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Abstract

This (kesis describes the evaluation of using an inertial measyrement vnit (IMU) device W measure
the movement of the abdomen with the aim to detect different breathing activities and to demen-
strate the feasibility fo use this technique for automatic control of Functional Electrical Stimulation
of Abdominal Muscles (FESAM), Pcople with high-level spinal cord injury (SCI} have difficulties
on voluntary breathings, as well as forced respiration, such as cough. The method of FESAM can
improve respiratory function.

Respiratory activily can be obtained directly by measuring the airflow at the mouth aad nosc, using
a face mask connected to a spirometer. While this approach is suitable in a laboralory enviromment,
the face mask is inconvenient for long-tertn, every day use. An aliernative way to detect respiratory
activity is to measurc the movement of the abdomen, which is less intrusive and more comfortable.
Plethysmography is typically used to measure such movement in sleep studies. In this work, the
suitabifity ot an IMU sensor device attached to the abdomen is investigated.

Experiments were conducted with 5 neurclogically intact subjects with both an IMU and spirometer
device. Signals recorded from both sensors during different breathing tasks sucl as quiet breathing,
cough, deep breathing and talking are compared. The phase-shifts between the signals from the two
sensors are analysed and found to be within -£1s. Analysis of the magnitude of the IMU signals and
their power spectrum confirm that it is possibie to represent different breathing activities with these
SENSOIS.

A control systemr which cun detect breathing activity in real-time, and controls a stimulator to
generalc appropriate electrical stimulations to the abdominal muscles, is also prosented in this thesis,
A multi-characteristic-analysis algorithn has been developed. This enhanced control system can
analyse multiple characteristics of the breathing signal in real-time, and uses a flowchart structure
to detect breathing activities. The results are used to control the stimulator which delivers suitable
electrical stimulations during quiet breathing and coughing,.

A graphical user intcrface (GUI) was implemented to interface with the sensor sysiem, control
system and stimulator system. This (vUY was designed to graphically control the parameters of the
entire system, and to show the system results visually. By using the GUI, the entire control system
is more accessible t0 non-technical people. In addition, the contol of the three systems becomes
easier and is simplified. The possibility to save and load profiles for different patients also makes the

configuration of the system more convenient.
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Thesis Qutline

Chapter 1 This chapter introduces the physiological and technical background of this study. The
necessary background in respiratory physiology, such as respiratory mechanics and muscles is intro-
duced first. Spinal cord injury and its effect on the respiratory sysiem are described as the motivation
for this study. Methods to assist the respivatory function in tetraplegia arc then revicwed. In particular,
the method of functional clectrical stimulation of abdominal muscle (FESAM) is described, including
jts principles and characteristics, Open issucs of the automatic control system for functional electyi-
cal stimulation of abdominal muscle are identified at the end of this chapter, leading 1o the following

chapters,

Chapter 2 The experiments with an inertial measurernent unit (IMUY) sensor and a spirometer sensor
as refetence in the antomatic control system for FESAM are described in this chapter. Spirometer
and IMU devices are reviewed first. By analysing the IMU signals and comparing them with the
spiromcter signals as reference, the possibility to use an IMU sensor to detcet breathing signals is
demonstrated. Tive ncurologically intact subjects were involved in experiments with a spirometer
and IMU device to record respiratory activities. Sigual characteristics such as the amplitudes and the
phase-shift between the signals from the IMU and the spirometer are analysed. The results confirm
that the IMLJ sensor system has the potential to detect respiratory activities. Issucs with the IMU

system in the experiments as well as further work are also discussed.

Chapter 3 This chapter discusses the algorithm of (he automatic FESAM contro system that de-
tects respiratory activity and generates stimulation triggers for quiet breathing and coughing patterns.
The basic struclure of the system and its implementation in the Simulink environment are introduced.
Analysis of the signal characteristics from ditferent breathing patterns is discussed as background of
the multi~characteristic control system which detects the dillerent breathing patterns of guiel breath-

ing, cough and others such as speaking.

Chapter 4 The stimulator which detivers the clectrical stimulation is introduced in this chapter first.
A user geaphical interface is used to interface with the sensor system, coniro! system and stimulator
system. Throngh this interface, the parameters of the three systems can be set graphically. The results
of the control system as well as the clectrical stimulalion can also be shown by the grapbical viewer

of the interface.

ifi




Chapter 5 A summary and further discussions about the entire automatic FESAM system, including

the sensor system, conirol system and stimulator system, is presented in this chapter.

Chapter 6 This chapter summarises the contributions of this study, which include condncting the ;
sensor experiment, developing (he multi-characteristic countrol system and a graphical user interface

for the controt of the entire systom, and draws conclusions. Further work for future development of

the system is also discussed in this chapter.

v




Contributions

» Experiments with both the inertial measurement unit and a spirometer were carried out to eval-
vale the inertial measurement unit sensor system. Statistical analysis on the phase-shift and

value difference between signals from the two scnsor were carried out.

o The multi-chavacteristic-analysis algorithm to detect diflcrent breathing patterns (quiet breath-
ing, cough, speaking) online was developed. Multiple characteristics of the breathing signal

can be integrated in a flowchart structure fo detest breathing activities in real-time. ‘

» A graphical user interface was created to integrate lhe sensor system, vontrol system and stim-
ulator system into a control panel. All the system parameters can be set in the panel. System [

results can also be shown on the pancl of the interface.
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1 introduction and Background

Summary

Respiration is an essential part of human physiological function. Iaspiration and expiration are acti-
vated by inspiratory and expiratory muscles, respectively. These respiratory muscles are inmervated al
different levels of the spinal cord. When the spinal cord is damaged, different respiratory muscles arc
partially or completely paralysed according to the damage level. Cervical spinal cord injury resulis
in tetraplegia. In tetraplegic individuals, the respiratory function is compromised lo different cxtents.
Respiratory therapics ave thercfore needed. Available respiratory therapies include mechanical venti-
fation, diaphragm pacing for normal breathing, and functional magnetic stimulation for congh. The
method of functional electrical stimulation cap be an alternative to these methods, A noevel conteol
system to apply functional electrical stimulation to abdominal muscles o assist normal breathing and
cough has been developed in a previous siady. There are two open issues in this control system.
They are the sensor system which acquires the breathing signal and the control system which detects
different breathing activities.

In this chapter, basic respiratory physiclogy is introduced first. Spinal cord injury is then discussed.

Finally, respiratory therapies including functional electrical stimulation are discussed.

1.1 Relevant Respiratory Physiology

As the functional electrical stimulation method activates abdominal muscles Lo assist respiration, the

respiratory muscles and mechanics are reviewed,

1.1.1 Respiratory Process

Respiration is one of the most cssential functions of hnman beings. Respiration integrates nervous
conlrol of breathing, the function of the lungs, the circulation of the blood and the metabolism of the
tissues [1].

The word “respiration’ in this thesis only refers to the process of breathing, Thercfore, the respi-
ratoty process in this thesis is the process of inhuling (inspiration) and exhaling (expiration) air into
and from the lung. Othor complicated physiological background such as the lung function and gas
exchanges between organs and blood will not be discussed in this thesis. They can be found in many

text books [2-4].
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Figure 1.1: Simplified diagram of the respiratory process.

‘The process of respiration discussed in this thesis js illustrated by a simplified diagram, as shown in
Figure 1.1. Inspiration and expiration arc controlled by respiratory muscles. The respivatory muscles

are innervated by the spinal cord, whose signal comes from the brain.

1.1.2 Respiratory Muscles and Mechanics
A. Inspiration

John B, West described basic algorithms of the inspiratory mechanism i [2]. The primary inspiratory
muscle is the diaphragm, as shown in Figure 1.2, When forced inspiration takes place, accessory
inspiralory muscles will be recruited as well. They include: the external intercostal muscles and
parasternal intercostal muscles, as well as the scalene and stermocleidomastoid muscles. During
inspiration, the diaphragm contracts from a flat sheet to a dome-shape sheet, while the accessory
muscles pull the rib cage upwards and outwards, The main task of these inspiratory muscles is
to increase the volume of the thorax. The inspiratory process is illustrated in Figure 1.3(a), The
thorax volume increase will result in a pressure decrease (increase in negative pressure) in the thorax
according to Boyle's Law'. Air will be sucked inte the lung due to the pressure ditference between

the alveolus and the atmosphere,

B. Expiration

Usually, quict expiration by ncurologically intact people docsn’t invelve any expiratory muscle — the

expiration process is generally a passive process. Lung, diaphragun and thoracic cage have elasticity.

'Royle’s law is one of tae ideal pas law. It statcs that the product of the volumc and pressure of a fixed guantity of ideal
Eas is consiant, given constant temperature. The formula for Bovie’s law is: pV — & wheee V' and p are volume und
pressure of the gas respectively, and & is a constant

-
B
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Figure 1.2: Main respiratory muscles. Adapted from [5{.

Atmospheric pressute = p_
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{a) Inspiration

Atmospheric pressure = p_
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Figure 1.3: Illustration of the volume and pressure change of the thorax during inspiration and expi-

ration. ¥y and pg denote the initial

volume and pressurc of the thorax, whilst ¥ and p

denote the volume and pressure during the phase of inspiration or expiration. p, denotes

the atmospheric pressure.

When the diaphragm is contracted duging insp

iralion, a recoil force can be produced by elasticity to

pull it back., When the force to contract diaphragm disappears (i.e. inspiration ends), the passive recoil

of diaphragm and thoracic cage will pull back

ihe diaphragm. The process of inspiration is reversed,

as shown in Figure 1.3(b). The thorax volume decreases due to the recoil of diaphragm. According to

Boyle’s Jaw, the vohume decrease inside the thorax will generatc an increasing intrathoracic pressure.

Gas will flow out of the thorax due to the pressure difference between the intrathoracic pressure and
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atmospheric pressure until they reach equilibrium,

In the case of forced expiration, such as cough and deep breathing, the expiratory muscles are
recruited to assist expiration. The primary expiratory muscles are the abdominal muscles. The ab-
dominal muscles mclade: rectus abdominis, oblique abdominis (external and internal) and rransverse
abdominis, as shown in Figure 1.2, The intercostal internal muscles and triangularis sterni are the
accessory expiratory muscles, The primary expiratory rouscles lower the hottom rvibs, whilst the uc-
cessory muscles move the ribs upwards and outwards. The main task of the expiratory museles is to

pull back the diaphragm actively, rather than let it recoil passively.

1.2 Spinal Cord Injury and Tetraplegia

This study aims to benefit tetraplegic patients. In this section, some basic baclkground about spinal
cord injury and the effect of tetraplegia on the respiratory function are discusscd. A general review of

functional electrical stimulation (FES} is introduced at the end of this section.

1.2.1 Nervous System

Human body movement and feelings (respiratory muscle movement for instance) depend on natural
electrical currents which flow through nerves in the human body. The natural electrical currents ave
transferred by specialised cells known as rewrons from one part of the human body to another. All
the neurons of an orgamisin, fogether with their supporting cells, constitute a zervous system [6],

The nervous systemt includes the Central Nevvous System (CNS) and Peripheral Nervous Systeni
(PNS). The CNS (shown in Figure 1.4) consists the brain and the spinal cord. It controls major

functions of the human body. The PNS provides nerves connecting the CNS and rest ol the body.

1.2.2 Spinal Cord

The spinal cord is a thin, tmbular structure that is an extension of the CNS from the brain and is
enclosed in and protected by the bony vertebral column. The main function of the spinal cord is to
transimit the nenral inputs from the periphery to the brain and vice versa. It is a vital structure in our
survival and functional capacity.

The spinal cord is divided into several segments by its location, as illustrated on the left side of
Figure [.4. The scgmental nature of the spinal cord is reflected in a series of paired spinal ncrves,

gach of which is atlached to the cord by a dorsal sensoty root and a ventral motor root [6].

1.2.3 Spinal Cord Injury and Tetraplegia

Spinal cord injury occurs when the tunction of the spinal cord is damaged. This damage could be

trauma such as a car accident or disease such as spina bifida.
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- Brain

Figure 1.4: Illustration of the central nervous system and the divisions of the spinal nerves. Adapted
from http: //www.backrack.co.uk/nervous_index.shtml.

Level Function

C3-C5 Supply diaphragm (mostly C4)

C5-C6 Shoulder movement, raise arm, flexion of elbow
C7-C8,T1 Flexes wrist
T1-T6 Intercostals and trunk above the waist
T6 - L1 Abdominal muscles
L1-14 Thigh flexion
Table 1.1: Segmental spinal cord level and function. Note that this table only shows the essential

spinal cord levels and functions. This table is part of the table from http: //www.makoa.
org/scimap.htm.

Spinal cord injury can leave patients with different levels of dysfunction of the body. There can be
incomplete or complete loss of motor or sensory functions in the arms, trunks, etc.. The level of the
injury is usually defined in the UK by giving the most distal uninvolved segment of the cord [7], as
discussed in Section 1.2.2. Some essential body functions of certain spinal cord levels are listed in
Table 1.1. For instance, generally speaking, an individual with spinal cord injury at above C5 would
have diaphragm dysfunction.

Spinal cord injury can lead to retraplegia and paraplegia. These two terms are defined by the levels
of the cord damage.

Tetraplegia (also known as quadriplegia) It refers to impairment or loss of motor and/or sensory

function in the cervical segments of the spinal cord due to damage of neural elements within the spinal
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Figure 1.5: A basic FES system [10].

cord. Tetraplegia results in impairment of function in the arms as well as the trunk, legs and pelvic
organs [7]. The level of the functional damage depends on the cervical level (from C1 to C7) of the
injury. For instance, as Table 1.1 shows, a C3 — C5 level of injury will lead to partial paralysis of the
diaphragm, as well as all the functions below it; whilst a C7 injury can leave some remaining control
of the shoulder movement. To conclude, cervical injuries (tetraplegia) results in serious damage to

activities of daily life, therefore requiring intensive help from others.

Paraplegia This term refers to impairment or loss of motor and/or sensory function in the thoracic,
lumbar or sacral (but not cervical) segments of the spinal cord [7]. Arm function is spared in case of
paraplegia, but the functions of trunk, legs and pelvic organs are impaired subject to the level of the
injury.

