] enables the sampling of each 1 ms, CC|2] is used during the
synchronization to reset and adjust the sampling timer.

Timers

Three different clocks are required from the firmware: two high-frequency
timers (16MHz) and on Real-Time Counter (RTC) with a frequency of 32.768KHz.
The radio communication requires a 16MHz clock, instead, the other one is
used for the synchronization (synchronization timer). The RTC timer has
multiple uses.

Initial Reset Switch

The reset switch is the component connected to the pin 5 and 6 of the INA321
and avoid that the channel goes in saturation. The part of the code to manage
this component is very easy in which the microcontroller set high the pin of
control of the switch, only for 10ms.

pSD card

The storage is based on FatFS library of nRF52840 provided by NORDIC
SEMICONDUCTOR®. The firmware structure of the data storing is a FIFO
(First Input First Output) structure with 7 blocks. In this way, the phase of
sampling and storage can be independent in the event of delays during the
saving in pSD card.

Power Management
In this phase of initialization, the internal DCDC converter is enabled to op-
timize power consumption.

Radio Protocol

In this system, a custom wireless radio protocol 2.4GHz Enhanced ShockBurst
(ESB) is used. This protocol supporting two-way data communication and
automatic retransmission in the case in which a packet is lost or in general if
the Primary Receiver doesn’t receive the feedback within 30ms. It is a low
power consumption protocol and it is characterized also by a small code easy
to modify. These are the principal reason because this protocol is preferred
to the Bluetooth® communication. For example, ESB allows to connect more
than 8 devices with a simple change in the code: add extended address into
the data payload in order to identify each node.
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4.2.2 Initialization: ATC

This part of the initialization manages all firmware components that the ATC mode
requires to work properly.

GPIO Rising Edge Sensitive

In section 1.4 the TC signal was analyzed and also the way to detect this signal it
was explained. The output of the comparator (figure 3.15) is a quasi-digital signal
and the information of this signal is in the rising edges because of these meaning that
the signal crosses the threshold. To identify the rising edge, the ADC is not required.
In fact with the function NRFX GPIOTE CONFIG IN SENSE LOTOHI of
NoRDIC® it’s possible make a pin (P0.2 in this case) sensitive to rising edge in
with the aim of generate an interrupt for each rising edge. In this way, the ATC
parameter is calculated by counting the number of an interrupt from P0.2 in a
time window. According to a previous study [51], about the detection of muscle
force with ATC parameters, a value of 130ms was set as an initial time window.

Threshold Calibration

Another important step on the ATC initialization is the definition of the threshold.
How shown in section 2.1 the value of the threshold is very important. The optimal
threshold should be sufficiently high to avoid the baseline noise, but at the same
time, very close to this in order to quickly discriminate the muscle activation from
the noise. For these reasons, a robust but simple algorithm was implemented. In
figure 4.2 the flowchart of Threshold Definition Algorithm is given.

The aim of the algorithm is to identify the top end of base line noise. To Hardware
specifications, the signal is developed around 1.8V, because this is the theoretic
value of the reference. In the reality application not all the board have the same
base line level, so to be sure that the algorithm start from a value that is definitely
higher than the base line level a value of 2100mV is chosen.

The firs part of this code is really fast. The THR (threshold value) decreased
by 10mV and only when an event from P0.2 (TC_events) is detect, the code can
proceed in its second part. In this moment, the algorithm found something, but it
may be or the real base line noise or an anomalous pick of voltage. In the second
part of the algorithm there is a close monitoring of T'C'_event in order to be sure
that the base line noise was detected if not the code fixes the error.

At the beginning of second part there is the initialization of 2 variables:

« flag_ window: This variable is managed by the algorithm and also from the
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THR= initial value

(2100) ariables managed by interrupts
external to the function:

TC_events
flag_window

flag_window=0

TC_event =0

TC_events # 0

Figure 4.2: Threshold Calibration flowchart of slave boards.
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RTC timer. This timer, using PPI, produces an interrupt each 1ms. In par-
ticular, when flag window is 1 the RTC timer activates a variable that is
increased each 1ms. All the time that this value counts 2 times the time win-
dow (260), RTC routine set flag window=2 and reset the counting variable.
The value of 260ms is double of the normal windows that the system uses to
calculate the ATC parameter. During part 1, flag_window is set to 0. During
the second part the condition flag window==0 is useful to end the routine.

o count: This variable is a way to be sure that the algorithm does not block
inside a while cycle. This variable is increased if THR does not allow to detect
an adequate number of events. If count is 3 the algorithm ends. The case
in which count becomes 3 only happens when THR oscillates between the
conditions THR+5 and THR-5. The position of the block count++ causes
that in bounce case the result is THR-5.

In the second part of the algorithm each 260ms, flag window is set to 1 (in order to
ensure that this routine will be carried out only after other 260ms) and T'C'_events
value is compared with 3 limit values. These values are chosen as results of analyses
of the amount of TC events related to different values of threshold. In the case
in which the threshold is put inside the band line noise the minimum number of
events in a window of 130ms, generated by noise is at least 3. So to be sure that the
selected threshold is out the band line noise the maximum number of TC events (in
130ms) should be less than this value. A more restrictive condition is implemented
in the firmware, in fact, the better solution for the algorithm is when TC' events
is between 1 or 3 (in 260ms). When that happens flag window is set to 0 to end
the algorithm. If the amount of TC events is more than 3, it means that THR is
low and so THR is increased of 5mV and after 260ms the new TC' events is check.
Instead, if there are 0 events, it means that THR is too high. This could happen
if the first part of the algorithm converges in an anomalous pick of voltage. In this
case, there is a quick decrease, with a step of 5mV, that finishes only when a TC
event is detected and only in this case the variable count is increased. Each time
that the threshold value is updated in the algorithm, THR is sent to DAC that
converts it at a voltage level. This algorithm is very robust and few sensitive to
noise. The results are shown in section 5.3.3.

DAC Programming

To convert the digital values of THR calculated in the calibration threshold algo-
rithm, it is necessary to program the AD5621 (DAC). The microcontroller’s pins
that manage the DAC are initialized as SPI port.
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The AD5621 has a resolution of 12 bit, and the input register to define the value
is composed of 16 bit how shown in figure 4.3. Considering that communication
between microcontroller and DAC use "words" of 1 byte (8 bit), to program the
ADb621, two different bytes are required.

In the firmware PD1 and PD0 are set to 0 (Normal operation) as also the last

DB15 (MSB) DBO (LSB)

PD1 | PDO | D11 D10 D9 D8 D7 D6 D5 D4 D3 D2 D1 Do X X

X

n DATA BITS
0 0 NORMAL OPERATION
0 1 1kQTOGND
POWER-DOWN MODES o
1 0 100kQTO GND g
1 1 THREE-STATE g

Figure 4.3: AD5621 Input Register Contents [42].

2 low significant bits (do not have relevance). The code between D11 and DO is
the binary code equivalent to the decimal value of D. This value is calculated by
equation 4.2, and allows to set the threshold to THR value with a define power

supply (Vpp).

n

D =THR x (?/DD) (4.1)

To obtain from D the two word two simple operations are made:
e D/25 to obtain the 6 most significant bit that makes up the first word;

o (D%2%) x 2% with the operation in brackets (rest of division) the 6 less signif-
icant bit is found, but an operation of a shift to the left is required to add the
two 0 that corresponds to the not relevance bits of the input register.

The output resolution of the DAC, with Vpp=3600mV, D=1 and n=1 is:

VDD 1 3600mV

= — ) = _ 4.
2n) X ( 1096 ) =878.9nV (4.2)

Resolution = D x (

4.2.3 Synchronization routine

A good synchronization is one of the principal aspects of a system composed of
many boards. This makes sure that the different slaves start to sampling at the
same moment and also keeps the synchronous condition for an indefinite time. The
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Master_timer +=
TX chain_delay

Master_timer >
timer_max_value

Master_timer -=
timer_max_value

timer_offset=
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timer_offset=
local_timer - master_timer

local_timer + master_timer

timer_offset =0 ||
imer max_valu

¥
ccpzl= “‘
timer_max_value -

....‘

timer offset
Figure 4.4: Synchronization routine flowchart.

flowchart of the interrupt routine of the synchronization is shown in figure 4.4. This
routine is repeated each a fixed time called synchronization time after that the start
command is received by the slaves. In fact master board, at the beginnings, with
the start command sand also the synchronization package to guarantee that all
the slaves start together. If the master does not receive the feedback from all the
slaves, it waits the synchronization time and re-sand the start command until all
the slave answer. So biggest is the synchronization timer, higher is the amount of
time required to start the system. At the same time, however, this time should not
be too low in order to optimize power consumption. An acceptable value is in the
bs-20s range.

Each synchronization time the slave set the antenna in receive mode and if a
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synchronization packet is received an interrupt allows the start of the synchroniza-
tion routine. When the slave receive the master clock information, firstly there is
the compensation of the transmission delay (according to ESB protocol). The next
step is to check if the mister timer is in overflow and in case adjust the value. After
that there is the comparison between the timers of master and slave. If the clock of
the slave (local timer) is higher than master timer means that the slave is faster,
on the contrary if the slave is slower than master, the master_ timer value is bigger.
If the two values are exactly the same, the routine ends because the board are
already synchronize. Otherwise, the difference of the timers of the master and of
the slave is load in the register CaptureésCompare 2. In this way when the internal
counter arrive to the value saved in CC[2], an interrupt is generated in order to
clear and restart the counter. In this way master and slave start again to sampling
in the same time with an accuracy of 62.5ns. Furthermore another value that is
modified by synchronization routine is the Local counter. This variable count the
number of sample. It has a value in 0-999 range. In fact after the synchronization,
slave Local counter is update in order than all the salve re-start from the same
number of sample. So the synchronization acts to fix not only the delay between
master and slave, but also to eliminate the misalignment, due to missing synch
event, between the signal recorder form the different slaves.

In section 5.2, the results of the synchronization are analyzed, and all the features
of the synchronization routine will be shown in detail.

4.2.4 ADC Management

Each 1ms, CC[3] generates an interrupt that starts the ADC routine. In figure 4.5a
the high level flowchart of this routine is chosen. The ADC interrupt is composed
of three subroutines one for each working mode of the system. In all the case
there is the same initial initialization. All the data are saved in a buffer of 500
(data__length) spaces and only when this is complete the board storage the data in
the pSD card. The ADC has a resolution of 12 bit, and a sampling frequency of
1kHz. The voltage resolution is fixed to 1 mV.

After the initialization block, there is a switch structure based on the value of
work__mode. For simplicity in the organization of the firmware and also to guarantee
the same synchronization condition for all the working mode, the ATC routine is
inside the ADC interrupt. When ATC mode is selected the ADC routine is used
not for sampling but only like a timer to count, in a synchronous way, the difference
between the time windows required from the ATC technique.
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Figure 4.5: Flowchart: (a)high level ADC and sampling routine, (b)raw_ data (classic
sEMG) routine.

Raw__data (Classic SEMG) Routine

This routine (figure 4.5b) is very simple. The ADC acquires and converts a sample
and each 500ms the flag for the storage in the external memory is enabled.

Envelope Routine

This routine shows in figure 4.6a, starts with the acquisition and the conversion
from ADC. A 2"-order Butterworth high pass filter is implemented to remove the
DC component from the input signal. After that, the absolute value is calculated.
At this point, a 4""-order Chebyshev low pass filter with a cut off frequency of 10Hz,
is applied to extract the final envelope. In this case, the storage of the data is each
10s because the sampling period of the envelope is 20ms.

ATC Routine

When the ATC mode is set, the ADC interrupt is used only as a timer. So
each determinate time (windows time), the number of TC event is saved in the
buffer. In this case, the storage of data, with a window size of 130ms, is each 65s.
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ATC _counter is the variable that counts the number of interrupts generate from
the pin P0.2 (the GPIO rising edge sensitive for the TC detection). The routine
is shown in figure 4.6b.

ATC
routine

Acquireand ATC counter ++
converte sample

ATC_counter =
ATC_window

sample_counter %
sampling_period

sample_counter =
data_length

sample_counter=
sampling_period *

Figure 4.6: Flowchart: (a)envelope routine, (b)ATC routine.

4.3 Master Firmware

The flowchart, in figure 4.7, describes the high-level operation of master’s firmware.
As slave’s firmware, in the initialization phase all the flag, variable, pins are initial-
ized in order to enable all the necessary functions. Unlike the slave, in the master
algorithm, there is not the initialization of DAC, memory, ADC and in general of
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all these functions useful to manage the signal from the electrodes.

Extra initial setup is needed to control the four buttons on the board in order to
generate a different interrupt when one of these is pressed. The second step of
the master firmware is check if one of Buttonl (raw_dat), Button?2 (envelope) or
Button3 (ATC) is pressed to set the work mode. Only if the work mode is selected
the Button/, to start the system, is enabled.

At this point, the firmware each synchronization period sends its clock information
to the slaves. The firmware ends only when Button3 is pressed again to send the
stop command.

Inizialization

Work mode
button pressed?,

Send work mode

Start
button pressed?

Send start
command

Stop button ‘ES Send stop
pressed? command

NO

Figure 4.7: Main high level flowchart of master board.
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Operation Testing

5.1 Electrical test

Most of the components were soldered manually or with the use of a pick-and-place
machine. Once the components were set, the electrical connections were checked
with a multimeter to check if there were unintentional short circuits. After that, a
simple firmware was loaded on the board to test the proper functioning.

5.2 Synchronization Test

The main feature of the firmware is wireless synchronization between the different
MITOR boards. This is the crucial element that needed to be tested to guarantee
long-term analysis. The synchronization is aimed to minimize the delay between
the board. In this way, it is possible to guarantee, also after many hours, that the
signals stored by different boards have a maximum delay that does not compromise
the muscular analysis.

The delay depends on the drift of the timer of the different boards. This varies due
to the external quartz use in the microcontroller electrical layout. The oscillation
of quartz can change according to PCB features like the soldering of the quartz
chip or of the two capacitors close to the crystal used to balance it. Other external
features like temperature and humidity may affect the behavior of the oscillator.
The figure 5.1 shows what happens in terms of the average delay between two
different boards without synchronization. The test was made using several couple
combinations of boards and in diverse environments. The tests have been 5 hours
and 30 minutes. Each couple of board has like input an FSR that it was pressed
every 30 minutes to generate an impulse. At the end, the recorded signals were
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compared to evaluate the delay. Considering the rectification wave, the boards are
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Figure 5.1: Test average delay without synchronization.

characterized by a delay of approximately 1ms every 10 minutes of recording. This
result shows

This result demonstrates the need to have synchronization for a long-term analysis
of the sEMG. Without this, after two hours of recording, the system may have
accumulated a delay high enough to invalidate the analysis.

Another test on the average delay between the boards was done, this time using
synchronization. This measure was performed under the same conditions as the
previous test. The synchronization time window has been set to 5s. The start
time of the whole system, as explained in the Synchronization Routine section
4.2.3, depends on this window value. For this reason, a good time range was set
between 5s or 20s. The choice of 5s will be justified in section 7.1 about the power
consumption analysis also.

The results show in figure 5.2 highlight the delay inside the windows of 5 s. The
average value is about 10us. This value coincides with the normal mean drift of the
boards without synchronization after 5s. If for a wireless communication problem,
one or more, synchronization packages are miss, the graph shows that, in any case,
the maximum delay is below a 1ms. The synchronization routine makes changes
to both the ADC timer (to correct clock delay) and the local counter (to correct
misalignment). So when a sync event isn’t received, the boards are delayed and
also misaligned temporally with the others.