1.2.4 Functional Electrical Stimulation (FES)

Functional electrical stimulation (FES) has become a fast developing technique to restore or improve
body functions to individuals with spinal cord injury (SCI). This method has been developed for more
than 20 years, and FES centers have been established around the world [8,9].

FES works by applying low levels of pulsed electrical current to motor nerves, thus activating
paralysed muscles. FES can work because when damage occurs only to the CNS, muscles and their
peripheric nerves are intact. The muscles are paralysed because the biological signal generated from
the brain cannot reach the nerves which activate the muscle. What FES does is to apply artificial
electrical signals directly to the nerves. FES can also benefit Multiple Sclerosis patients as they also
have problems in transmission of nerve signals [10].

A basic FES system is shown in Figure 1.5. The electrodes can be surface or implanted ones. Pulsed
electrical signals go through the lead to the electrodes from the stimulator, whilst parameters such as

pulse width and electrical amplitude can be configured by a controller connected to the stimulator.
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Figure 1.6: FES applications in spinal cord dysfunction [10].

FES has been applied in many spinal cord dysfunctions. Figure 1.6 shows 18 ways that FES can
benefit individuals with SCI. Rehabilitation engineers have developed systems for FES technique in
the following areas: paraplegic standing [11-17], lower-limb cycling [18-20], upper-limb exercise
[21,22], bladder and bowel functions [23], respiratory function [24-30].

1.3 Effect of Spinal Cord Injury and Tetraplegia on Respiratory Function

1.3.1 Main Respiratory Muscle Paralysis in Different Levels of Lesion

When a spinal cord injury occurs, the respiratory muscles innervated below the level of the lesion will
be impaired, leading to complete or partial paralysis. The respiratory muscles and their innervation
are shown in Table 1.2. Patients with partial or complete paralysis of any of the muscles of respiration
will need special care [7].

People with high cervical spinal cord injury (C1-C5) have the diaphragm completely or partially
paralysed, leading to serious respiratory failure. The initial mortality of high cervical spinal cord
injury is high due to the instant respiratory failure. Ventilators are mandatory to individuals with high
cervical spinal cord injury.

Individuals with lower thoracic and lumbar lesions have little damage to the lung function due to
the intact diaphragm and abdominal function. When the spinal cord is injured at T6-L1 (or above),

the abdominal muscles are partially or completely paralysed. In this case, the ability of active (forced)
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Muscle Innervation

Inspiratory, primary

Diaphragm C3-C5

Intercostals TL-TII

Scalene

Anterior C3-C4

Middle C3-Co6

Posterior C6-C8

Inspiratory, accessory

Sternocleidomastoid C2-C4 and accessory N, (XI)
Trapeziu CI1-C4 and accessory N. {XI)
Fxpiratory

Rectus abdominus To-112

Transversus abdominus T6-L1

Internal and external obliques  T6-L1

Pectoralis major Medial and lateral pectoral N. (C5-T1)

Table 1.2: Muscles of respiration and their innervation. Adapted from [5].
expiration such as cough is impaired.

1.3.2 Effect of Spinai Cord {njury on Respiratory Phases

Inspiratory phase

For neurologically intact individuals, the diaphragm is the main inspiratory muscle. Along with
intercostal nuscles and scalene muscles, the diaphragm allows the chest wall o move wilh a single
degree of freedoin along the refaxation characteristic [31].

People with spinal cord injury at C2 and above will have the diaphrapm paralysed completely.
They usually need a ventilator. People injured at C3-C35 can take small breaths, while C6 are able to
take deep breaths (32].

1 the case of low cervical cord injury (below C5-C8), the function of the diaphragm is retained,
while the intercostal muscles are paralysed completely. Without the puilling force supplied by the
intercostal muscles, when the diaphragm contracts during inspiration, the expansion of the ribcage is
limited. The scalenes are inucrvated around C6 (shown in Table 1.2), therefore some residual func-
tions of these muscles can remain. Estenne and Troyer have found that the electromvopraphy (EMG,
see page 20 in Chapter 2) activily of scalene in individuals with tetraplegia can indicate upper rib cage
wotion {31,33]: when the EMG activity of scalene is weak, a paradoxical decrease in anteroposterior
diameter of the upper rib cage during inspiration is more likely to happen. This confirms the finding

of Danon et al. [34], who also found this paradoxical upper ridb cage movement in 2 C1 lelraplegia

patient.
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Expiratory Phase and Cough

As Table 1.2 shows, expiratory muscles are innervated jn the thoracic level of the spinal cord. Thus
subjects with tetraplcgia have severely compromised expiratory muscle function |35}, Consequently,
expiralory activitics in tefraplegia individuals depend only on the elastic recoil of the diaphragm.
Coaugh in these subjects can bo severcly impaired because that the cough action requires rapid con-
iraction of the thorax which can not be achieved solely by the elastic recoil of the diaphragm. Cough
is important to facilitate the clearance of the sputum retention and to ininimise pulmonary infection.
Iimitation of cough can also increase the risk of asphyxia. Therefore, for tetraplegic individuals,
cough assistance [36,37] is often required.

However, there were some findings indicating that, although the main expiratory muscles are paral-
ysed, most C5-C8 tetraplegic subject can still generate a small expiratory reserve volume [38, 39].
This indicates that although all the well-known muscles of expiration are paralysed, most tetraplegic
subjects are still able to activate some muscles that can overcome the elastic resistance to deflation
of the chest wall and cause empiying of the lungs [35]. Troyer, Esterne ct al, found that the clav-
icular portion of the pectoralis major plays a crucial part in the mechanism of active expiration in
tetraplegic subjects f40]. Bocause of the inwards movement of the ugper rib cage caused by the clav-
icular portion of the pectorafis major, the intrathracic pressure increases. This pressure increase witl
be transterred to the abdomen via the downwards movement of the diaphragm. As aresult, in contrast
to neurologically intact subjects who contract the abdominal muscles forcefully and have inward mo-
tion of the abdomen, the anteroposterior diameter of the abdomen of tetraplegia people increascs {35].
Estennc and Gorini have concluded that this paradoxical expansion of the abdomen during expiration
of tetraplegia subjects was observed because of the contraction of the pectoraiis major, not of the
diaphragm [41].

Estenne and Troyer laier carried out some experiments to investigate the expiratory muscles during
the cough process [42]. They concluded that in tetraplegic subjects the clavicwlar portion of the

peetoralis major also plays a major role during coughing.

1.4 Respiratory Therapies

‘fetraplegia can lead Lo paralysis of respiratory muscles, thus compromising the respiratory function.
The damage level of tetraplegia to the respiratory function depends on the level of the spinal cord
injury. To patients with spinal cord injury at different level, the respiratory therapies required ean be
different. The level of the spinal cord injury and respiratory therapics required are suimmarised as

follows:

e C1-—C3: The diaphragm is paralysed completely. There is no voluntary respiration in this case

and mechanical ventilation is mandatory.

»
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o {3 - C5: Some diaphragm function 1s reduced. As a result, the respiratory [unction is compro-

mised, Ventilation may be mandatory in this case,

e C5 — T1: Diaphragm is intact. The accessory inspitatory muscles and expiralory muscles
{(ipainly the abdoininal muscles) are affected. In this case, forced respiration such as cough is
compromised, thus assistance for such need is required. Patients in this category are the main

targets of this study.

The following scotions describe some of the comumon respiratory therapies available for patients

with spinal cord injury at different levels.

1.4.1 Mechanical Ventilation (MV)

Mechanical ventilation (MV) is often the first inethod used to assist respiration in tetraplegia. This
method has a relatively long history among all the respiratory therapies in SCI patients. Tobin has
written a comprehensive book on the principles and practice of MV [431. High cervical injury patients
(above C4) are often required to usc this method, due to the failure of both main inspiratory and
expiratory muscles. MV is a method that uses ventilators to gencrate the pressure difference between
the atmosphere and the lung, thus leading to mechanical ventilation. Hence, there are two ways
of generating pressure difference between the atmosphere and the lung, which are called negative

pressure ventilation and positive pressure ventilation.

Negative pressure ventilation This melhod, also known us iron lung, can be traced back fo 1929
when Philip Drinker and Louis Agassiz Shaw first developed it. They invented a laxge container that
encloses the whole buman body cxcept the head. This machine can evacuatce air in the container
through a pumyp that was connected to it, generating subatmospheric pressure acound the chest and
abdomen, Nowadays, this method is still in use. Veuniilators for this method have been developed to

be smalier devices, such as jacket aird cuirass.

Positive pressure ventilation This method has become increasingly popular. Positive pressure
ventilators increase the pressure in the patient’s airway through an endotracheal or tracheostomy tube,
as shown in Figure 1.7. The positive pressure allows air to flow into the airway until the ventilator
breath is terminated. Subsequently, the airway pressure drops to zero, and the elastic recoil of the
chest wall leads to passive exhalation.

No matter what kind of MV is used, surgical operation can be avoided. However, long-term MV
can lead to comptications of the airway and the lung [44]. So when patients can support their own

ventilation, withdrawal of MV (known as weaning) should be considered without delay.

10
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Figure 1.7: An illustration of the endotracheal tube of a positive pressure ventilator. Adapted from
http://library.umsmed.edu/pe-db/pe-intubation.html

1.4.2 Diaphragm Pacing (DP)

Also known as phrenic nerve pacing, diaphragm pacing (DP) is an alternative for patients who oth-
erwise have to use MV [24,25]. This is an FES method which applies electricity to stimulate the
contraction of the diaphragm. It was confirmed that tetraplegic patients were able to meet long-term,
full-time ventilation requirements using phrenic nerve stimulation of the conditioned diaphragm [26].
Surgical operation (usually thoracotomy) is required in DP to place an electrode around the phrenic
nerve, usually in the thoracic area. The electrode is connected to an implanted subcutaneous radiofre-
quency receiver. An external transmitter sends radio signals to the receiver via an antenna over the
receiver. A sample DP device is shown in Figure 1.8. A relatively new surgical improvement called
intramuscular-diaphragm pacing has been studied [45]. This technique uses laparoscopic surgery
to place intramuscular diaphragm electrodes into each hemidiaphragm near the phrenic nerve motor
points. This is less invasive than using phrenic nerve electrodes via thoracotomy.

The diaphragm is given rhythmic electrical impulse via the electrodes to contract. As a result, DP
works in the inspiratory phase.

DP has relative low complications with the airway and the lung. Pacers are easy to use, and highly
portable. However, this method can only be applied to selected patients with intact phrenic nerve and
normal diaphragm function. For patients with C3-CS5 tetraplegia, the phrenic nerve can be damaged.

Thus the phrenic nerve functionality must be confirmed before the pacing is considered.
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Figure 1.8: The laparoscopic implant procedure used for diaphragmatic pacing requires insertion of
four trocars into the abdominal cavity. Electrodes are inserted through these trocars into
the phrenic nerve motor points the places where the phrenic nerves enter the right and left
hemidiaphragms [46].

1.4.3 Stimulation of the Abdominal Muscles

In contrast to DP, stimulation of the abdominal muscles assists expiratory phases. This method is
more likely to be applied when the diaphragm function is intact or slightly compromised, while the
expiratory muscle and the accessory inspiratory muscles are paralysed, i.e. with C5 —T1 tetraplegia.

According to the source of stimulation, this method is divided into the following two categories.

A. Functional Magnetic Stimulation (FMS)

Functional Magnetic Stimulation (FMS) of abdominal muscles has been developed by scientists
mainly to restore cough [47-51]. This technique is performed by using a magnetic stimulator and
placing the magnetic coil along the lower thoracic spine [48]. According to Faraday's law?, when
the amplitude and duration of the current through the magnetic coil is proper, sufficient current can
be generated in the nerves and it can drive the dysfunctioned muscles.

FMS of abdominal muscles has advantages as follows: i) it is a noninvasive method; ii) the stimula-
tion is painless. This is an advantage over FES of the abdominal muscles, which applies electricity to
the body physically (see next section); iii) as FMS uses a magnetic field to generate electricity, there

is no physical contact between the stimulator and human body. However, the design of the magnetic

2Faraday’s law of induction states that the induced emf (electromotive force) in a closed loop equals the negative of the
time rate of change of magnetic flux through the loop.

12
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Figure 1.9: The electrodes and the four stimulation channels in FESAM [53].

coil is not as easy as the design of the FES stimulator. The size and winding structure of the magnetic
coil can effect the clinical result directly [52]. The magnetic coil is large and requires large electrical
current to generate proper magnetic field. Hence, long-term use can overheat the coil. Request for

large current also makes the stimulator expensive and less portable.

B. Functional Electrical Stimulation of Abdominal Muscles (FESAM)

The basic concept of Functional Electrical Stimulation of Abdominal Muscles (FESAM) is to apply
electrical stimulation to the abdominal muscles during expiratory phases to enhance the contraction of
the abdomen, thus assisting quiet breathing and coughing. In the previous study [53], four stimulation
channels were used: two channels stimulated the mm. rectus abdominis, while the other two channels
stimulated the lateral abdominal muscle group on both sides, as shown in Figure 1.9.

During the early nineties, two groups of scientists have reported pilot studies on the possibility of
using FES method to the abdominal muscles to assit cough [27,54]. Their results were positive. One
of these group continued their research on using FES to assist ventilation on nine neurologically intact
subjects, and their results provided a basis for future studies with patients in borderline ventilatory
failure [28].

This technique has been developed on subjects with spinal cord injury [29,30,55-57]. In addition
to assistance to quiet breathing, FESAM systems have also been developed to enhance cough [27,53].
All of these reports have shown increased tidal volume or cough peak flow by FESAM.

Unlike MV or DP, FESAM doesn’t require surgery — surface electrode were used. Like other FES
applications, the power needed for FESAM is low. The stimulator device is small and portable.

Gollee et al. [53] have developed an automatic control system to control the stimulation according
to the respiratory activity. This automatic system is designed to eliminate the requirement of manual
manipulation, thus making the FESAM method more convenient for daily life. The control structure

of this system is shown in Figure 1.10. Respiratory activity was monitored by a spirometer connected
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Figure 1.10: The aulomatic control siracture of FESAM [53].

o

-

NI

to a face mask worn by subjects, The respiratory flow data was acquired by a computer. The program
run on the compulter detected the current respiratory activity, The activity was idenlified as quiet
breathing, congh or others., The detection of cough or guiet breathing activates the stimulator device
to generate electrical puises to the electrodes. The amplitude and pulsewidth of the stimulation was

set accordingly o support cough and quiet breathing activities, respectively.

1.4.4 Summary of the Respiratory Theraples

This section has iniroduced some of the main techniques to assist respiratory functions in paticnis
with SCI. Physical techniques such as postural drainage and suction were not mentioned. Oune of
the purposes of this study was to develop an automatic control system ihat can benefit people most
in the daily activity and require least manual control. Hence, long-term nsage, portability, ability to
seif-contral are what this study was looking for. These characteristics of the technignes mentioned

previously are summarised in Table 1.3,
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Tech Long-tern use Portability Control Note
MV Loug-term  us- Modern MV  Respiration MV devices have
age of MV is usually uses cycles can  Dbe been developed
mandalory 0 positive pressurc  controlled by for mnany years. J
high cervical  tracheostomy presct amount of Most  hospitals l
injury  patients. tubes, They can volute, pressure are equipped with
Smaller negative be portable, or time for a MV devices. It is
pressure  devices cycle. This kind  widely used. The
such as cuirass of conirol i negative  aspect
are not suoitable open-loop. of MV is that the |
for leng-term use positive MV can
as they may cause lead to pulmonary ij-;j
chafing and skin complications i
damage. becausc it cjects
air into the hung .q_ﬁ,:!
directly. d
Dp Cun be used long- ‘The stimulator is  Control of DP is  An allernative to l
term. portable. open-loop. MV, But requires |
intact phrenic 11
nerve. |
FMS No long-term use The requitement TMS is conwolled This methed s '."~f
report has been for large current manually. less painful than :
published. Large lcads 1o less FESAM. But no i
cwrent  through portable device. long-term re- k|
the magnetic ported is available
coil could cause and it is mainly A
overheating, researched  for q
assisting congh. o
FESAM Long-term  use Low power Aufomatic con- This study applies il
has been carried requiretnent trol system has this method. )
out and the results  makes the device heen  developed. !
wcre posilive. portable, Surface Nol only quict [
electrode  does Dreathing, but |

not require any
surgery.

cough can also be
assisted with this
technique.

Table 1.3: This table lists some main characteristics of the technigues for respiratory therapy men- |

tioned in this thesis.

1.5 Open Issues in the Automatic Control System for FESAM |

The automatic control system for FLSAM uses a sensor system to record breathing signals, A contro] i

system then analyses the breathing signal to detect the breathing activity. The sensor and control

system are two essential parts of the entire automatic control system. This section discusses the open
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issues of these two systems. These open issues Isad to the later contents of this thesis.

Sensor system In automatic control system for FESAM, a sensor system is nsed to measure the
online respiratory activity. In the previous study [53], the system acquires the respiratory data and
analyses them online, detecting quiet breathing, cough, and other activitics such as speaking. A
spirometer connected with a face mask was used. The face musk is uncomfortable and disrupts other
activities such as speaking. Othor sensors are therefore needed. Chapter 2 discusses the evaluation of
using an inettial measurement unit device at the abdomen to detect breathing signals.

Control System  Ini the previous systein {£3], respiratory activity was detected by analysing the flow
rate through the spirometer, its derivative and the similarily of the online How curve with a standard
quiet breathing curve recorded previously, This study introduces six characteristics of the respiratory
signal to analyse the respivatory status fo minimise the detection error. This issue is discussed in
Chapter 3.

Other issues such as system failures are not discussed in this thesis.
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Summary

Inertial measurement unit (IMU) devices have been used to measure orientation of human body seg-
ments in many reports, whilst movement of the abdomen can be uscd to represent respiratory activ-
ities. Experiments with both spirometer and MU are thercfore caried oul to explore the possibility
of using an IMU device (o measure the abdominal movement as breathing signals for the FESAM
system. The analysis evaluates the ability of the IMU sensor to detect the onset of respiration and
different breathing patlerns. Both time and frequency domain ace considered in the analyses. Group
evaluation and casc study are botl carried out statistically, The results confirm that the IMU sensor

system has the ability to detect the online respiratory status with neurologically intact individuals,

2.1 Introduction and Background

2.1.1 The Role and Requirement of the Sensor in the Automatic FESAM System

The main task of the sensor in this FESAM system is to measure the onfine respiratory information.
A detecting system then analyses the data acguired froin the sensor to determine respiratory activity,
The role of the sensor is as important as the detecting system.

The sensor used (o measure respiratory activities is required to be sensitive Lo different activities,
such as quict breathing, cough and speaking. A sample of respiratory data acquired from the spirom-
eter is shown in Figure 2.1, In the figure, the theee different respivatory activities can be distinguished
easily by human eyes. The quiet breathing sepment can be differentiated from the cough and deep
breathing segments by measuring the amplitude of the data. The cough pattern has distinct shasp
crves compared with the other two patterns.

In addition to detect different respiratory palterns, detections of onsets of each inspiration and
expiration are also important to the automatic syslem. This is because thut the stimulation is generated
in the expiratory phase, as the contraction of abdominal muscles assists cxpiration. Conscquently, as
shown in Figure 2.2, the stimulation. signal is designed to be gencrated directly after the detection of
the expiratory onset and end when the inspiratory onsct is detected.

In the previous study [53], measurements of the airflow at the mouth by a spirometer with a low
dead-space full face mask provided the respiratory signal to the detecting system. By analysing this

breathing signat online, the system can: i} differentiate breathing patterns betwsen quiet breathing,
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Cough

Flow
Deep Breath

Quiet Breath

L WY
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Figure 2,1; Sample respiratory data acquired from the spirometer.

Flow N
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Figure 2.2: Samiple vespiraory data of quiet breathing acquired from a spirometer. The double arrow
line shows when the electrical stimulation is applied. The stimulation is active from the
onsct of ¢xpiration to the ouset of inspiration.

cough, and other activities such as speaking; ii} detect the onset of expiration in patterns of quiet

breathing and cough, and give corresponding rigger signals Lor the clectzicat slimulution.
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Figure 2.3: A portable spirometer (Microloop, Micromedical, Chatham, UK [58]). A face mask can
be connected to the tube of the spirometer. This spirometer is connected to a computer
via the RS232 interface. Breathing data will be collected in the relevant software on the
computer at real time. Adapted from http://www.micromedical.co.uk/products/
proddetail2.asp?spiro_id=7.

However, the detection device of spirometer with a face mask is not the most suitable device to
detect the breathing signal for long-term use due to its inconvenience. A device that could detect
the respiratory process indirectly (i.e. not from the mouth and nose directly) is desired to be an
alternative to acquire breathing signals. The signal acquired from this device is required to be able to:
(i) be analysed in real-time; (ii) detect different respiratory patterns (quiet breathing, cough, speaking)
qualitatively; (iii) detect the onset of expiration in patterns of quiet breathing and cough.

In the next sections candidates for the sensor for this system are introduced.

2.1.2 Spirometer

A spirometer is an apparatus which measures the volume of air inspired and expired by the lungs. It
is the device to perform spirometry test, the most common of the Pulmonary Function Tests (PFTs).
In addition to the spirometry test, spirometers can also be used to record respiratory activities. As
shown in Figure 2.3, a spirometer device can be connected to the serial port of a computer and record
the respiratory signal online.

The measurement of air flow during respiration is a direct and straightforward way to represent
respiration. This device is therefore used in previous studies of FESAM systems [28,29, 53]. In the
previous studies, subjects wore a face mask which connected to the spirometer. The disadvantage of
using spirometer is that it cannot be used over a long-term period. The face mask is inconvenient and

uncomfortable with respect to daily activity.
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Figure 2.4: Electromyography (EMG) test with a needle electrode. Adapted from http://www.nlm.
nih.gov/medlineplus/ency/imagepages/9741/htm.

2.1.3 Biopotentials

Biopotentials have been applied to extract command and feedback signals for FES systems [59]. The

biopotential for FES systems can be the electrical potential across the nerves, or the electrical activity

inside the brain.

Electrical Potential across Nerves

Human muscles can be activated by the action electrical potential transmitted across the nerve sys-
tems. The information of such electrical potential, such as its electricity, can be used to represent the
status of body functions. For example, the electrical potential across the neurons and the nerves to
activate the abdominal muscles can be used to represent the state of these muscles.

Two techniques are available to measure the electrical potential across nerves. They are elec-
tromyography (EMG) and electroneurography (ENG).

As shown in Figure 2.4, the EMG technique typically uses a needle electrode to acquire information
about the state of the muscle and its innervating nerve. The EMG can also be performed by a surface
electrode [60], which is painless and non-invasive to the patient. Experiments have been done using
the EMG recordings from sternocleidomastoid (SCM) muscles to control a FES system for hand
control of tetraplegic individuals [61].

The ENG technique typically uses cuff electrodes to measure the conduction velocity and response
latency of peripheral nerves. The applications of ENG have been reported in FES foot drop correction
system [62] and hand grasp neuroprosthesis [63] (shown in Figure 2.5).

To use EMG signal as stimulation trigger for FES systems, it is essential to place the electrodes

(electromyograph) over the muscles that can be voluntarily controlled [64]. A common problem with
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Figure 2.5: Electronewrography (ENG) in a closed-loop hand grasp neuroprosthesis system. Adapted
from [63].
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using the EMG signal to command the stimulation is the stimulation artefact. A blanking device
is usually nceded to eliminate the stimulation artefacts that are much bigger than the EMG signals,
When the TMG signals from the muscle that is stimunlated are used |65, 66], the elinination of the
stimulation artefact is more essential.

Two disadvantages of the ENG method in terms of this siudy are: i) ENG has limitation of selec-
tivity in terms of nerves; if) it requires invasive nerve cuff clectrodes.

Therefore, the open issues for using clectrical potential across nerves to confrol the stimulation to
assist breathing can be summarised as follows: a voluntarily controlled muscle or suitable nerve is
needed. The efectrical potential measured should be able to represent the state of respiration. The

abdominal muscles are not suitable as they are paralysed with tetraplegic individoals.

Electrical Potential inside the Brain

Clectroencephalography (EEG) meusures the electrical activity {impulses) of the brain, The electrical
impulses betwcen the brain cells are usually recorded by clectrodes placed on the scalp. The EEG
signal can be used for a Brain-campuer intcrface (BCI) [67] to provide FES command. This tech-
nigue iy painless and noninvasive. Lxperiments have been reported on lwo able-bodied subjects and
one neuroprosthesis user to test a EEG-based contral of a hand grasp neuroprosthesis |68].

Despite the advaniage of no requirement for surgery, it is difficult to pick up individual REG signals
from farge groups of neurons in the brain. Another issue for applying EEG is that the clectrodes on

the scalp are difficult to apply, leading to a complex system. Tn addition, available XEG experimoents
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Figure 2.6: A Respiratory Inductive Plethysmograph (RIP) system. Adapted from attg:/ /www.imt,
liu.ge/bit/staff/tomst/=ip. ntml.

on KFES control were all carried out by doing some deliberate activities, such as band grasp, These ex-
periments requires training. While no experiment has shown fealures of EEG signal during voluntary

respiration phases, this technigue is potentially interesting but not practical at present.

2.1.4 Respiratory Inductive Plethysmography {RIP)

Due to the limitation of biopotential application in tetraplegics, the change of the circumference of the
chest wall and abdomen is considered to be au alternative. Thesc detections have been investigaled in
many applicalions. Respiralory inductive plethysmography (RIP) is one of ihese applications.

RIP was originally used in sleep studics [69] and has been used for the study of ventilation during
exercise [70,71]. The RIP device typically consists of sinusoidal arrays of electrical canducting wires
with a continuous low voltage electrical current passing through. Detection of the change of the
current will represent the rate and depth of excursions of the chesi wall and abdomen. The RIP device
is worn by subjects encircled the ribcage and the abdomen, as shown in Figure 2.6, The change
of circumterence of the upper body is therefore recorded and vsed as breathing sighal to apalyse
ventilation.

RIP devices can be made into portable snugs, and they are commercially available (Lifeshirt [72],

Vivometrics, Ventura, CA), This method is a noninvasive measurement.

2,1.5 Electroglotiography (EGG)
Electroglottography (EGG) is a technique which measures the chuange in electrical impedance across
the throat during speaking. This method can give information on the closure of vocal folds, and has
been used widely in the study of voice analysis [731. It is possible to use this lechnigue lo measure
the movement of the abdomen to detect the status of respiration.

EGG is performed by wearing a belt with two electrodes attached around the neck. The waveform

of EGG can he similar to the spirometer data, with distinctive difference between different speaking
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Figure 2.7: A raw waveform of Electroglottography recorded during speaking. Adapted from http:
//aune.lpl.univ-aix.fr/~ghio/pedago-EggUK.htm.

activities (Figure 2.7). However, again, no systems controlled by EGG signal in real-time has been
reported.

2.1.6 Inertial Measurement Unit (IMU)

An inertial measurement unit (IMU) typically contains accelerometers and gyroscopes to detect mo-
tion. The IMU device works by using the accelerometer signal to continuously correct the orientation
estimation obtained by mathematical integration of the 3D angular velocity measured by the gyro-
scopes [74,75]. The involvement of accelerometer reduces the integration drift that originates from
errors in the gyroscope signal. Magnetometers can also be applied to compensate for the orientation
estimation error [76]. IMU devices can be made conveniently portable (Figure 2.8), and they are
commercially available (Xsens Technologies B. V., the Netherlands [77]).

Various applications of IMU in the biomechanical field have been reported. Mayagoitia [78] has
used four uni-axial seismic accelerometers and one rate gyroscope mounted on the skin to obtain
the kinematics of gait in the sagittal plane. Moreno [79] has applied an IMU which contained bi-
axial accelerometers and a rate gyroscope to the measurement of foot and shank orthotic segments
kinematics.

When the IMU test is performed, the IMU device is usually attached to a belt worn around the
body segment. This is a convenient non-invasive method to detect body motion. Consequently, IMU
devices have potential to detect the abdominal movement during respiratory phases, thus representing
respiration.