Tests with 3 boards have been performed to show what happens when a board
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Figure 5.2: Test average delay with synchronization.

does not receive or receives the synchronization trigger. The boards have as input
a triangular wave, obtained from wave generator, with amplitude 1.6Vpp, d.c. an
offset of 0.4V and duty cycle different from 50%.

Figure 5.3 shows the case where two boards receive the synchronization event and
another not. It is possible to notice that the third board (purple line) is misaligned
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Figure 5.3: The plot shows what happens when a board miss a synchronization event.

with the others and it is easy to understand that the boards sample at different
times (see the reconstruction of the peak). In this case, the misalignment can easily
be corrected in a pre-processing phase before continuing with signal processing.
The synchronization routine can synchronize the boards, even when these are
misaligned and delayed following a previous missing event. The figure 5.4 shows in
detail how the misalignment is corrected by updating the local counter. This value
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Figure 5.4: The plot shows what happens when all the boards received correctly the
synchronization event.

goes back. From the reconstruction of the peaks, it is possible to notice that the
board restart to sample at the same time.

5.2.1 Data Pre-Processing

Data pre-processing is necessary to make effective changes made by the synchro-
nization routine. This step follows the following flowchart (figure 5.5).
First, a common time axis for all recorded signals must be defined. The local

Time axis
construction
(ms)

Detection of
counting variation

Fix the same signals Missing event Synch_flag
length alignmnet correction checking

Signals ready for the
elaboration

Figure 5.5: Data Pre-processing Flowchart.

counter (in the range: 0 - 999) is practically translated into a vector from zero to
the recording length. The new time axis has jumped back or forward each time
that the synchronization routine has changed the local counter. This is a problem
because in a plot each signal must be compared point by point with the value of
the time axis, which must be unique. So in the first realignment, these jumps are
corrected by removing the duplication values.
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The misalignment due to not receiving the synchronization event is corrected check-
ing Synch_ flag. This flag gives information on whether or not the boards received
the synchronization package. If some boards are not synchronized, they are cor-
rected by adjusting the time axis according to the other properly synchronous
boards.

All the signals are cut in order to have the same length. In fact, the signal change
length, as a result of the previous pre-processing steps. After this, the signals are
synchronized and ready for the next steps of processing.

5.3 Recording Data Analysis

In this section, the three different working mode was tested to assess their proper
functioning.

5.3.1 sEMG Signal

Figure 5.6 show an example of recorded SEMG signal.

sEMG Signal
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Figure 5.6: Example of a recorded sEMG signal.

In the baseline, there are strange peaks every 500ms. These peaks are due to the
change in the voltage of the reference electrode. This voltage depends directly on
that of the board. The timing of these peaks suggests that these peaks are due to
the inrush current required by the pSD card during writing. First of all, we tried to
solve the problem through software filtering. The artifact was isolated and studied
the power spectral density (PSD). It has been observed that these peaks present
themselves with strong harmonic components in the same band for the study of the
sEMG. It is however chosen to filter between 50-300Hz with an order 10, Butter-
worth bandpass filter.
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As shown in the figure 5.7, the peaks have been attenuated but not eliminated.
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Figure 5.7: Power Spectral Density (left), sSEMG signal before and after filtering (right)
with designed voltage regulator TPS61099.

The peaks are not repeatable in time and shape enough to use subtraction filtering
methods like those used to remove ECG from EMG.
Initially, it occurred if the problem was the voltage regulator. The TPS61099 per-
haps is not optimal for this application. It is characterized by a wide voltage drop
in cases a high output current is required. The graph of the datasheet is shown in
figure 5.8a.

An external development card of SPARKFUN (COM-152085)[53], with a Buck-

a) TPS61099 b) TPS63070
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Figure 5.8: a)TPS61099 Load regulation[44], b)TPS63070 Load regulation[52]

boost regulator TPS63070, was tested. From the datasheet, this new regulator can
provide more current if required by the load, as shown in the figure 5.8b. This
external kit was soldered on a MITOR board. The sEMG signal test reports the
following results. The peaks as seen in the figure5.9 have decreased further.
Mistakenly, at the design stage, a capacitor of 1nF (too small for these applica-
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Figure 5.9: sEMG signal before and after filtering with designed voltage regulator
TPS63030.

tions) was chosen as a bypass capacitor for the pSD card.

So another hardware modification that has been tested, was to create a larger by-
pass capacity (20pF). In this way, the frequency component has changed (figure
5.12 and the peaks have decreased in amplitude (figure 5.10).

Figure 5.12 show how change the PSD of the peak artifact during the three different
steps. In the last case (TPS63070 + capacitor) most of the frequency components
of the peaks are outside the useful range. So for this reason the filtering is more
effective.

The table 5.1 shows the values of peak amplitude in the three cases tested. These

Table 5.1: Comparison of Peak Artifact Amplitude in the three different hardware test

Test Amplitude (mVpp)
Raw Data  Filtered Data

sEMG 160 103
Envelope 147 84
ATC 134 78

tests show that the peaks are caused by a mix of factors (voltage regulator, pSD
conditioning circuit). One idea might be to enter into the design phase more bypass
capabilities for the nSD circuit. Moreover, some inductive effects directly generated
by PCB or the features of the supply tracks, cannot be excluded as causes of peaks.
These factors are difficult to test if not by redesigning the PCB. To conclude the
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peaks have been however attenuated, so as not to create problems for the extraction
of muscle synergies.

Voltage Regulator TPS63070 + Capacitor (20 uF)
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Figure 5.10: sEMG signal before and after filtering with designed voltage regulator
TPS63070 and 20pF bypass Capacitor.
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Figure 5.11: PSD comparison between the three different test.
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5.3.2 sEMG Envelope

In envelope mode, the board saves the value of the envelope and also the value of
the sEMG signal. The figure shows an example of the envelope mode recording.
The envelope mode was extensively discussed in the previous version of the system.
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Figure 5.12: Example of a recorded sEMG envelope.

No changes were made and for this reason, only the final result was shown.

5.3.3 ATC Parameters

The ATC parameter has been tested to evaluate the threshold selection algorithm
with a timw window of 130ms. Several tests have shown that the algorithm selects
an acceptable threshold j times of 5. The figure 5.13 shows an sEMG signal with
its detected threshold considering the hysteresis generated by the comparator in
the hardware. The threshold value is very close to the baseline. This makes the
TC signal also sensitive to small activations but at the same time also to noise
peaks.

To validate the ATC values recorded by the boards, a MATLAB® function has
been realized. This function requires as input, the SEMG signal ( recorded at the
same time as the ATC signal for this test), the window time on which to evaluate
the TC signal and the threshold. In software also hardware hysteresis has been
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Figure 5.13: Example of a selected threshold for ATC mode.
implemented.

The results are shown in the figure 5.14. The measured values are almost equal
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Figure 5.14: Comparison between the ATC parameter recorded in Hardware and in PC
Software.

with an error of more or less 1. This difference is caused by the different nature of
the two compared signals. During the recording, the board compares a "continuous"
signal with a "continuous" threshold. Both can be subject to small variations caused
by the tolerance of the components. In software instead, the signal is composed of
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Borderline Peak
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Figure 5.15: Borderline peaks that can create different ATC counts between Hardware
and Software

discrete data with 1mv resolution and the threshold has a constant value as well as
hysteresis.