One disadvantage of using one IMU device to detect movement is that the overall movements of
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Figure 2.8: A commercial IMU device developed to detect human motion [77]. Adapted from http:
/ /www.xsens .com/index.php?mainmenu=products&submenu=human_motion.

the body are also detected. When the IMU device is attached at the abdomen, it will detect movement
as long as its position is changed. Therefore the experiments with a IMU device in this study require
that the subjects sit still on the chair. As a result, the IMU device will detect only the movement of
the abdomen, i.e. the relative movement of abdomen to the body. It is thought that this disadvantage
can be solved by using another IMU device attached to the chest wall so that the body movement can

be eliminated by comparing the two signals from these two devices.

2.1.7 Summary of the Device and Experiment

Signals acquired from the sensor device in this study are required to be able to: (i) be used as com-
mand in real-time; (ii) represent different respiratory patterns (quiet breathing, cough, speaking) qual-
itatively; (iii) detect the onset of expiration in patterns of quiet breathing and cough. At the same time
the sensor itself is preferred to be: (iv) noninvasive; (v) portable and convenient. Note that the first
requirement of the sensor focuses on the application of the sensor signals on control systems. If there
is no reported control systems using the sensor signal in real-time as command, the corresponding
evaluation of using this sensor in this study will be “potential”. Any sensor device that cannot fulfill
all of these requirements will not be considered. A summary of these characteristics of the sensors
mentioned previously is shown in Table 2.1.

The summary table shows that the methods of (surface) EMG, RIP and IMU are potential sensors
for the tasks required by this study. In this thesis, the evaluation of using an IMU device is discussed.

The ability of the IMU device to detect different breathing patterns and the onset of inspira-
tion/expiration are the main aspects we wanted to evaluate. The IMU device was used to detect
the relative movement of the abdomen. The airflow at the mouth and nose was employed as reference
to evaluate the signal from the IMU device. The airflow was acquired by a spirometer. Experi-
ments were conducted with 5 neurologically intact people to record different respiratory patterns: (a)
quiet breathing, (b) cough (including continuous cough and single cough), (c) deep breathing and (d)
speaking (including loud reading and talking). Signals from the spirometer and IMU were recorded
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i it i iv v
Sensor Real-time Different patteyrns PDetect onset  Non-invasive  Portable
Spirometer Yes Yes Yes Yes No
CEMG Yes Potential Potential Yeg* Yes*
ENG Yes Potential Potential Na No
EEG Potential Potential Potential Yes Not Known
RIP Yes Yes Yes Yes Yes
EGG Potential Potential Potential Yes Not Xnown
MU Potential Potential Poteniial Yes Yes

Table 2.1: This table lists the main characteristics of all the sensors mentioned in this study. Refer to
the characteristics discussed in Section 2.1.7. *Ounly refers to the surface EMG.

synchronously. Breathing signals from different breathing patierns were then extracted and analysed
separately. Inspiratory / expiratory onset time points of breathing signals were compared. This shows
the ability to represent regpitation in real-time, The ability to detect different breathing patterns are
evaluated by comparing: i) amplitudes of quict breathing, decp breathing and coughing signals in the
time domain; ii) FFT areas of different breathing paltern samples including speaking in the frequency

domain.

2.2 Methods

2.2.1 Devices
MU device

The IMU device used was the Xsens MT9-1B Motion Tracker (Xsens Technologies B. V., The Nether-
lands {77]). The Xsens MT9-1 IMU containg 3D gyroscopes, 3D accelerometers and 3D magnetoine-
ters. It algorithm is shown in Figure 2.9. The 3D driltless orienfation was obtained by a sensor fusion
algorithm [74, 75] where the measurement of gravity (accelerometers) and magnetic north (magne-
tometers) compensate Tor otherwise unlimited increasing errors from the integration of rale of turn
data (gyroscope). For details refer to the MTx-B technical documentation [77].

During experiments, the IMU device was attached to an elastic belt worn around the abdomen.

Spirometer

The spirometer {Microloop, Micromedical, Chatham, UX [58]) was used with a low dead-space full
face mask (Hans Rudolph Inc., Missouri, USA [80]) to record the airflow at the mouth as a reference
for the breathing signal acquired by the IMU device. The spirometer has a turbine wheel, whose
revolution is proportional to the volume of the airflow () through it. The revolutions are counted by
electronic sensors, and differentiated into flow rate (v). 'The flow rate v is used as the breathing signal
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Figure 2.9: The MT9-B IMU algorithm.

Figure 2.10: A subject during experiment, wearing both face mask (through the turbine wheel con-
nected to the spirometer) and the IMU (attached to an elastic belt around the abdomen).

(B).

Others

Both the spirometer and the IMU were connected to a computer via an RS232 interface. The outputs

from both spirometer and IMU were acquired and processed in the Simulink modelling environment

(The Mathworks, Massachusetts, USA [81]). The data sampling frequency of the spirometer and

IMU was 50Hz and 10Hz respectively. A picture of one of our subjects during experiment is shown

in Figure 2.10.
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Subject Gender Age (years)

1 Female 26
02 Male 25
03 Male 32
04 Female 27
05 Mals 26

Table 2.2: Subject information.

2.2.2 Subjects

Subjects recruited for this study were S neurologically mtact people (Table 2.2}, The cxpetimental
protocol was explained to all the subjects and then an information sheet and consent form were given
to thetn. They were fully aware that they were free to withdraw from the study at any time and without

having to give a reason. The experiment was approved by the lecal ethics coramittee at the University

of Glasgow.

2.2.3 Experimentai Protocol

Experiments were carried out with subjects in sitting posture. During experiinents, subjects were
reguired to sit quietly, and place their hands on the arms of their chair.

At the beginning of cach experimental session, quiet breathing pattern (QB) was first recorded,
This series of QB signals was used for the normalisation of signals for analysis (see Section 2.2.5).
QB pattern recordad first could also help subject calm down, eliminating experimental errors caused
by anxiety. Other breathing patterns were then recorded. These patierns include forced respirations
(cough, C, and deep breathing, DB) and speaking (SP). In order to test the sensor’s ability to detect
a single change of pattern, cough pattern includes single cough (SC) and continuous cough (CC).
Speaking patterns were first recorded asking subjects 1o read (R) loud. Talking paitern (T) was last
recorded when subjects were having a conversation with the experimenier. To evaluate sensor’s ability
to detect diffcrent breathing patterns coatinuously, different patterns of DB, CC, SC, R were recorded
conseculively into 3 sets. In these sets, the four patterns were ordered rundomty, along with a short
period of OB pattern between them as an inter-experimental rest.

Figure 2.11 describes the experimental protoco). LEach subject took one experiment. In the experi-

ment cach subject took, there were three parts:
o Part i: | minute stable quiet breathing (QB).

e Part ii: three separate sots of different breathing patterns, Every set follows the order of @B +
Xi - OB+ Xy - OB+ X5 QB + Xy, where X, jp 3,4 Was selected from pattern DB, CC, SC and

R, as shown in the bottom part of Figure 2.1 1. QB was included as inter-experimental rest,

e Part iii; 2 minute talking (T).
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Part i Part iii

jpset! |y set? g set b
1 mm 3 min v 3 min 2 min 2 min
. (‘.!Bl o BI Xa |

| | }  —
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Figure 2,11: Experimental protocol. QB « Quiet Breathing, T = Talking. The space between lines
indicates rest. The bottom series of lines explains how cach set of part ii is formed. The
10 scconds QB patterns were included as inter-experimental rest. X, X2, X3 and Xu were
patierns ol deep breathing (DB), contitmous cough {(CC), single cough (SC) and lond
reading (R), in random order. Note that in part ii, the R patiern lasts actually 60s as
people tend to take less breath when reading.

Subjects can take some rest betweon each past and cach set in part ii, as the space between each line
in Figure 2.11, It should be noted that in the part ii of cxperiment, QB patterns were sometimes more
than 10s in order to give subjects enough inter-experimental rest.

Before the experiment with cach subject, the position of the IMU device on the belt was testecl.
The IMU device was attached to different positions on the belt. The subject did some QB and DB
patterns with each position and the data were recorded. The final position was decided by the highest

breathing signal recorded. By such tests with 5 subjects, if was decided to put the IMU device on the

umbilicns position.

2.2.4 Data Processing Overview

The data pracessing of the acquired sensor signals is shown in Figure 2.12. The aim of data processing
was to obtain breathing signals which: (i) were synchronised with the voluntary respiration; (ii) had
distinel characteristics with ditferent breathing pattetns (Q3, DB, C, S). In case of the spirometer,
the breathing signal was represented by the flow rate (v) at the mouth and nose; while in case of the
IMU the breathing signal was represented by the relative displacement of abdomen (). v and 4 werc
obtained within the pre-processing sections in Figurs 2.12.

The flow rate » and displacement d were converted iuto sensor signals Bibn’ and B/ These
signals at this stage were raw signals that needed filter processing. As Figure 2.13 shows, signal BA/Y
had an offsel, whilst signal B350° had high-frequency noises. The offset and noises were removed by
a highpass and lowpass filtering respectively.

All of the original and filtered signals from both devices with 3 subjects are shown in Appendix A.
It can be seen that the high pass filter introduced about S settling ripples, and both filters added small

amount of phase shitt to the signals.

28




2 Experiments with an IMU Sensor System

4 Pre- v~ [Low paes | 8™
®| processing filter

Edler-anglos

{(0.8,4)[ Pre- Brow High pass
processing filter

Figure 2.12: Data processing. The processing of IMU data is discussed in Section 2.2.5, and the
processing of spirometer data is discussed in Scetion 2.2.6.
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Figure 2.13: A sample set of raw breathing signals from the spirometer and IMU. It can be noticed
that the IMU raw signal has an offset, whilst the spirometer signil has high-frequency
noiscs.

2.2.5 Data Processing of the IMU Signal
Pre-processing

‘The pre-processing of the IMU signal mainly converts the Euler-angles measured by the IMU device
into the displacement (d) of the abdomen. Duc (o the definition of Euler-angle, there will be a math-
ematical singularity when pitch € approaches 3:90°. In this study, the position of the IMU device
attached at the abdomen was specifically selected to avoid such singularity. The background of this
position relates to the twa co-ordinate systems in the IMU system.

As shown in Figure 2.14, two co-ordinate systoms were delined in the IMU system: (1) global
earth-fixed, G and (2) body-fixed, S. The co-ordinate systems were both righi-handed.
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Figure 2.14: Co-ordinate systems of the MT9-B IMU system. The global co-ordinate syslem G was
defined as: X positive when pointing 1o the local magnetic North; Y according to right

handed co-ordinates (West); Z positive when pointing up.

The orientation data was of the body-fixed co-ordinate system & with respect to the global co-

ordinate system G. The orientation data can be presented in different conventions [77]. They are:

e Unit Quaternions (also known as Euler paramelers)
e Euler angles, roll, pitch, vaw
* Rotation Malrix

Among these conventions, Euler angles is simpler and more convenicnt to transfer o the relative
displacement of the abdomen. Besides, the mathematical singularity when pitch approaches +90°
can be easily avoided when the TMU device is positioned head to the horizontat line. This can be seen
m Figure 2,10 which shows a subject wearing the IMYJ device during experiment.

Culer-angles (@, 8 and y} are of XYZ earth-fixed type, defined as rotations around X, Y and Z axis

- roll, pitch and yaw/heading in terms of aeronaulics, as shown in Figore 2.15. The Fuler angles in

the [MU system are defined as follows:
e @=roll=rotation around X, defined from {—180° 180°]
» G=pitch=rotation around Y, defined {rom [--90° 907]
» W=yaw=rotation around Z, defined frorn [--180% 180"]

A sample output with the Euler-angles convention is listed in Table 2.3, The recording file contains

the Euter angles of @, 8 and W along with the sample time.
The displacement () of a 3D movement of the IMUJ can be obtained by a trigonometric operation

with cach Eunler angle. This displacement with respect to the global co-ordinate system G can be
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Figure 2.15: Euler-angle systems in aeronautics. The picture is adapted from http://www.
mrfizzix.com/spaceflight/Pages/In_Space.htm. Inthe Euler-angle system of the
IMU device, Roll= ¢, Pitch= 68 and Yaw= .

Sample Time @ (roll) [deg] O (pitch) [deg] w (yaw) [deg]

0.000 134.465912 -18.929155 0.811353
0.010 134.093460 -18.992971 0.673081
0.020 133.698212 -19.109470 0.490710
0.030 133.264557 -19.352758 0.227078

Table 2.3: A sample data acquired by the IMU with the Euler angles convention. The Euler angles of
@, 0 and y are recorded along with the sample time.

projected on the global plane of XY, XZ and Y Z as components dyy dxz and dyz. A 3D unit movement
(displacement d) was defined as it can be projected on the three planes as a rotation with a unit radius.
Figure 2.16 shows the displacement component of a unit movement on the YZ plane, dyz. The arrow
shows the rotation around the X axis. The rotation radius is a unit length. The component dyz can be
calculated from the trigonometric operation of the rotation angle ¢. Therefore, all the displacement

components of a unit movement can be calculated as:

Jyz = 25in((p/2)
dxz = 2sin(0/2) (2.1)
dxy = 2sin(y/2)

The resultant displacement can therefore be calculated as
d=\\/d},+d},+d}y (2.2)

The actual rotation radius is not know. Besides, the useful data about the rotation is the relative

values between a series of rotations, i.e. rotation radius will be eliminated. The unit displacement
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Figure 2.16: A unit 31 movement projected on the YZ plane. It can be understood as a rolution
around lhe X axis (rofl) at a unit tadivs. dyz is the displacement component of & on the
YZ plane. dyz can be obtained from the trigonometric operation of the roll angle ¢.

was therefore used to represent the breathing signal 8. As the IMU is attached to and moved with
the abdomen, the zero point of the B signal can not be fixed. Hence, the d signal have an offset,

Therefore, the breathing signal at this stage is a raw data with offset, as

BIMU _ g (2.3)

Y

This offset necds to be removed to obtain the relative movement ot the abdomen during breathing.

Fiiter Processing — Removing the Offset

There are freguency component at around 0Hz in the frequency spectra of the raw IMU signals,
Figure 2.17(a) show a series of signal B/ jn both time and frequency domain during the QB pattern
with subjcel 02. It can be fonnd that: (i) the main frequency component of the QB pattern was around
0.3Hz-0.5Hz, which corresponds to a normal breathing rate of 20-30 min™; (if) there was a high
frequency compaonent around zero becanse of the offset.

A high pass filter was applied to signal B2 to remove this offset. Figure 2,17{b) shows the time
and frequency domain of the filicred signal. The figure shows that the high zero frequency component
of the offset in the frequency domain was removed by the bighpass filter, whilst other parts of the
signal information were unaffected,

The main guide for choosing an appropriate highpass filter is to keep most information of the
desired signal in the passband, while cut off the zero frequency component by the stopband. An
infinite impulse respouse (IIR) Butterworth fiiter was selected as the Butterworth filter has both flat
stopband and passband and no ripples.

Generally speaking, the pass frequency of the high pass filter is set below the lower limit of the
QB band, say 0.2z, while the stop frequency is set as low as 0.01Hz to retain most desited signal
informations.

The filter was rcalised by the Digitul Filter Design block in the Simulink Library. The Biter con-
figuration paramcters are listed in Table 2.4. The passhand frequency (Fjus) and stopband frequency
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Figure 2.17: I'igures showing how the high pass filter works to remove the zero-frequency offset of the
raw IMU signal 8, Figure 2.17(a) shows the raw signal and its frequency spectrum.
The fillered signal B™V and its frequency spectrum is shown in 2.17¢b). The large value

of B™MU before 10s is due to the settling characteristic of the high pass filter, The FFT
frequency spectrum is therefore calculated from 10s onwards.,

Design Fyop (Hz) Foass (Hz) F(H2) Asrop {dB) Apass (dB)

{IR Butterworth .0t 0.2 10 20 1

1able 2.4: The configuration for the highpass filter to remove the offset of the IMU raw signal. The

stop and pass frequency were set as 0.01Hz and 0.24z respectively. Sample frequency (F;)
was set as 10Hz.

(Fitop) were set as 0.2Hz and 0.01Hz respectively. The passhand ripple (Apqs;) and stopband attenua-
tion (Ayep) were specified as 148 and 20dB.

Its magnitude and phase response figure is shown in Figure 2.18. It can be seen that this filler will
introduce a phase-shift of around 10°-30? 10 the original signaul. This phase-shift will lead to a delay
within 0.36s in the IMU raw signal.

After this filtering processing, the oflset of the raw IMU signal 821V is removed, and the signal
BMU wag obtained.

Normalisation Process

As the amplitude of B™Y has little actual physical meaning, it is normalised before the evaluation
with the spirometer sigual. The normalised signals {rom the spirometer and IMU device could be
then compared qualitatively. The normalisation process for both signals was the same. Therefore this
process for IMU signal is discussed the Section 2.2.6 together with the spirometer signal processing.
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Figure 2.18: 'The magnitude and phase response of the highpass filter used to remove the offset of the
IMU signal. The desired bandwidth is in the interval of [0.2 0.5]s as marked. It can be
seen that in the desired bundwidth, the phase-shift of the filter is around 10°-30°,

Design Fy, » (H2) FpaSb' (Hz) F(H2) Agop (dB) Apas: (dB)

IIR Butterwaorth 3 | 50 20 1

Table 2.3: The configuration for the lowpass [ilter to remove the high frequency noises ol the spirom-
eter raw signal. The stop and pass frequency were set as 34z and 1Hz respectively.

2,2.6 Data Processing of the Spirometer Signal
Pre-processing

As mentioned before, the pre-procossing of the spirometer signal was to differentiatc the air volume
(V) at the mouth into the flow rate (¥):

B.\‘pim ey s dV

rav —V E (24)
It should be noted that the signal V was filtered during (he acquisition process by a median filter.
This filter worked by taking the average of the original signal over the last 10 samples to remove

unwanied noise.

Filter Processing — Removing nolse

The signal v dilferentiated from V was found to be still noisy. A low pass filter was therefore applied
Lo the raw v signal. Figure 2.19 shows how this low pass filter worked.

As the figure shows, the main guide for this lowpass filter is to remove the unwanted high frequency
component of the signal ([3Hz 50Hz] in this sample casc). The filtered signal is denoted as BsPire,
The filter was realised by (he Digital Filter Design block in the Simulink Library. The lowpass
filter configuration parameters are listed in Table 2.5. The passhand frequency {Fpas) and stopband
frequency (Fyop) were set as 1Hz and 3Hz respectively, The passband ripple (A 4) and stopband
attenuation {Ay,,) were specified as 1dB and 2045,
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Figure 2.19: Figures to show how the low pass filter works to remove the high frequency noise of the
raw spirometer signal Byh,°. Figure 2.19(a) shows the raw signal and its frequency spec-
trum. The filtered signal B’V and its frequency spectrum are shown in Figure 2.19(b).
Note that this series of signal is the same as shown in Figure 2.17.

Frequency (Hz)

Figure 2.20: The magnitude and phase response of the lowpass filter used to remove noise of the
spirometer signal. The desired bandwidth is marked. It can be seen that in the desired
bandwidth, the phase-shift of the filter was around [—80° —50°].

The magnitude and phase response figure is shown in Figure 2.20. It can be seen that the lowpass
filter will also introduce a phase-shift to the spirometer signal within the interval of [-80° —50°]. For
the signal in the time domain, this usually leads to a delay small than 1s.

After this filtering processing, the high frequency noise of the raw spirometer signal B/’ is re-
moved, and the signal B*”"® was obtained.

Normalisation Process

After the filter processing, the spirometer signal B*”"° and the IMU signal B’MY are normalised. The

principles of the normalisation process of both signals are the same. Therefore, the signals from both
devices are denoted as B*.

The purpose of the normalisation process is to remove the physical unit of the signals by setting up
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Figure 2.21: This figure shows the maximum and minimum peaks used to normalise signals. The
signal used was from the part i of experiment.

a new relative unit system. This new relative unit system defines the amplitude of the inspiration and
expiration phase of quiet breathing to be 1. The signal value is then recalculated using the ratio of 1
to the original QB amplitude.

In order to find the ratio to recalculate the signal quantities, the mean amplitude of QB signals (a)
was first calculated from the data acquired from a signal containing only QB cycles. This signal was
typically the recording from the part i of the experiment. Figure 2.21 shows the peak points selected
for the normalisation process. B,,,, and B,,;,, were arrays of the maximum and minimum values, and

n and m are their indices. Then

} u _l_ ?:l Bfna.t (’) R :’;l Bfm'u (i) (2.5)
2 n m ' ’
The breathing signals (B*) are normalised as BX by:
k
=% 2.6)
a*
where
IMU  the IMU device
k= 2.7)
spiro  the spirometer device

A sample signal before and after the normalisation is shown in Figure 2.22. It can be seen that after
the normalisation, the signal B/MV

+1,

is recalculated so that the amplitude of the QB phases are around
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Figure 2.22: A sample IMU signal shows the normalisation process. Bf,MU denotes the normalised
IMU signal. The bold lines in the figure indicate the quiet breathing phases, and the
breathing pattern after the bold line is deep breathing. It can be found that after normali-
sation, the amplitude of the quiet breathing phases are around +1, and the deep breathing
amplitudes are recalculated.

2.2.7 Methodology of Analysis
Detection of Onset of Expiration and Inspiration

To evaluate the ability of the IMU to represent breathing signals in real-time, the time of each onset of
expiration and inspiration of the IMU signal (B'"MY) was compared with the signal from the spirometer
(B*Pi*). The normalisation processing does not affect the positions of the onset of expiration and
inspiration.

Figure 2.23 shows the onset of expiration and inspiration denoted as (7,,) and (7). They are
picked by a MATLAB m program. This program can automatically pick the zero-crossing data points
and output both their values and indices.

The phase-shift of the onset timing (AT) is calculated by subtracting timings of the onset points of
signal B”"™ from the corresponding signal B/MU  as

insp insp (2.8)

Annxp = TIMU = Tspim
ATy = TIMU — T30
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Figure 2.23: A sample series of QB data showing the detection of inspiratory and expiratory onsets.

The phase-shifts of each breathing pattern during both inspiratory and expiratory phases were anal-
ysed separately. The QB pattern was analysed with the signal from part i of the experiment. Each set
of part ii of the experiment has around 30 seconds cough pattern. They were extracted and combined
together for analysis. Deep breathing patterns were analysed the same way. Due to the experimental
failures described in Section 2.3.2, only the acceptable recordings were analysed. An overview of the
recordings with 5 subjects is presented in Section 2.3.1.

The statistical method used to analyse the distribution of the phase-shift was the Box Plot, as
shown in Figure 2.24. A box plot can provide visual summary of the five-number summary of a data
set. They are: 1) the minimum (smallest observation which is not an outlier); 2) the lower quartile
(which cuts off the lowest 25% of the data); 3) the median (middle value); 4) the upper quartile
(which cuts off the highest 25% of the data); 5) the maximum (largest observation which is not an
outlier). The interquartile range (/QR) is calculated by subtracting the lower quartile from the upper
quartile. When a data value lies 1.5/QR lower than the lower quartile or 1.5/QR higher than the upper
quartile, this data is considered an outlier. The outliers are marked by red + signs in the figures in this
thesis. The box plot can be notched. In a notched box plot the notches represent a robust estimate of
the uncertainty about the medians for box-to-box comparison. Boxes whose notches do not overlap
indicate that the medians of the two groups differ at the 5% significance level. Note that this assumes
that the distribution of both groups are normally distributed. As this assumption can not be verified

for the data sets of the recordings, notches of the box plot in this study are not evaluated.
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Figure 2.24: An illustration showing the indicators in a notched box plot.

To ensure the data from the two devices were synchronised, the IMU data was first resampled at the
sampling frequency of S0Hz. Speaking patterns were not analysed because they were not the main

breathing activities we were interested in, as no stimulation was allowed during speaking.

Differentiation between different breathing patterns

One of the important characteristics of the desired sensor was the ability to represent different respira-
tory patterns. All the processed recording data from both devices are shown in Appendix A. It can be
found that amplitude is the most distinctive characteristic to differentiate different breathing patterns
in the time domain. Inspiratory and expiratory peaks of the QB, C and DB signals were therefore
studied.

A program was developed to auto-detect all the expiratory and inspiratory peaks, as shown in
Figure 2.25. This program uses the inspiratory and expiratory positions detected for the analysis of
phase-shift to accurately locate the peak values.

The data sets analysed for peak values were normalised, so that the mean peak values of the QB
signal was around =1 (inspiratory and expiratory). Box plots were also used in this analysis to
summarise the distribution of the inspiratory and expiratory peak values with the QB, C and DB
patterns.

In addition to the analysis of the amplitude of different breathing patterns in the time domain, the
Fast Fourier Transform (FFT) spectra and areas were also analysed to evaluate the signal character-

istics in the frequency domain. One typical series of breathing segments of QB, cough, and DB of
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Figure 2.25: The peak points of a cough sample were detected. The peak values are used for the box
plot.

each subject were extracted from both IMU and spirometer signal. Their FFT spectra are plotted. The
summation of the FFT value (area) was also calculated. This analysis explores the frequency details
of both signals which can not be observed from the signal curves in the time domain. This analysis is
also useful because the frequency domain analysis is an important aspect of the auto-detection control
system described in Chapter 3.

2.3 Results

2.3.1 Overview of the Experiments

Experiments were carried out with 5 subjects. Each experimental session took around 40 minutes.
They were started when subjects felt comfortable and relaxed. According to the experimental protocol
(section 2.2.3), the recordings of each part of the experiment were indexed as i, ii-1, ii-2, ii-3 and iii.
The original and filtered signals of every experiment with S subjects are shown in Appendix A.

As reported in Table 2.6, the total time of each part of the experiment, as well as total numbers
of the recorded breathing patterns of QB, C, DB and SP were counted. The breathing numbers were

counted by counting the number of inspirations from the spirometer signal.

2.3.2 Experimental Problems

By comparing the IMU and spirometer signals presented in the figures shown in Appendix A, it is
found that the IMU signals with subject 01, 04 and 05 show some unrecognisable segments during
some of the experiments, while the IMU signals with subject 02 and 03 show a generally good result.
The unacceptable data sets are considered as experimental problems, and they are summarised as

follows in terms of each subject. These experimental problems are thought to be mainly caused by
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Sub. | Exp. | Time {s] | number of QB | number of C | number of DB | number of SP
i 72 7 / ! /
ii-1 225 11 13 7 7
01 ii-2 219 i3 8 | 8 [
1i-3 214 13 13 11 11
iit 139 / ! / 12
;o 62 21 / ! /
ii-1 204 20 19 12 17
02 1i-2 204 27 19 12 16
ii-3 218 21 20 13 24
ii 123 / / / 39
i 62 9 ! / /
ii-1 214 i3 16 4 16
03 ii-2 226 11 12 4 18
ii-3 244 H 14 4 16
i 123 / / / 30
i 65 G / / /
ii-1 302 15 12 5 9
04 ii-2 272 1t 10 4 9
L -3 246 11 10 4 7
i 126 / / / 14
i 93 10 / ! !
ii-1 208 i1 19 5 1¢
05 ii-2 214 7 13 5 10
{113 212 13 14 9 13
ifi 123 ! / / 22

Table 2.6: An ovorview of the exporiment result. The fast fowr columns list the total number of breath-
ing patlerns recorded in each experiment. The breathing numbers were counted by count-

ing the number of inspirations of the spirometer signal.

the loose attachment of the IMU device at the abdomen. This is discussed in Scclion 2.4 later in this

chapter.

Subject 01 The signals acquired with this subject are shown in Figure A.1-A.5. As the first exper-
imental subject, signals from the (irst two recordings (data sets i and ii-1) did not clearly represent

¢ach breathing cycle. In experiment part ii-2, the IMU signals were clearer, and could be related to

the spirometer signals.

s part i: there were some expiratory peaks that could have corresponded to the spirometer coun-

terparts, but the overall signal was unrecognisable concerning the inspiratory and expiratory

phases.
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» part ii-1: the QB signals at the beginning and in ihe middle were unrecognisable, The seven
cycles of DB were recognisable and carresponded to the spicometer counterparl. Sighals during
C could also be clearly recognised, while the signals during speaking did not show some of the
inspiratory peaks.

e part ii-2: the IMU signal during 120-140s showed similar amplitudes to those of the C paticrn
while the spirometer signal showed similar amplitudes to those of the QB pattern. Other IMU

signais were clear and corresponded to the spirometer counterparl.