This difference in signals can generate different results in borderline cases where
a peak is very close to the upper threshold of hysteresis. Figure 5.15 shows what
happens in signal window 54. The software calculates 5 events while the hardware
records 6. The borderline peak marked in the figure is the possible cause of the
difference counting. The discrete value of the peak in software is close to the upper
threshold of hysteresis but does not exceed it. Possibly comparing the real values,
the peak exceeds the threshold. This difference is therefore generated due to the
different resolutions between hardware and software. In fact, in the software, the
resolution is 1mV (defined by ADC), while in hardware the resolution (in terms of
the threshold) equal to 0.879mV (defined by the DAC).

To validate the results the ATC signal has also been tested with a simpler waveform.
The test was done using a square wave with a frequency of 200Hz, amplitude of
2.2V, duty cycle of 50% and with a threshold set at 1.902V. The test lasted 30
minutes. The data recorded in hardware coincide with the results obtained in
software showing a constant value of 26.
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Chapter 6

System Validation

6.1 Methods and Materials

6.1.1 Motion Lab Systems

The MA-300 EMG System, provide by Motion Lab System® (MLS), was used to
validate the SEMG signal quality of the MITOR system. The MA-300 consists of
two units (a desktop unit in figure 6.1a and backpack in figure6.1b ) with a single
thin coaxial connecting cable. The subject carries the backpack, attached to a
belt or vest. The system support 16 EMG pre-amplifier probes and up to 8 event
switches. Each EMG channel have an adjustable gain. The EMG, event switch are

=
-

a) b)

Figure 6.1: MA-300 EMG System, Motion Lab System: a)desktop unit, b)backpack
device.[54]

digitized and processed within the backpack and transmitted as digital information
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to the desktop unit over the coaxial cable. The table ?? show an overview of system
specifications.

Table 6.1: MA-300 EMG System, Motion Lab System, System Specification [54]

Number of EMG channels 16

EMG signal output level +5V (Full Scale)

Standard EMG Bandwidth 20 to 2000Hz at -3dB

Built in Low Pass Filter -3dB at 350, 500, 750, 1000, 1250, 1500,
1750 and 2000Hz. Set by user.

Number of foot switches 8

Unit Gain Range 10 to 500

6.1.2 Test Protocol

Validation aims to demonstrate that the boards of the MITOR system have a good
noise signal ratio (SNR) and record the signals promptly on time.

As far as signal quality is concerned, this has been assessed, recording the max-
imum muscle contraction of the Biceps Long Head and Triceps Brachii Lateral.
These arms muscles were chosen because they are superficial and easy to pick up.
To validate the timing of muscle activation instead of the muscle activity of the
Gastrocnemius Medialis during the walk has been recorded.

The tests include the recording of the electrical activity of the muscle, both with
the Motion Lab System and with a MITOR board. For the Motion Lab System
(MLS) the MA-411 preamplifier probe (figure 6.2a) has been used. These probes

a) b) y*a,' "q\%';
W- x¥S

Figure 6.2: a) Motion Lab System probes MA-411, b) Covidien Mini Electrode for
MITOR. board.

are fast binding to the surface of the muscle. They do not require the use of gel.
Between the two exploding electrodes is a ground reference electrode. The probe
characteristics are shown in the table.
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Table 6.2: MA-411 EMG Preamplifier probe Specification [55]

Sensor Contact 2 12mm disks

Reference Contact 13 x 3mm bar separating the sensors
Inter-electrode distance 20mm

Signal Bandwidth 20Hz to 3,500Hz (-3dB)

Input Protection ESD protected

Gain at 1 kHz x20 £1%

For the MITOR system, Covidien® mini electrodes (figure 6.2b) with a sensor
contact diameter of 1.4mm were selected. The probe and electrodes were placed in
the same place and ensuring the same (or almost) inter-electrode distance.

For both systems the sSEMG signal was recorded with a frequency of 1kHz (1 sample
per ms).

6.2 Validation Results

SNR Comparison

The quality of the sEMG signal recorded by the board of the MITOR system was
compared with that recorded by the Motion Lab System using SNR. This value
gives quantitative information on the reliability and clarity of the recording sig-
nal. Depending on the type of signal and noise SNR is calculated in different ways.
When signal and noise are processes, the SNR is calculated by the following formula:

P Py
SNR = F => SNRdB =10 x 1Og10(F) (61)

Py is the power of the signal and P, is the power of the noise.

In the case of EMG, it is not possible to separate the signal from the noise, as
both are random processes with similar characteristics. In this case, it is necessary
to distinguish a part in which there is only noise and in which there is muscle
activation + noise. The SNR is then calculated as follows:

2

SNRp =10 x log,o( ) (6.2)
02

0? and o3 are the standard deviation are the standard deviations of the signal +
noise and only noise respectively.
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The SNR was calculated on the sEMG signal generated by the maximum voluntary
contraction of two arms muscles (Biceps Long Head and Triceps Brachii Lateral).
The following figures 6.3 show the sEMG signals recorded with the two systems for
the two muscles. The SNR values obtained are shown in the table 6.3.
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o
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(a) Biceps Long Head MLS
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(c) Biceps Long Head MITOR
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(b) Triceps Brachii Lateral MLS
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Figure 6.3: Signal recorded during maximum voluntary contraction of: a)Biceps Long
Head by Motion Lab System; b)Triceps Brachii Lateral by Motion Lab System; ¢)Biceps
Long Head by MITOR system; d)Triceps Brachii Lateral by MITOR system

Table 6.3: SNR values calculated in maximum voluntary contraction of muscles of Upper
Limbs recorded by Motion Lab System and MITOR system

Muscles

Biceps Long Head

Triceps Brachii Lateral

SNR (dB)
MLS MITOR
33.77 32.82
32.34 3027
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The calculated SNR values show that the MITOR . system are able to record a

signal with competitive quality.

Time Activation

The timing sensitivity of the MITOR system has been compared with that of
the Motion Lab System. For this test, the Gastrocnemius Medialis activity was
measured during the gait. An insole equipped with an FSR was used to identify
the beginning and end of each step. This makes it easier to determine whether
the two systems are recording activation at the same time. Moreover, this test is
useful to understand if the two systems record coherent signals between them. The
two signals were compared by calculating the zero-lag cross-correlation between the
envelopes of the signals recorded with the two systems. Considering 10 different
steps a cross-correlation of 98.63%+0.82% has been obtained. Figure show an
example of signal recorded by the two different system.
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Figure 6.4: Comparison between the sEMG singnal from Gastrocnemius Medialis
recorded by Motion Lab System and by MITOR system during the gait.
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Chapter 7

Electrical Characterization

7.1 Power Consumption

The power consumption of the developed device is tested measuring the input
current that flows from the supply battery to the input of the PCB. To calculate
this current, the best option would be using a current probe but unfortunately, that
on the lab has a resolution of 100mV /1A that is not appropriate to analyze current
of a few dozen mA. For this reason, the supply current is performed indirectly, by
measuring of the voltage drop of a test resistor set in series on the supply line. The
smallest resistor available (1.2 £+ 5%) is chosen so that the voltage drop is not too
big for the rest of the board. To measure this voltage drop on the test resistor, an
oscilloscope (TEKTRONIX® MS03034) is connected in parallel as shown in figure
7.1.

1 OSCILLOSCOPE

RESISTOR
(1.2 0 + 5%)

L
Figure 7.1: Block diagram of the power consumption test connection.

During the test, the board is supplied by an external voltage generator at 3.6V
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and the power consumption is tested on the three different working modes that the
developed board offers: sSEMG, Envelope, ATC.

Moreover, the software TEKVISA® (TEKTRONIX®) is used in order to retrieve
on PC, the measured data by oscilloscope. The data is saved in a file .svg in
with there is all the information available on the oscilloscope screen (vertical and
horizontal scale, offset, source, probe attenuation. .. ). The software saves the data
to guarantee a fixed number of the sample (10°) and so it uses a sampling frequency
of 10%/(10x horizontal scale). In the denominator, there is 10 because this is the
number of time-division on the oscilloscope.