Subject 02 The signals acquired with this subject are shown in Tigure A.6--A.10. Most of the IMU
signalg with this subject could accurately represent each breathing cycle of ditferent breathing activi-
ties. A noticeable issue with the IMU signals was that there were some offset remaining. Meanwhile,
it is found that the median lines of the original IMU signal (B/4Yy generally showed a curve shape. It
way different from the median lines of the IMU signal with subjcet 01, which were generally straight,

The IMU device fell off at the end of the experiment part ii-1. This led to the big trough of the IMU

signal, while the spirometer signal looked normal.

e part ii-1: the QB signal during 120-140s and the SC signal during 170-200s {(when the IMU

fell ofl} do not represent their patterns. Other patterns can be related to their spirometer coun-
terparts.

e part ii-2: the QB signal during 90-100s and SP signal during 140-150s have remaining offsers,
Their onsets of both breathing phases were recognisable and corresponded to (he spirometer

signal,
e part ii-3: the QB signal during 20-30s and 90-110s have remaining offsets.

e part iii: Inspiratory peaks of the IMU signal can be refated to those of the spirometer signal,

while there are remaining offsets through the whole scgment.

Subject 03  The signals acquired with this subject are shown in Figure A, 11~A.15. The [MU signals
with this subject represented the onsets of both breathing phases accurately compared to the spirom-
eter signals. The amplitudes of the IMU signal during DB and C activilies were not as distinctively
higher than those of the QB signals as those of the spirometer signals. Moreover, there was onc
ripple in every IMU inspiratory phase during D13, while the spirometer signals were smooth. The
experiment 1i-2 and 1ii-3 were split becausc the spirometer device was turned off automatically during
experiment. The signals ol the split parts were combined afterwards. The time index of the splitting

position was around 102s inii-2 and 1588 in ii-3.

Subject 04 The signals acquired with this subject are shown in Figure A.16-A.20. Duc (o an

experimental mis-manipulation, the sample frequency of the IMLJ recording was sci as 507z when
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it should be 105z The dala was resampled to 10H 2 for the processing. It was found that the IMU

signals were mostly unrecognisable, except [or the DB and C sigpals,

Subject 05 The signals acquired with this subject are shown in Figure A.2]1--A.25, Most onsets of )
both breathing phases of the IMU signal were tccognisable compared with those of the spirometer ’
signal. The amplitudes of the IMU signal during DB activities were lower and more irregular than

thosc of the spirometer signals. Due to the spirometer failure, the data recorded in part 1i-1 was split

at around 142s and combined aflerwards.

¢ part i: Although the inspiratory and cxpiratory peaks could be telated to the spirometer signal,

the IMU signal did not have distinetive transitions in tecms of inspiration and expiration.

» part ii-1: Apart from the signal voise, the onsets of both respiratory phases were recognisable

and corresponded to the spirometer counterpart except for the spealking pattern. The IMU
signal during DB aclivitics during 50-100s had decreased amplitudes, while the spirometer |
signals showed stable amplitudes.

8

e part ii-2: The amplitudes of the IMU signals during DB activity were not distinctively higher {
than those of the signals during QB activity,. Ou the contrary, the spirometer signal showed .{i

distinetively higher DI3 amplitades than the QB ones.

s part {i-3: The IMU signal during the DB activily at the end showed irvegular and low ampli- 1

fudes, while the spirometer signal showed stable ones,

o part iii: The IMU signal was not distinguishable in terms of amplitude.

A surnmary of the experimental problems of the recorded data is shown in Table 2.7, Duc to the 1
experimental problems found from the recordings, only the acceptable data sels (shown in the fable) ’.}‘5
were used for the analysis of phase-shift and amplitude of the signals from both sensors. Some of the A
unacceptablc data sets were used for the analysis of the frequency characteristics of the signal. They I

are indicated in Table 2.7,
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Sub. | Exp. | Detection of breathing onsets | Amplitude of DB and C | Used for analysis
i bad / NO
ii-1 medium medium frequency only
01 3i-2 good goad YES
ii-3 gond good YES
i good / frequency only
i good ! YES
ii-1 medium good YEBS
02 -2 good (offset) good YES
ii-3 good (oftsat) goad YES
i medium {offsct) / frequency only
i good good YES
ii-1 good meditm YES
03 1i-2 good good YES
i-3 good mediun YES
iii good ! | frequency only
i medium / frequency only
it-] bac C medium (DB good) frequency only
04 ji-2 bad C medinin (DB goud) NO
ii-3 bad C medium (DB good) NO
iii bud ! frequency only
i bad / frequency only
ii-1 medium medivm NO
05 H-2 good medium YES
ii-3 good medium YES
il medium / frequency only

Table 2.7: A summary of the experimental problems of the recorded data. Refer to the details of the

experimenial problems with the IMU recordings with 5 subject Section 2.3.2. The accuracy
of the IMUJ signal to represent onsets of both breathing phascs and forced breathing activi-
ties {C and DB) are evaluated as “good”, “medivm™, and “bad™. All the data scis recorded
from the experimenis are shown in Appendix A (from Figure A.1 to A.25). “Good” indi-
cates that most of the IMU data corresponded to the spirometer data. The experimental data
is marked as “medivm” when there were some segmen(s of unaccepiable signals, “Bad”
sighals were totally unacceptable IMU signals. The data set was considered acceptable
for the analysis of phasc-shift und amplitude when it was at least evaluated as gooed once,
The data seis which were evaluated as “frequency only” were only used for the freqeuncy
domain analysis discussed in Section 2.3.4,
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Figure 2.26: Box plots of the phase-shifts during different breathing activities and respiratory phases
with all the subjects. Note that there are some recordings which are not included in this
analysis due {0 the experimental problems.

2.3.3 Detection of Onset of Expiration and Inspiration

The phase-shifts between the signals from the two sensors were analysed during different breathing
activities and different respiratory phases. The data sets with all subjects were analysed together for a

group study. In addition, the recordings with cach subject were analysed separately for case studies,

A. Group Results

The box plots of the group resuit are shown in Figure 2.26. It should be noted (hat the QB data consists
of the recordings part i with subject 02 and 03, and the C and DB data consist of the recordings part
ii-2,3 with subject 01, 05 and part ii-1,2,3 with subject 02 and 03. The negative phase-shift indicales
that the IMU signal preceeded the spiromeler signal, and vice versa. The group result showed that all
the IQR (acquired by subtracting the lower quartile from the upper guartile, as shown in Figure 2.24)
of all the box plots were within the interval [-0.5 0.5]s. Box plots of the QB signals had the smallest
phase-shift tanges while the box plots of the C signal had the largest. Most of the boxes of the phase-
shift crossed the zero line, except for the inspiratory sets during QB pattern and the expiratory sets
during C pattern. They lay in the negative ranges.

Quiet Breathing The boxes of the QB activity during inspiration and expiration presented in the

figure show small values and ranges. Medians of the phase-shifts were both negative, while the spread
of the expiralory phase-shifts was approximately symmetrical at zero and the box of the inspiratory
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phase-shifts was within the range of {-0,5 0s. The largest outlier in the inspiratory data sefs was
atound 0.8s, while there was a 1.3s outlier in the cxpiratory data sets. There were a total of 5 cutliers

spread within the interval [-1 1.5]s in the QB data sets.

Cough The boxes of the phase-shifts during the cough activities are the largest among the thiee
breathing patterns. The mediuns of both data sets during the inspriatory and expiratory phases were
negative. While the range of the phase-shitt during the inspiratory phase was within [-t 1]s, most of
the phase-shifts during the expiratory phase lay within the interval of [-0.5 0]s. There was no outlier
in the inspiratory data sets, while the largest outlier in the expiratory was at around 1s, Most of the
outliers in expiratory phascs were due to the dala sets with subject 05. This can be seen from the case

studics described later.

Deep Breathing The range of the phase-shifts during both respiratory phascs were approximately
symmetrical at zero. Both boxes lie within the interval [-0.5 0.5]s. There were a large number of
outliers in the inspiratory data sets within the interval [0.5 1,5]s, which was due to the data sets with
subjeet 05. [n addition, ouiliers in the expiratory data sefs around —ls were due to the data sets with

subjcct 03, They can be seen from the case studies described later.

B. Case Studies

Due to some abnormal outliers in the box plots of the results of the group siudy, case studies were
carried out among individual subjects. The case studies amang the data sets from subject 01, 02,
and 03 confirmed that the phase-shift between the two signals during expiralory phases of cough
activities tended to be negative. This indicated that during the expitatory phase of cough activilies,
the IMU signal preceeded the spirometer signal. The phase-shifts with all the data sets with subject

05 generally tended to be positive.

Subject 01

The data sets ii-2 and 1i-3 with subject 0} were analysed. ‘Thus no phase-shift analysis during QB
activity is presented. The box plot results are shown in Figure 2.27.

The figures show that the phase-shifts during inspiratious of the C and DB patterns with subject 01
were approximately symmetrical at the zero line and withig the interval [-0.3 0.31s. There was only
one oullier at around 0.4« in the inspiratory box plots. While the spread of the phasc-shifts during the
expiration of the C paltern lay within [-0.25 0]s, the spread of the phase-shifts during the expiration
of the DB patern lay with within [0 £.5]s. The largest ontlier of the four box plots with subject 01

was at around s (from the expiratory phase-shift during the C pattern).
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Figure 2.27: Box plots of the phase-shifts during the inspiratory and expiratory phases of C and DB
activities with subject 01, The acceptable data sets with subject 01 were ii-2 and ii-3,
therefore no phase-shift during QB activity was analysed.

Subject 02

The data sets which were analysed for subject 02 were i, ii-1, -2 and #-3, The box plot resull are
shown in Figure 2.28.

The phase-shifts with subject 02 had the smallest range among all the data seis with the 4 subjects
that were analysed. Including the outliers, the phase-shifts during all the analysed data scls with
subject 02 were within the interval [-1 1]s. The box of the expiratory data sel during DB pattern was
symmeitrical at the zero line and within [-0.2 0,2]s, while all the other boxes lied in negative intervals.
The intervals of the QB pattern ¢hoth respiratory phases) and the DB pattera during inspiratory phase
were around [-0.2 0]s, while the intervals of the C patlern (bath respiratory phases) were around [-0.6
-0.43s.

Subject 03

The data scts which were analysed for subjcct 03 are i, ii-1, ii-2 and ii-3. The box plot results are
shown in Figure 2.29.

The phase-shifts during expirations of the DB pattern bad a large range from -1s to (.5s. Other
ranges of the phase-shifts with subject 03 were within the interval [-0.5 0.5]s. The phase-shifts during
expirations ol the C aclivity were all negative while the phase-shifts during expirations of the QB
activity were all positive. Other boxes all crossed the zero-line.
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Figure 2.28: Box plots of the phase-shifts during different breathing activities and respiratory phases
with subject 02. The data sets which were analysed arc i, ti-, 1i-2 and ii-3.
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Figure 2.29: Box plots of the phase-shifts during different breathing activities and respiratory phases
with subject 03. The data scts which were analysed are i, ii-1, ii-2 and ii-3.
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Figure 2.30: Box plots of the phase-shifts during different breathing activities and respiratory phases
with subject 05. The acceptable data sets with subject 05 are ii-2 and ii-3, therefore no

phase-shift during QB activity is analysed.

Subject 05

The data sets which were analysed for subject 05 were ii-2 and ii-3. Therefore no phase-shift data
during the QB activity is presented. The box plot results are shown in Figure 2.30.

The figures show that most of the phase-shifts with subject 05 were positive and within the interval
[0 1.5]s. The median of the phase-shift data set during inspirations of the DB activity was as high
as 0.7s, and this box plot had a large range of distribution with the upper limit at around 1.5s. This

abnormal distribution resulted in the large outliers in the group box plot.
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2.3.4 Differentiation Between Different Breathing Patterns

The ability of the breathing signals acquired from the IMU device to represent differcnl breathing
patterns was evaluated in both time and frequency domain. !n the time domain, the peak values
during different breathing patterns were compared. [n the trequency domatn, the FIT spectra were
nsed to analyse different breathing pattems.

There were two recorded breathing paticras which were not analysed by the methods described
above. They were the single congh (SC) and gpeaking (SP) patterns. The SC pattern was included
mainly to see the reaction of the device to rapid and random changes of different breathing patterns.
The magnitude change ot the MU signal could verify the ability of the IMU to reaet to rapid and
random changes of the breathing patterns. 'The SP palterns were not particularly analysed, as the

amplitude of the sensor signal during this activity changed in a compiex way.

A. Time Domain Analysis to the Signals

In the time domain, in order to investigate the ability ol the IMU to differcntiate between breathing
patterns, the expiratory (positive) and inspiratory (negative) peak valucs of C and DB paticrns were
evaluated by a box plot. The distribution of the peak valnes during QB pattern was also analysed to
compare the two sets of signals from both devices. The analysis for peak values was carried out with
all the acceptable data sets. No case studies were carried out as the peak values were easy to observe
from the signal figures shown in the appendix.

The hox plots are therefore shown with QB, C and DB sigoals separately. Acceptable data sets
with different subjects were combined in terms of breathing patterns. With each pattern, the boxes
representing the IMU and spirometer signals are shown in a group.,

The group resulls show that the spreads of the magnitudes of the spirometer and IMU signals are
generally within the same range. If could also be found that the IQRs of the IMU signal were larger

than the spirometer ones, indicating that the IMU was more sensitive to movement.

1. Peak Values with the Quiet Breathing Pattern

The box plots of the data sets of the peak values with the QB signals are shown in Figure 2.31

The figures show that the medians of the peak values with the QB signals were around 2:1 during
inspiration and expiration. The range of the distributions of these datu sets were generally as small as
0.5. The positions of the two boxes of the (wo sensors are similar. One large outlier (—2) existed in

the data sets of the IMU signal during the QB inspirations.

2. Peak Values with the Cough Pattern

The box plots of the data scts of the peak values with the C signals are shown in Tigure 2.32
The figures show that the boxes of the peak values with the cough pattern lied around 35 during

inspiration and expiration. The difference between the ranges of both boxes with the two devices
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Figure 2.31: Box plots of the data sets of the peak values with the QB signals. The data set used
consists of the data set i with subject 02 and 03. The dashed lines indicate normalised
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Figure 2.32: Box plots of the data sets of the peak values with the C signals. The data set used consists
of the data set ii-1, ii-2, ii-3 with subject 02 and 03, and ii-2, ii-3 with subject 01 and 05.
The dashed lines indicate normalised value of 41 and 0.

during inspiration was small. In the group of expiratory peaks, the lower outlier of the spirometer

signal and the minimum value of the IMU signal were as low as 1, while the upper outliers of the
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Figure 2.33: Box plots of the data sets of the peak values with the DB signals. The data set used
consists of the data set ii-1, ii-2, ii-3 with subject 02 and 03, and ii-2, ii-3 with subject
01 and 05. The dashed lines indicate normalised value of 1 and 0.

spirometer and IMU signal are as high as 10. Apart from the outliers, the boxes of the signals from
both sensors shared similar ranges. It can be seen that the boxes of the IMU data sets are slightly

larger than the boxes of the spirometer data sets.

3. Peak Values with the Deep Breathing Pattern

The box plots of the data sets of the peak values with the DB signals are shown in Figure 2.33

The figures show that the boxes in each group have similar ranges. However the maximum of
the IMU signal during inspiration and the minimum of the IMU signal during expiration fall in the
interval of [-1 0] and [0 1] (indicating lower peak values than the QB patterns). It can be found that
the spirometer maximum during inspiration and minimum during expiration were also as low as —1
and 1. Apart from this phenomenon, it can be seen that the peak values during the DB activity were
not as high as the C peaks.

B. Frequency Domain Analysis of the Signals

To evaluate the frequency characteristics of the signals from both devices, frequency spectra of spec-
ified breathing patterns were calculated. The summation (area) of the magnitude of the frequency
spectrum was also calculated as this was one of the frequency characteristics in the detection system
discussed in Chapter 3. Figure 2.34 shows a sample frequency spectrum analysis of the cough pat-
tern from subject O1. Table 2.8 lists the results from frequency spectrum and area analysis for each
subject. It was thought that, although the time domain of the signal was not good, it was possible that
the frequency domain of the signal could show some accurate breathing information, such as the FFT

area.
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Figure 2.34: Frequency spectra and areas of one series of the cough sample from subject 01. M(f)
denotes the magnitude of the FFT spectrum.

Subject 01 Subject 02 Subject 03 Subject 04 Subject 05

IMU | spiro | IMU | spiro | IMU | spiro | IMU | spiro | IMU | spiro

QB IM(f)df | 692 | 923 | 863 | 932 | 1082 | 1092 | 900 | 732 | 2032 | 1585

T [s] 60 60 50 50 80

c | JM(f)df | 1426 | 2242 | 4565 | 3284 | 2472 | 2317 | 2347 | 2196 | 2831 | 2183

T [s] 25 27 27 40 31

DB | JM(f)df | 1956 | 2509 | 906 | 1206 | 1691 | 1215 | 4259 | 1332 | 2944 | 1557

T [s] 30 31 40 47 48

sp | JM(f)df | 2603 | 1935 | 1988 | 2782 | 3564 | 2355 | 2152 | 2461 | 2182 | 1389

T [s] 120 120 110 110 110

Table 2.8: Summary of the FFT frequency spectrum analysis of different breathing pattern samples.
M(f) denotes the magnitude of the FFT spectrum, and 7' denotes the period of the sig-
nal which is analysed. A sample view of the cough pattern from subject 01 is shown in
Figure 2.34. Note that pattern SP include both the reading and talking pattern.

In the results for subject 01-04, the FFT areas from both sensors of the QB breathing patterns were
distinctively smaller than other patterns. At the same time the relationship between the areas of C,
DB and SP patterns varies sharply both for the IMU and spirometer signal. In the spectra areas of
the IMU signal for subject 02, the areas during cough were much larger than DB and T patterns. For
subject 01 and 03, the T pattern had the largest spectra areas. In case of subject 04 and 05, DB pattern
had the largest spectra areas.
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Figure 2.35:
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Speaking signals from both sensors in both time and frequency domain. Left plots show
the signal in time domain. Right plots show their frequency spectra. This is from the

experiment part iii of subject 03.

C. Single Cough Pattern

The single cough (SC) pattern was included in the part ii of the experiment mainly for testing the

reaction of the sensor to abrupt breathing pattern change.

Most of the original signals from both sensors showed that the SC activities were mostly accu-
rately presented. This confirmed that the IMU device was able to represent rapid pattern changes

(from QB to C). Sample data recordings from both devices including the SC patterns can be found in

Appendix A.

D. Speaking Pattern

Speaking patterns (include reading and talking) were not statistically analysed. One sample of the

speaking patterns were shown in Figure 2.35 along with their frequency spectra. It can be seen that

the signal B’MY was similar to B*”" with respect to time and frequency domain.
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2.4 Discussion
2.4.9 Phase-shift between the Airflow at the Mouth and the Abdomen Movement

The plots of the group results presented in Figure 2.26 show that most of the phase-shifts (AT) of
signals from the two devices were within [-0.5 0.5]s. This indicatcs that when the breathing signal
was used to determinc the anset of stimulation, the phase-shift of the two devices could he limited to
the range [-0.5 0.5)s.

The sign of the phase-shift indicates which signal prececds the other one. There were certain
causalities between the movement of the abdomen and the airflow at the mouth. This causality exisis
in certain breathing activities and certain respiratory phases. There were also breathing situwations

where no caugality between he two signal cxisted. In Lhis case, the sign of the phase-shift was

beyond prediction.

Physiological Analysis of the Causality betweeit the Movement of the Abdomen and the

Airflow at the Mouth with Neurological Intact People

Positive phase-shift AT indicates that signal B*#7° precceds signal B™MU and vice versa, Which
gignal proceeds the other depends mainly on the causality of the movement of the ubdomen () and
the airflow at the mouth during certain breathing patterns.

Figure 2,36 shows the causalities between the diaphragm, abdomen and the airflow at the mouth
during ditferent breathing situations. There is no causality between the airflow at the mouth and the
movewment of the abdomen during inspiration and quiet expiration, as both of them are the result of
the diaphragm movement. When forced expiration (expiration of the C and DB activities} occurs, the
contraction of the abdominal muscles will lead to the exhalation of the airflow at the mouth. Thus,
during expirations of cough and deep breathing, the movement of the abdamen causes the airflow at
(he mouth. The physivlogical explanation of this causality is presented in the following paragraphs.

As discussed in Section 1.1, during inspiration of neurologically intact people, diaphragm is the

primary muscle [2]. The diaphragm contracts from a flat sheet to &« dome-shape sheet during in-
spiration. On the one hand, the volume of the thorax is increased by this conuraction, and then the
intra-thoracic pressure is decreased, thus the air is sucked in, On the other hand, the coniraction of
the diaphragm increases the intra-abdomen pressure, henee the volume of the abdomen is increased.
Theretore, B**"° and BV are both the result of diaphragm movements during iaspiration — they
don’t have causalitics.

During quiet expiration of neurological mtact people, the primary expiratogy muscles, the abdomi-
nal muscles, are not usually used, i.e. this expiration process is passive. The receils of the diaphragm
and the thoracic cage pull back the diaphragm, hence reverse the inspiration process. In this case,
there is no causalitics between the movement of the abdomien and the aitBow at the mounth,

The expirations of forced breathing activitics such as cough and deep breathing are active pro-

cesses. Abdominal muscles are primary cxpiratory muscles. They puil the abdomen inwards directly,
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Figure 2.36: A flowchart of the respiratory cycie of nenrologically intact people. During inspiration
and guiet expiration, airflow at the mouth (sighal 57" and the movement of abdomen
(signal B"YY are both result of the diaphragm movement. During forced expiration

{cough and DB}, the airflow is the result of abdoiren movement.

thus the diaphragm upwards, reversing the inspiration process. During these breathing activities, the
movement of the abdomen causes the airflow at the mouth. The IMU signal therefore should proceed

the spirometer signal (phase-shift AT negative).

Analysis of the Phase-shift Resulis

The group results and case results {except with subject 05) of the phase-shilt analysis showed that
the phase-shifts during expiratory phases of the cough activities were mainly negative, 'I'his result
corresponds with the conclusion that the abdominal movement caused the airflow at the mouth. The
result with subject 05 did not correspond with this conclusica, But it was found that most of the
phase-shifts with this subject were positive (Figore 2.30). The result of the phass-shift with subject
05 was therefore considered an abnormal resuit,

The group results of the phase-shift during the cxpiratory phase of DB activities showed an approx-
imaiely symmetrical disteibution at the zero phase-shift, The case results with each subject confirm
that the phase-shift during this activity did not always lie 10 a negative interval as expected. A pos-
sible reason for this resull is that the deep breatling activity was not as soong as the cough activity.
Thus during the DB activities, the abdominal muscles may not have been used actively. During the
experiment, the subjects were asked to take a breath as deep as possible, without specific requirement
for a strong cxhalativn. It was observed during the experiments that in the expiratory phases of deep

breathing, subjects tended to exhale in a relaxing way. On the other hand, during the expiratory phases
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of coughing, strong abdominal conttaction tended to be necessary. One evidence of this explanation
is that, signals during deep breathing were generally smaller than the signals during the coughing, as
shown in the original signals presented in the figures in the appendix, Another possible cause was that
the subjects may have used the intercostal muscles during DB. In this cause, the air flow at the mouth
way directly caused by the contraction of the intercostal muscles, instead of the backward movement
of the diaphragim caused by the contraction of the abdominal muscles. Thercfore, the phasc-shift
between the air flow at the mouth and the abdominal movement would be decreased.

During the breathing situations where no causality between the abdominal movement and the atr-
flow at the mouth exisled, the results from both group study and case studics show an uncertain

distribution in terms of the sign of the phase-shifts. This uncertainty was expected.

Analysis of the Abnormal Resulis

There are four abnormal results found in the box plots of the phase-shifts. They are: i) one large
ontlier (at around 1.55) in the box plot of the expiratory phase during QB activily; if) large spread of
outlier (from 0.5s5 to 1.5s) in the box plot of the inspiratory phase during DI activity; iii) large outliers
(at around -1s) in the box plot of the expiratory phase during DB activity; iv) generally positive phase-
shilt valucs in the data sets with subject 05. The first three abnormal result can be found in the group
resudls shown in Figuce 2.26. The forth one can be found in the casce result with subject 05 shown in
Figure 2.30. By analysing boih the group and case results, it was found that all these four abnormal
results were only related to certain data sets with subject 03 (problem i and iii) and 05 (problem ii and

iv). The result with subject (1 and 02 were generally acceptable and expected.

A. Abnormal Results with Subject 03

One abnormal result with subject 03 was that there was one large phasc-shift in the data set i with this
subject. The signals from bolh devices of this data set arc shown in Figure 2.37.

The large phase-shift occurred at the Jast breathing cycle recorded with this experiment, as marked
in the figure. The positions of the two expiratory onsets marked by the round markers show that this
phase-shift was a big delay of the IMU signal. It can be seen that the signals of this last breathing
cycle were distinctively targer and longer than the previous oncs, Morsover, there were unusual signal
changes during the last inspiration, while the previous ones were all smooth, In Figure A1l in the
appendix, it can be seen thal the median line of the last breathing cycle was distinctively lower than
the previous ones. Therefore, one possible cause of the delay of the IMU signal is that, during this last
breathing cycle, the subject slightly moved the body as he took a stronger breath. The body movement
moves the median of the IMU signal and introduces a delay to the IMU signal.

Another abnormat result with subject 03 was that the phase-shifts during expiration of DB activities
have a large spread from -1s to 0.55. The DB signals from both devices are shown in Figure 2.38.

Note that this series signal of deep breathing activity cousists of the DB segments of data sets ii-1,
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Figure 2.37: The abnormal large phase-shift between the signals from the IMU and spirometer device
with the data set i with subject 03. The abnormal expiratory onsets with both signals are
marked in the figures.

ii-2 and ii-3 with subject 03.

The figure shows that there was a small oscillation during most of the onsets of expiration (marked
by round markers). The onset positions of these expiratory phases were therefore selected manually.
These oscillations were the causes of the large spread of the phase-shifts. The signals with subject
03 presented in Figure A.12-A.14 in the appendix show that there were no such oscillations during
the cough phases. It is therefore thought that this subject may habitually hold the breath for a short
time after he takes a deep breath. The breath holding allows small abdomen movement, which causes
the oscillations. When in the coughing activities, the signal shows that the inhalation was stronger
and quicker, leading to instant exhalations. This breath holding process was thought to cause this

abnormal result.

B. Abnormal Results with Subject 05

The main abnormal problems found in the data sets with subject 05 were that most of the phase-shifts
with this subject had large positive values (IMU signal lagged behind the spirometer signal). The
large phase-shift values during the expiration of deep breathing activities caused the abnormal issue
ii. The signals during the DB activities with this subject are shown in Figure 2.39.

It can be seen from Figure 2.39 and the figures of the original signals with subject 05 in appendix
(Figure A.21-A.25) that the IMU signals were “flatter” than the spirometer signals. Also during some

continuous breathing activities, the IMU signal was not as stable as the spirometer signals. The weak
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Figure 2.38: The abnormal spread of phase-shift between the signals from the IMU and spirometer
device with the DB signals with subject 03. Note that this series signal of deep breathing
activity consists of the DB segments of data sets ii-1, ii-2 and ii-3 with subject 03. It can
be seen that most of the expiratory onsets of the IMU signal have small oscillations.
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Figure 2.39: Signals from both devices during the DB activities with subject 05. The onsets of both
inspiratory and expiratory phases of the IMU signal generally lagged behind those of the
spirometer signal.
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signals recorded from the IMU could be contributed to the attachment of the IMU at the abdomen.
The beit to which the IMU was attached mnay nol have been worn tightly enough by the suhject, so
that the detection of the movement of the abdomen was not sensitive. This loose attachment of the
IMU device to the abdomen could have resulted in the delay of the IMU signal, i.e positive phase-
shifis. Another possible causc of the positive phase-shift was that the subject may have habitually
used intercostal muscles during the cxpirations. When the intercostal muscles dominate the breathing
activity, the movement of the abdomen could became less active and strong. Thus, the detection of

the movement of the abdomen wealkens and have delays.