MATLAB® is used to convert the voltage information in supply current that the
boards need to work correctly. To do this, the law’s Ohm is applied using the real
resistance value.

Supply Current Voltage Drop: Test Resistor

Power Consumption Analysis

Figure 7.2: The scheme shows the necessary steps to obtain current information from
the detection of voltage drop by oscilloscope.

In figure 7.3 are shown the results about the current supply required by the
board in three different working mode, during the recording of real data. The
board’s firmware is set to have a synchronization period of 5s, so for this reason,
in the graphs, there are little variations on the baseline that defining when the
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Supply current: sSEMG mode
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Figure 7.3: The figures shown the current supply required by the PCB, in cooperatively
condition, during three different working mode: a)sEMG signal, b)Envelope of sEMG,
¢)ATC parameter.
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Antenna switches to RX mode to wait for the synchronization trigger. The syn-
chronization period has a little impact on consumption, in fact, if this time change
from 5s to 25s, there is a saving, in term of consumption of < 3%.

Instead, the main cause of power consumption is the high picks of currents that
correspond to the storage in the pSD card. Two features were analyzed to under-
stand the consumption of the data storage: the height of picks and the frequency.
Regarding frequency, the board has a buffer length 500, and only when this buffer
is full the data are saved. The voltage picks are much more common in n sEMG
mode because the board adds one sample to the buffer each 1ms (ADC sampling
of 1kHz), and so, for this reason, there is a pick each 500ms. Instead in envelope
mode, the data are saved each 5s due to firmware filter operation to obtain the
signal. The ATC mode is the lowest power consumption mode because the storage
is each 65s (with an ATC window of 130ms because of length buffer x windows size
= 500x130ms) and also this technique does not require the conversion of the ADC.
Moreover, the height of the picks depends on the amount of bit 1 that is written in
the puSD card, because in flash memory (like the SD card family) saving 1 is more
expansive, from the required current point of view, than bit 0. For this reason, the
amplitude of the picks is different from one storage and the other also in the same
working mode.

In table 7.1, the mean value of the current supply required by the board are given.
This value is essential to choose the correct battery to supply the system.

Table 7.1: Current consumption test on three working modes

Working mode Current Consumption (mA)

sEMG 10.56
Envelope 6.48
ATC 5.65

7.1.1 Comparison With Other Devices

Usually, a commercially available device uses a battery with a capacity of 150-
450mA /h and it allows a continuous recording of 8-12 hours of SEMG signal. The
developed device, with a battery of 150mA/h, can store data for more than 14
hours and more than 42 hours with a battery of 450mA/h. So from a power
consumption point of view, the MITOR device V3 is competitive with the other
device in commerce, especially if used in ATC mode too long term analysis (>26
hours with a battery of 150mA /h or >79 hours with 450mA /h).
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In table 7.2, a comparison of consumption on the three different working mode
between the developed version and the previous (MITOR version 2 [29]) are given.
So this new board, in terms of consumption, consume more than 20% less compared
to the previous version.

Table 7.2: Current consumption comparison with previous version

Working mode Current Consumption (mA)
Previous Version  Actual Version

sEMG 14.0 10.56
Envelope 7.9 6.48
ATC 7.3 5.65

7.1.2 ATC consumption: Hardware VS Firmware

Table 7.3: Current supply comparison between the two different way to detect the TC
signal

Working mode Current Consumption (pA)
Harware 210
Firmware 300

How amply discussed in the previous chapter, this third new version of the MI-
TOR system is catheterized by the detection of the TC signal by the hardware
component. This choice allows to have a simply firmware to manager the TC sig-
nal but requires the other two additional components in the acquisition channel
compare to the previous version. The current consumption is analyzed to under-
stand if this new way to detect the TC leads to an increase in consumption. To do
this test, the firmware is modified in order to obtain the TC signal both directly
like the output of the acquisition channel as like results of the comparison between
the ADC conversion of the sSEMG and a software threshold. For each mode, 5 ses-
sions of 2 minutes of the recording are done and the mean current consumption is
compared. The result is that the part of firmware that use the ADC and compare
the sample with a value to understand if the signal is above or below the threshold
add a power consumption of 300 pA. This value is greater of the maximum current
consumption caused by the two additional hardware components, calculated from
the components’ datasheet. So even if only a little, the new way to detect the
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ATC involves also a reduction of power consumption. Table 7.3 shows the addi-
tional current supply required to implement the TC signal detection in hardware
or firmware.

7.2 Impedance Measurements

Table 7.4: Measured impedance of line of the acquisition channel and of supply track

Impedance (£2)
Acquisition channel 14 x 10°
Supply track 0.9

Table 7.4 shows two impedance values measured thanks to the use of a multi-

meter. The acquisition channel impedance has been measured by connecting one
probe of the multimeter to an exploding electrode and the other to the reference
electrode. The measured value is consistent with the expected value (given the
presence of the instrumentation amplifier on the channel).
The impedance on the power line was measured downstream of the generator. This
was measured to verify the presence of possible voltage drops on the supply track.
This value should be as small as possible. The average current required by the
circuit varies between the range 5.6mA - 10.6mA (according to the results in the
table 7.1 (section 7.1)). Considering these values, in the supply line, there is a drop
of 5mV - 9.5mV. This range of values does not cause problems to the power supply
of the circuit components.

7.3 Potential Risk

The technical specification IEC 60-479-1 "Effect of Current on human being and
livestock" [56] provides basic guidance on the effects of shock current on human
beings and livestock, for use in the establishment of electrical safety requirements.
It is necessary to check if the developed device can release enough current on the
body to cause damage. As shown by the figure the danger of the current depends
not only on the intensity of the current but also on its time of application. The
graph is composed of 4 areas of increasing danger proceeding from left to right.

o Zone AC-1: Total safety;

o Zone AC-2: Perceptible but without physiologically dangerous effects;
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e Zone AC-3: Reversible effects: muscle reaction;

e Zone AC-4: It is divided into 4 zones where the probability of irreversible
effects changes (ventricular fibrillation).
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Figure 7.4: Zone time/current of AC current on human body (hand-hand).

The threshold values shown on the graph refer to a hand-hand (or hand-foot) path
of the current. There are multiplying constants that are used to adapt this graph
to other possible current paths.

To establish protection against electric shocks, it is necessary to limit the touch
tension. This depends on the impedance of the body which varies greatly depending
on many conditions (skin wetness, contact surface size, current path, etc).

For the designed device, the supply voltage is 3.6V. The device is connected by
two electrodes to the body of the human subject. Assume electrodes with a not
very high impedance (worst case) of 220€2. During the tests, the skin is clean with
alcohol so it has a reasonable impedance value of 10k{2. This value drops drastically
if the skin is wet or sweaty (1k€2). The total skin impedance is 144062, in the worst
cases. Considering only purely resistive components the maximum current that
can flow is equal to 2.5mA. This value, referring to the figure, corresponds to the
beginning part of zone AC-2. In a state of normal operation, the current would be
in zone AC-1.
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Chapter 8

Muscles Synergies Analysis

8.1 Gait Analysis

The gait is the shortest task repeatable during human locomotion. The gait analysis
is performed by monitoring and measuring body movements, body mechanics and
skeletal muscle activity. The study of the EMG signal allows evaluating the health
status of each muscle. It is, therefore, possible to evaluate which conditions affect
the ability to walk, particularly for subjects suffering from neuromuscular disorders.
The physiological gait cycle (also called stride) is the timing between two different
steps. Each cycle is composed by two phase: Stance and Swing. The stance phase
is the period in which the foot is, whole or in part, in contact with the ground.
The swing phase begins with the toe-off and is the air phase that allows the body
advancement. Figure 8.1 shows all the several phases that compose a single gait
cycle. The stance phase is approximately the 60% of the gait cycle, however, the
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Figure 8.1: Mains phases during gait cycle.
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8 — Muscles Synergies Analysis

swing phase is the other 40%. Only the 20% of gait cycle (Initial Contact and
Pre-swing) is a double support. This means that both the lower limb touch the
floor. All the other phases are a single support.

Moreover the terminal stance and the pre-swing take also the name of push off
phase.

During the gait, the limb achieve three main task ( Weight Acceptance, Single Limb
Support and Limb Advancement)[57].

Weight acceptance

o Initial Contact
This phase 1 happens in the 0-2% of the gait cycle. It begins when the hell
touches the floor, occurs hip flexion and knee extension.

» Loading Response
This phase is at the 2-12% of the gait cycle. This phase 2 ends when the other
foot is in swing phase. During this movement all the weight is transferred to
the forward lower limb. The hip is fixed to increase the stability and the knee
is in shock absorption position.

Single Limb Support

« Mid Stance
In this phase 3, at 12-31% of the interval of the gait cycle the body stability
increase.

o Terminal Stance
The phase 4 (31-50% of gait cycle) is the moment of body progression beyond
the supporting foot. This

Limb Advancement

e Pre-Swing
This phase 5 takes phase in the range 50-62% of gait cycle. In this position
This position is characterized by toe off.

o Terminal Stance
In the phase 6 ( 62-75% of gait cycle) the foot does not touch the floor and hip
flexion helps to advance the limb. This is the begin of the acceleration part.
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« Mid-Swing

In 75-85% of gait cycle the limb advance. This movement is accomplished by

hip flexion and knee extension in response to the gravity.

« Terminal Stance

This is the last part of the gait cycle (87-100%). This is a deceleration phase
in wich the limb advancement finishes by the knee extension

8.2 DMaterials And Methods

8.2.1 Muscle Selection

The final aim of the ’in-vivo’ test is extract and study the muscle synergies during
the gait. To do this, 10 muscle (distal and proximal) of the lower limb were selected
with the help of a physician. The figure 8.2 shows which muscles were selected
and how the electrodes were placed. For each selected muscle, the description of

@ Biceps Femoris

@ Gastrocnemius Lateralis
@ Gastrocnemius Medialis
@ Peroneus Longus

@ Rectus Femoris

@ Semimembranosus

| @ Soleus

@ Tibialis Anterior

Vastus Lateralis

Figure 8.2: Bipolar electrodes placement scheme (lower limb).

muscle activity [57], the correct position, and orientation of the electrodes have

been analyzed.
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Biceps Femoris (BF)

o Activation: The BF is part of the lateral hamstring. These muscles are
activated in the second half of the swing phase. Their function is to decelerate
hip flexion and knee extension. Also, there is an activation at the beginning
of the step (first half of the position phase) as an antagonist of rectus femoris.

o Location: Electrodes need to be placed at 1/2 on the line between the ischial
tuberosity and the lateral epicondyle of the tibia.

e Orientation: In the direction of the line between the ischial tuberosity and
the lateral epicondyle of the tibia.
Gastrocnemius Lateralis (GL)

o Activation:The Gastrocnemius is a knee flexor distal muscles. The contrac-
tion of this muscle begin at the initial contact and finish with the end of the
Stace phase.

» Location: Electrodes need to be placed 1/3 of the line between the head of
the fibula and the heel.

e Orientation: In the direction of the line between the head of the fibula and
the heel.
Gastrocnemius Medialis (GM)

o Activation: The GM has the same activation pattern of the Gastrocnemius
Medialisi.

o Location: Electrodes need to be placed on the most prominent bulge of the
muscle.

e Orientation: In the direction of the leg.

Peroneus Longus (PL)

o Activation: The PL is a Ankle plantar flexor muscle. The muscle activation
starts after the Gastrocnemius and it ends in the terminal Stace.

o Location: Electrodes need to be placed at %4 on the line between the tip of
the head of the fibula to the tip of the lateral malleolus.

e Orientation: In the direction of the line between the tip of the head of the
fibula to the tip of the lateral malleolus.
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Rectus Femoris (RF)

o Activation: This muscles has as an activation among the end of pre-swing
and the begin of the initial Swing. In this pattern the RF have a double task:
Knee Extensor and Hip Flexor. Moreover at the begin and at the end of the
gait cycle the RF is active to stabilize the knee.

» Location: Electrodes need to be placed at 1/2 on the line from the anterior
spina iliaca superior to the superior part of the patella.

o Orientation: In the direction of the line from the anterior spina iliaca superior
to the superior part of the patella.
Semimembranosus (SM)

o Activation: This muscle, as the Biceps Femoris, is an Hamstring.

» Location: Electrodes need to be placed at 1/5 on the line between the ischial
tuberosity and the popliteal fossa.

o Orientation: In the direction of the line between the ischial tuberosity and
the popliteal fossa.

Soleus (SO)

o Activation: The SO is a ankle plantar flexor muscle with the same pattern
of the Gastrocnemius.

« Location: Electrodes need to be placed 2/3 of the line between the medial
condylis of the femur and the medial malleolus.

e Orientation: In the direction of the line between the medial condylis to the
medial malleolus.

Tibialis Anterior (TA)

o Activation: Its Activity starts at the toe off and continue during all the swing
phase. Also at the begin of the stance phase there is a TA activation due to
hell strike. This activation ends when the foot is entirely in contact with the
ground.

« Location: Electrodes need to be placed at 1/3 on the line between the tip of
the fibula and the tip of the medial malleolus.
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o Orientation: In the direction of the line between the tip of the fibula and the
tip of the medial malleolus.

Vastus Lateralis (VL)

e Activation: In general the Vasti is Knee extensor muscle. For this reason
the activation of the VL starts during the terminal swing and it reaches its
maximum at the begin of the gait cylce.

» Location: Electrodes need to be placed at 2/3 on the line from the anterior
spina iliaca superior to the lateral side of the patella.

e Orientation: In the direction of the muscle fibers.

Vastus Medialis (VM)
o Activation: The VM has the same pattern of VM.

« Location: Electrodes need to be placed at 4/5 on the line between the anterior
spina iliaca superior and the joint space in front of the anterior border of the
medial ligament.

o Orientation: Almost perpendicular to the line between the anterior spina
iliaca superior and the joint space in front of the anterior border of the medial
ligament.

Figure 8.3 shows the main activation patterns of the selected muscles.
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Figure 8.3: Timing of muscle activity during normal gait (draw up by [58]).
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8.2.2 Data Collection Protocol

For collect the data during a normal gait, a health subject (Female, 23 years old,
58Kg) has been recruited. The data collection has been done at the Motion Analysis
Laboratory at Spaulding Rehabilitation Hospital, Harvard Medical School.

Both legs of the subject were analyzed but with two different setups. The sEMG
signals of the left leg muscles were recorded using the Motion Labs System. For
the right leg instead, the boards designed were used to record 6 muscles (BF, GM,
RF, SM, SO and TA), and to complete the setup the other available channels of
the MLS were integrated. During the gait is important to understand the moment
in which a new gait cycle begins and ends. So for this reason, two pressure sensors
(one for limb) were added to the setup. The right pressure sensor was common to
both the system (MITOR and MSL) and was used to synchronize the two systems.
The FSRs were fixed on the insoles of the shoes.

In addition to connecting probes and sampler electrodes, MITOR board reference
electrodes have also been placed in predominantly bony parts such as the ankle,
knee or iliac crest. After the placement of the probe, the legs were wrapped to
prevent detaching of the electrodes. This bandage was made in such a way as not
to affect the gait.

6 different recordings were made each consisting of at least 10 useful steps (the
first and last steps were excluded). For each recording session, the sEMG signals
of both legs were measured.

During the data collection, the subject was asked to walk straight, keeping a regular
and steady pace.

8.2.3 Initial processing

Both the systems are a sampling frequency of 1kHz. A pre-processing is necessary
for two reasons: to synchronize the two systems in the right leg and to filter the
signals so that they have the same frequency components. In the figure 8.4 is
shown the block diagram of the preprocessing operations. The MSL during the
data collection recorded 14 sSEMG channels (10 for the left leg and 4 for the right
leg), FSRI (left foot pressure sensor) and FSRr (right foot pressure sensor). The
MITOR system, made up of 6 boards, recorded 6 sEMG signals and the FSRr
signal.

In the section on synchronization (subsection 5.2.1), the need for pre-processing
was introduced to synchronize MITOR boards. This is, in fact, the first step of pre-
processing for MITOR signals. To synchronize the two systems the common signal
FSRr has been used. While the FSRr signal recorded by the MITOR device takes

91



8 — Muscles Synergies Analysis

14 sSEMG
signals
FSRr, FSRI

Motion
Lab
System

Synergies
mmmmd 1raditional
Approach

Systems
Syl’lt‘hl‘f][llz:lhon Band-Pass Filter
Right
Leg

6 SEMG —
signal MITOR Synchronization Synergies
gnals = ) . N e

FSRr Sistem pre-processing

Approach

Figure 8.4: Data collection signals pre-processing flowchart.

0 or 1 values, the one acquired by the MSL is a converted signal with ADC (range
+5V). To compare the two signals the MAL FSRr has been quantized by setting a
threshold equal to its mean value. The value 1 was assigned to the above-threshold
signal (sensor pressed), 0 to the below-threshold signal (sensor not pressed). The
choice of these logical levels is the same as that used by MITOR boards. In this
way, the systems are synchronized with maximum misalignments of 2 samples.
Using the FSRr signal, the sEMG signals have been cut and have been rearranged
(the first signal of the right leg corresponds to the signal of the same muscle in the
left leg). The last step of pre-processing was to filter all the signals (to have the same
frequency band). The two system have different acquisition channel with different
filter, so in order to have the same spectral frequency component, the sEMG signals
of both the systems, have been filtered with a Butterworth filter of order 10 with a
band passing between 30Hz and 300Hz according of a typical sSEMG power spectral
density.

At this point, it is possible to proceed with the extraction of muscle synergies in
two possible approaches. The classic approach involves the use of the SEMG signal
development, while the ATC approach requires the use of the average envelope of
ATC signals.

8.3 Traditional Approach

The traditional approach to extract muscle synergies involves following the steps
shown in the figure 8.5.

With the use of FSR signals, each channel is segmented. The first and last steps
have been removed as they are not descriptive of the gait cycle. Also, abnormal
steps for muscle activation or incorrect functioning of the pressure sensor (remained
active even during the swing phase) were eliminated. Made this skimming of the
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Figure 8.5: Block diagram of traditional synergies extraction method.

data, the residual SEMG signal has been rectified. To get the envelope a low pass
Chebyshev filter at 10Hz was used. Each envelope has been resampled to 1000 sam-
ples, to have all the steps with the same time length. In addition, each envelope
has been normalized to its maximum value. The envelope matrix has been created
and given as input to the nnmf function of MATLAB®.

This operation was performed for both the 10 signals of the right leg and those of
the left leg. Synergies were extracted from both legs to show that replacing part of
the MSL channels with MITOR boards does not change the results. This can also
be considered as an additional validation test of the MITOR system.

As mentioned in subsection 1.5.1, the nnmf function requires as input the envelopes
and the number of synergies to be extracted. For both legs, the smallest k value is
chosen, with an R? mean >85% and an R? for each channel >70%. In both cases,
the optimal value was 4. This result is consistent with the number of channels and
the type of muscles taken. Figure 8.6 show the R? values obtained with a number
of 4 synergies for both the legs. In general, in literature, there is a number of

R2 mean Left Leg R2 Coefficient Right Leg

100 100

R2 Coefficient (%)
R2 Coefficient (%)

Figure 8.6: Comparison between original envelope and nnmf reconstructed envelope
(using R?).

synergies between 4-6 ([11] [14] [26]).
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The figure 8.7 shows the outputs of nnmf function obtained from the left leg (only
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Figure 8.7: Extracted Synergies during the gait Left leg (red: MSL) Vs Right leg(blue:
MITOR+MSL).

MSL in blue) and the right leg (MSL and MITOR in red).

The H matrix obtained from the nnmf presented the temporal activation of all the
steps analyzed (20) in series. The graph was obtained by calculating the mean and
the standard deviation of the multiple-step cycles.

The results visually are very similar. This result shows that replacing the Motion
Lab System channels with MITOR boards does not alter the results of synergies.
Besides, to obtain quantitative information on the similarity between the two re-
sults, zero-lag cross-correlation was calculated between the average patterns of time
activations. To compare weights was used the cosine similarity. Results are shown
in figure 8.8.
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Figure 8.8: left) Zero-Lag Cross-Correlation between the time activation of the four
synergies of right and left leg; right) Cosine Similarity of the synergies weight of the
muscles of right and left leg.

The reason why the coefficients are not 100% is due both to the normal variability
of the step and to the positioning of the electrodes on the two legs. Doing mea-
surements even with only MLS on both legs is natural not to have two perfectly
equal results.

8.4 ATC Approach

The ATC approach to extracting synergies requires a different processing show in
figure 8.9.
This technique focuses heavily on enhancing the repeatability of movements. So

Steps & l 8 . Resample and Synergies
. . Detection for - v
Segmentation Avarage Extraction
k= each step

Figure 8.9: Block diagram of ATC synergies extraction method.

first, we segment the SEMG signal using the foot pressure sensor. At this point for
each gait cycle, the ATC signal is calculated. MITOR boards allow this signal to be
obtained directly, while the Motion Lab system does not. So to unify the processing
it was decided to calculate the ATC in software. For each signal, the threshold has
been calculated using the same algorithm used by MITOR boards (see paragraph
4.2.2). As a time window, according to previous work [11], a window of 50ms has
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been fixed. After having obtained the ATC signals of each step these have been re-
sampled to have all the same length (20 values) and then mediated to obtain a sort
of average envelope calculated on the ATC signal. Before creating the matrix with
ATC envelopes, this was normalized. Again the choice of the number of synergies
was made in the same way as the traditional approach (using R? coefficient)
Before proceeding with the extraction of muscle synergies was also analyzed how
the average envelope obtained with the ATC is similar to the average traditional
envelope of the SEMG signal. These two signals were initially compared using zero-
lag cross-correlation. These results are very high, implying that the trends of the
two signals are similar. To obtain information also considering the amplitude the
R? coefficient has been calculated.

In the figure 8.10, it can be seen that all channels have a similarity of more than
75%. For the criteria laid down, this value represents a good reconstruction. Go-
ing into detail, the figure shows the example of the comparison of the mean ATC
signals and the mean sEMG envelope in the best (SM) and worst (RF) case (figure
8.11). By analyzing the SM signal the classic envelope has the same trend and

ATC envelope VS Classic envelope ATC envelope VS Classic envelope

100

Zero Lag Cross-Correlation
R2 Coefficient

BF GL GM PL RF SM SO TA VL VM BF GL GM PL RF SM SO TA VL VM

Figure 8.10: Similarity coefficient of classic envelope and ATC envelope.

normalized amplitude as the ATC. So, for this reason, the R2 coefficient is so high.
Instead, in the RF signal, the situation is a bit different. In the complex, the trend
of the two signals is the same but they have a different level in the middle of the
gait cycle. This difference is caused by the ATC because for technique everything
below the threshold is not considered. On the contrary, the traditional envelope
also reconstructs the baseline noise that is above the ATC threshold.

his problem, as will be shown later, does not involve problems in choosing the num-
ber of synergies and in the course of the temporal activations and muscle weights
in the synergies extracted.
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Figure 8.11: Example of ATC envelope Vs Classic envelope.

To test the synergies extraction with the ATC technique, the signals obtained from
6 recording sessions each containing 10 steps are used. From each recording session,
an average ATC matrix was obtained which was used as nnmf input. So in total,
we got 6 different matrices of time activation coefficients and 6 of weights. The
mean and standard deviation of these matrices have been calculated. The results
are shown in the figure 8.12 [a and b].

These results were compared with the synergies obtained by the same signals using
the classic envelope and not the ATC (8.12 [c and d]).

The temporal activations of the synergies with the ATC are edgier because it is
characterized by higher frequency components than the classic envelope. Besides
this signal can be smoothed mediating more signals. To obtain similarity coeffi-
cients, as in the case of the traditional approach, the temporal activations obtained
with classical envelopes have been interpolated to have the same number of points.
In this way, it is possible to calculate the zero-lag cross-correlation between the
mean temporal activations and the cosine similarity between the mean weights.
The results obtained are shown in figure 8.13.

The results in terms of zero lag cross-correlation and cosine similarity have very
high similarity. This implies that this intake can be used to give a good description
of muscle synergies during the gait.
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Figure 8.12: a) ATC Timing Activation (H); b)ATC Weights (W); ¢) Envelope Timing
Activation (H) ;d) Envelope Weights (W).
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Figure 8.13: left) Zero-Lag Cross-Correlation between the time activation of the four
synergies of ATC envelope and classic interpolated envelope; right) Cosine Similarity of
the synergies weight of ATC envelope and classic interpolated envelope.
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Chapter 9

Conclusion

The current MITOR system, consisting of 6 wearable boards, allows the monitoring
of the sEMG signal with three different recording modes:

« acquisition of the sEMG signal, with a frequency of 1kHz and a resolution of
1mV.

o sEMG signal enveloping through the use of digital filters implemented in
firmware.

« ATC signal, obtained by counting the number of events in the time unit (time
window) generated by the hardware comparison between the sEMG signal and
a threshold.

Particular attention was paid to testing ATC mode. The algorithm created to se-
lect the threshold works correctly positioning the threshold value very close to the
signal baseline.

Boards work synchronously with an average delay of 10ps with a synchronization
window of 5s. This allows the MITOR system to be used for long-term analysis
without being affected by meter drift that would cause delays that would invalidate
the analysis.

Besides, 20% energy savings were achieved by optimizing the choice of components
and updating the microcontroller compared to the previous version. With a battery
of 450mA /h, the system can record for 42 hours continuously the raw sEMG signal
or for 80 hours the ATC signal.

The MITOR system has been validated using an EMG acquisition system on the
market, the Motion Lab System. The signals recorded with both systems during a
maximum voluntary contraction of arms muscles were compared in terms of SNR.
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The values obtained are very high >30dB with both systems and differ by a maxi-
mum of 2dB.

Mixing the MITOR system with the Motion Lab System, a hybrid system with
10 channels has been developed to carry out a study on muscle synergies during
the journey. To validate the results, muscle synergies have also been obtained
using the Motion Lab System only. The results show a zero-lag mean cross-
correlation of 99.18%+0.59% between the temporal activations of the synergies
obtained with the two systems, and average cosine similarity between the weights
equal to 98.20%=+0.84%. Such values are consistent with the normal variability of
the step.

A different approach has been tested to derive muscle synergies, using the classic
sEMG signal envelope, but using the average envelope obtained by the ATC signal.
To assess performance, synergies with ATC were compared with synergies extracted
by the traditional method. Such synergies show a zero-lag cross-correlation of the
activations time equal to 96.9%+1.94% and a cosine similarity between the weights
equal to 97.3%+1.40%.

These results show that the ATC approach is valid to extract muscle synergies
on repetitive movements such as gait analysis. The limit of the approach with the
ATC signal is right the need to have repeatability in the movements. This technique
cannot be used (with the algorithm proposed in this thesis) on grasping exercises
where for example there are so many degrees of freedom and little repeatability.
As a result of the tests, it has been shown that the design specifications set out in
the design part have been respected.
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Chapter 10

Future Steps

The MITOR project is being developed so it is needed to define the possible future
steps: those related to hardware and firmware changes and search for future appli-
cations.

As for the design of the boards, the future version should have smaller dimensions
to make it easier to position the boards on the body of the subject during sSEMG
signal recording. It would, therefore, be appropriate to create a multi-layer struc-
ture of the PCB, taking care to maximize the mechanical stability of the device.
As a result of the problems found on the inrush current that generates the peaks
of tension during writing on the pSD card, it is necessary to study in detail this
phenomenon and improve the circuit of conditioning of the pSD card.

One should introduce a way to have an adjustable gain in the amplification chain
to enhance also muscles with low muscle activations.

To have an eco-friendly device, a charging circuit should be introduced so that
rechargeable batteries can be used and the use of single-use batteries avoided.

An innovation to the system would be introduced by the use of the accelerometer
and gyroscope introduced in the design phase of this new version. This component
could be used as a system start and stop. This for a long-term analysis could be
ideal. This way at the moment when the system does not move for a certain time
the system could stop recording the sSEMG signal to have an energy-saving. More-
over, the data of accelerometer and gyroscope can be useful, in post-processing,
to realize an algorithm of recognition of the movements. This would be helpful
to identify the times when repeatable movements like gait begin. In this way, we
could figure out which signal windows to use for the study of synergies.

Further progress could be made by introducing wireless communication to see in
real-time the signal that the device is recording. This option is useful to verify
the correct electrode positioning and generally the signal quality that the system is
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10 — Future Steps

recording. In addition, via a wireless application, channel gain parameters could be
set and ATC characteristic parameters (time window, threshold) modified or con-
trolled. In this way, the system would be more adaptable to any type of movement
and customizable for each individual.

As regards the application fields, the technique of extracting synergies with the
ATC signal on other types of repeatable movements should be tested. An example
of the upper limbs is the kranking movement. ATC should be analyzed in detail
to find all limits to the use of this technique for extracting muscle synergies and
possibly make changes to overcome them.
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Appendix A

Circuit Diagram and Altium
Design® Project
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Acronyms

Acronyms

pnC microcontroller.

puSD micro SD.

ADC Analog-to-Digital Converter.
ADP Adenosine DiPhosphate.
AER Address-Event Representation.
AFE Analog Front-End.

AP Action Potenzial.

ATC Average Threshold Crossing.

ATP Adenosine TriPhosphate.

CMRR Common Mode Rejection Ratio.

CNS Central Nervous System.
DAC Digital-to-Analog Converter.

ECG ElectroCardioGraphic.
EMG ElectroMyoGraphy.
ESB Enhanced ShockBurst.

ESD ElectroStatic Discharge.

FA Factorization Algorithm.

FES Functional Electrical Stimulation.
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Acronyms

FIFO First Input First Output.

FSR Force Sensitive Resistor.

I2C Inter Integrated Circuit.
TEC International Electrotechnical Commission.

iEMG intramuscular ElectroMyoGraphy.
IR-UWB Impulse Radio Ultra Wide Band.

JTAG Joint Test Action Group.
LED Light Emitting Diode.

MEMS Micro Electro-Mechanical Systems.
MISO Master Input Slave Output.

MLS Motion Lab System.

MOSI Master Output Slave Input.

MU Motor Unit.

MUAP Motor Unit Action Potential.

NFC Near-Field Communication.

NNMF Non Negative Matrix Factorization.

PCB Printed Circuit Board.

PSD Power Spectral Density.
QFN Quad Flat No-leads.
RAM Random Access Memory.

sEMG Surface ElectroMyoGraphy.
SNR Signal to Noise Ratio.

SPI Serial Peripheral Interface.
115



Acronyms

TC Threshold Crossing.

THR THReshold.
USB Universal Serial Bus.

WBAN Wireless Body Area Network.
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