Phase-shift of the Signals with Tetraplegia

The relationship between the fiow at the mouth and the movement of the abdomen could be more
complicated in tetraplegic individuals, due to the different damage level to the diaphragm. For in-
gtance, for tetraplegia individuals who have partial or complete paralysis in abdominal muscies, when
the expiration of forced breathing activity (C and DB) takes place, the abdomen is pulled inwards
passively by the diaphragm recoil instead of actively muscle contraction. The level of phasc-shift in

totraplegic cases necds to be evaluated.

2.4.2 Detection of Different Breathing Patterns
A. Signal Characteristics in Time Domain

The resulls of the analyses of the amplitudes of OB, C and DB signals (Figure 2.31-2.33) showed that
the IMU sensor had simitar ability to differentiate different breathing activitics by detecting different
signal amptitudes to the spiromeier sensor.

The IQRs of the magnitudes of the signals during C and DB activities were higher than the QB
ones. This can be explained by the fact that during C and DB activities, the body movements were
stronger.

The amplitudes of the DB signals from both devices were lower than those of the C signals. This
may be becausc that subjects breathed less strongly during DB activities than (he C activities. ‘This
explanation can also be verified by the discussion abovt the uncertain sign of the phase-shitts doring
expirations of the DB activities, presented in Section 2.4.1. The possible cause for the uncertain
sign of the phasc-shift during expirations of the DB activities is that the abdominat muscles were not
actively uscd during the expiration.

During the same breathing activities, the spread of the amplitude of the IMU signals was larger
than the spread of the spivometer signals. This indicated that the IMU device was more sensitive to
the movement than the spirometer,

The box plots of the amplitudes during DB activitics (Figure 2.33) showed some unexpected resulfs,
The amplitudes of the inspiratory and expiratory IMU signals both overlapped with the interval [-]

1], which were the amplitude range of QB. The causc of this unexpected result can be contributed to
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the IMU signals with subject 05 (Figure A,22-A.24). As discussed in the previous section about the
phase-shift analysis, the IMU signals rccorded with subject 05 were “{latter” than the spirometer ones.
This was thought to be contribuled to the loose attachiment of the TMU to the abdomen. The loose
attacluynent also made the IMU recording inaccurate in terms of ainplitudes, leading to the unexpected

low amplitudes during DB activities.

B. Signal Characteristlcs in Frequency Domain

In the {requency domain, as shown in Table 2.8, both spirometer and IMU signals had markedly
distinctive FFT area with QB signals (except for subject ¢5). The FFT areas with QB signals were
smaller than the other FFT areas with C, DB and SP activitics. This is becausc that the flow-rate
during QB acitvity was lower than during the other activitics such as DB and C. The fact that such
difference can be represented in the FFT areas of signals from both sensors demonstrates the ability
of both sensors to represent breathing signals with correct frequency.

The unexpected high fricquency aren during QB activity with subject 05 could be aitributed to the
loocse attachment of the IMU device and (he scasitivity of the sensor. When the IMU was loosely
attached at the abdomen, the movemeit of the abdomen could have been detected by the IMU sensor
less accurately. On the other hand, the loosely attached belt at the adbomen could lead to unwanted
vibration of the IMU sensor. This small vibration could be detected by the IMU sensor, leading to the
high-frequency noise. Such high-frequency noise could be seen (hrough all the IMU signals shown

in the appendix (Figure A.21-A.25).

2.5 Issues and Further Work

2.5.1 Attachment of the IMU to the Abdomen

It was found from analysing the IMU sigpal in both time domain (Section 2.4.1) and frequency do-
main (Section 2.4.2) that the attachiment of the IMU device is important to acquire correct and accurate
breathing signals from the movement of the ahdomen.

The IMU signals during the QB activity with subject 01 {(Figure A.1-A.5) and 04 (Figure A.16—
A.20) were found te be much less recognisable than the signals duting DB and (C activities. This
phenomenon was particularly obvious with IMU signals with subject 04. It can be found that although
most of the MU signals with subject 04 during QB activity were noisy and uticecognisable, the IMU
signals during DB activity were as good as the spirometer ones. This phenomenon can be cansed by
the fact that the allachment of the IMU to the abdomen was not tightly fixed, the movements of the
abdomen during QB were notf accurately acquired by the IMU as the movements were not intense.
When deep breathing oceurs, the movements of the abdomen are more intense and stronger, which

tends to be easier detected by the IMILUL
Pre-cxperimental (ests for the attachment of the IMU are therefore necded for future sindies. Such
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tests can be a recording with the breathing patterns from the experiment part ii. The agtachment of the

IMU will be adjusted until lhe MU signal are as accwate and correct as the spirometer signals.

2.5.2 Additional Sensor to Detect the Chest Movement

It was discussed previousfy that one of the possible canses for the inaccurate recordings from the
IMU is that the subject may use the intercostal muscles habitally. In this case, the movement of the
chest wall could be stronger than the ubdomen. It is therefore of interest to detect the movement of
the chest as well as the abdomen.

The detection of the chest movement can be achieved by using another set of IMU and belt arcund
the chest. Further cxperiments should be conducted with both the IMU devices around the abdomen
and the chest at the same tme. Analysing the strength and the phase-shift of the two signals may
find certain breathing activities with certain subjects where breathing signals can be maore accurately

represented by the movement of the chest than the movement of the abdomen.

2.5.3 Additional Sensor to Eliminate Unwanted Body Movement

An obvious drawback of the detection of the movement of the abdomen by the IMU device is that the
sensor detects every movement that it senses, This means that it dolects the overall body movement
as well as the ahdominal inovement. As a result, the experiinents in this study require subjects to sit
still during the recording, allowing only the abdominal movement during breathing activities. The
unwanted body movement can fcad to inaccuracy of the IMU signal. Vhis can be seen in the IMU
signal with subejet 02 shown in Figure A.8. At the end of this yecording the IMU device fell oft the
belt, leading to incorrect recordings.

Using another sensor to detect the movement of the body is thought to be a way to climinate the
detection of nnwanted body movements. When a “pure” body movement is recorded by another
sensor, the “pure™ movement of the abdomen can be obtained by subtracting the body movement
signal from the abdomen signal. It is also of interest fo demansirate whether the combination of the
detection of the movements of the chest and the abdomen can obtain the pure abdomen movemoent.

The unwanted detection of the body movement are also presented by the shift in zero-line of some of

the recordings.

2.5.4 Different Situations with Tetraplegic People

All the subjccts with this study are newrologically intact people. The difference of the respiratory
system between tefraplegic people and nenrologically intact people necds to be considered.

It is imporitant to ensure that the movement of abdomen of tetraplegia people can represent respi-
ration. The stluatinn can be more complicated in tetraplegia people due to different extent of damage
to the respiratory system. When the respiratory accessory muscle, intercostal muscles, are pacalysed,

the rib cage may have paradoxical inwaed motion during inspiration [5], limtting the movement of
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abdomen. Troyer has observed during active expiration [42] and cough process [40] in tetraplegic
subjects, that there were negligible changes in abdominal dimension but marked and reproducible
decreascs in the dimension. of the upper rib cage, because of the clavicular portion of the pectoralis
major. Additional chest sensor is therefore considered to be important tor tetraplegic people. Experi-

ments with teiraplegic people and additional chest sensor are therefore desjved Lo carry out.

2.6 Conclusions

FExperiments with 5 neurclogically intact people have been carried out to evaluate the ability of an
MU device attached at the abdomen to detecl breathing signals. A spirometer is uscd as well to
acquire breathing signals from the airflow at the mouth. This sigoal from the spirometer is used as
reference to evaluate the signal from the IMU seasor.

1t is found that the attachment of the IMU sensor at the abdomen can affect the accuracy of the
signal acquired by it. Inaccurate recordings can be caused when the IMU device is attached at the
abdomen loosely, Pre-experimental tests with the attachment are therefore thotght to be needed for
the future experiments.

The phase-shifts between the acceptable signals acquired by the IMU sensor and the spirometer
are analysed. The results indicate that the good phase-shift between the two signals can be limited (o
the interval |-0.5 0.5]s. The negative phase-shifls during the expiratory phase of conghing activities
cortespond with the physiological fact that the abdominal muscle contraction causes the airflow at the
mouth.

The amplitudes of breathing patterns of QB, DB und C of the signals from the IMU and spirometer
are also analysed (with the acceptable signals). The IMU sensor can differentiate between differ-
ent breathing activities with different signal amplitudes. The frequency analysis result which shows
distinctive small FEFT areas with QB activitics also indicaics the ability of the IMU sensor to detect
different respiratory activities. This ability of the IMU sensor is found to be similar to that of the
spiromneter in both the timc and frequency domain, except that the amplitudes detecied by the IMU
are more variable. This is thought to be caused by the fact that the TMU sensor is more sensitive to
movements,

The IMU signals during the SC and SP activilies presented in the figures shown in the appendix
confirm that the IMU sensor can delect different respiratory activities. The IMU signals during SC
activities show the sensor reaction to rapid change of respiratory activities (between QB3 and C).
Compared with the corresponding spirometer signals, the IMU signals are also distinctive during the
speaking activilies.

The analyses above suggest that the IMU sensor can be considered to be a portable and convenient
alternative 1o the spirometer sensars. Further work should involve experiments with tetraplegic sub-
jects. Tu addition, additional sensors should be considered to analyse the movement of the chest wall

and to climinate the effiects of the body movement.
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3 The Algorithm of the FESAM Control System

Summary

This chapter introduces the antomatic control system for FESAM, A basic controt system is first in-
troduced. Based on the basic control system, a multi-characteristic control system is developed to use
multiple characteristics of the breathing signal to detect breathing pacterns. The basic control system

and the multi-characteristic control system are evaluated by analysing the data from the experiments

discugsed in Chapter 2,

3.1 Background and Introduction

No matter whether the breathing signal is acquired from the spirometer or IMU device, it is analysed
by the conirol system for FESAM, as shown in Figure 3.1. The main tasks of the control system
are to: i) detect the respiratory patterns ip real-time; if) detect the rigger points for different patterns
{e.g. onset of the cxpiration during quiet breathing or when coughing); jil) generate corresponding
stimulation signals for the electrical stimulator at the trigger point. The stimulation signat can control
the stimulator when and how long the electrical stimulation will be generated. For FESAM, the
electrical stimulativn is nceded to start at the beginning of the expiratory phase for quict breathing
and at the end of the inspiratory phase for coughing, and stop at the end of expiratory phases.

As shown in Figure 3.2, the period of signals for one detection cycle is from the previous expiration
to cucrent inspiration. Due to the limitation of analysing signals in real-time, the sysiem analyses past
signals.

A basic control system (BCS) is first develaped to perform the tasks mentioned above, On base of

BCS, a multi-characteristic control system (MCCS) is developed fo enhance the deteclion of breathing

or
Spirometer MCCS

D —

— breathing irigger -
MU | signal {B) BCS signal I
> or w- Stimulator J

Figurc 3.1: The overall structure of the control system for FESAM. The breathing signal acquitred
from the IMU or spirometer is analysed by the basic control system (BCS) or mmil-
characteristic control system {(MCCS) to generate trigger signals for the stimulator.
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Time [s)

Figure 3.2: Illustration showing one detection cycle for the characteristic detection of the breathing
signal. For the detection of the breathing pattern at the end of this detection cycle, the
period from previous expiration and current inspiration is analysed.

patterns. Both systems are implemented in the Simulink (Mathworks, United States) environment

[81]. The following sections introduce these two systems.

3.1.1 The Basic Control System (BCS)

A basic control system (BCS) was developed in previous studies [53]. This control system detects
quiet breathing (QB), coughing (C) and speaking (SP) patterns by comparing some characteristics
of the breathing signal with pre-set thresholds. C pattern was detected by analysing the inspiratory
breathing signal values. QB pattern was detected by analysing the cross-correlation between the
current breathing cycle and a QB cycle reference. The breathing activity will be detected as SP when
both C and QB are negated.

The algorithm of the BCS is illustrated in Figure 3.3. The processed breathing signal B is analysed
by two main detection blocks which detect QB and C patterns separately. If the C pattern is confirmed,
a trigger signal for C pattern will be generated at the trigger point for stimulation. The trigger point
for cough is usually before that for QB. As a result, the detection of cough has the priority over the
detection of QB. The NOT block in the figure is therefore added to overwrite the QB trigger. When
QB pattern is confirmed, the QB trigger is generated only when the C pattern is not confirmed at
the trigger point. When neither C nor QB is registered, the control system will not generate any
stimulation trigger. In the figure, the speaking pattern represents this case.

The details of the BCS are discussed in [53]. In the later content of this chapter, some of the
algorithm of the BCS will be described when necessary.
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Figure 3.3: A flow chart showing the algorithm of the basic control system (BCS)., When the C detec-
tion block confirms the cough pattern, the C trigger will be gencrated atler a short delay
at the right trigger point. The QB lrigger is generated the same way, except when the
cough detection is confirmed at the same time the QB wigger is overwritten. QB, C and
SP denote quiet breathing, cough and speaking respectively.

3.2 The Multi-characteristic Control System (MCCS)

In the BCS, the main characteristics of the breathing signal which are used for detection ave its deriva-
tive, sign change, and crogs-correlation with the reference signal. Detection errors exist with the al-
gorithin of the BCS. For example, the detection of QB or C can be missed when the key threshold is
not crossed, Or, mis-detection (such as detects SP as QB) happens when the key threshold is crossed.

Due Lo the complicated variations of breathing signals during differcnt activities, it is thought that
using more characteristics of the breathing signal can increase the accuracy of the detection. A Multi-
characteristic control system (MCCS) is therefore developed.

With the algorithm of the MCCS, QB, C and SP patterns are detected by confinmation of multi-
threshold crossings. This algorithm can avoid the ervors caused by detections based on sole threshold-
crossing, The MCCS is designed to be able Lo set different priorities to threshold-crossings of dif-
ferent chatacteristics. This malkes the algorithin of the MCCS flexible to different breathing signals
from different patients, because it is found that some characteristics can be more distinctive with the

breathing signals from some subjects than others, By setting the priotities properly, the algorithm of
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Figure 3.4: A flowchart showing the structure of the multi-characicristic control system (MCCS).
There are two parts of this system. The first part (i) detects the breathing pattern and the
sceond part (if) generates corresponding stimulation trigger. The first part of this system
analyses multi-characteristics of the breathing signal and uses a stateflow structure to
delcet the breathing pattern. Note that when breathing status is defected as “others™, as
shown iu the figure, the result is linked to a terminator.

the MCCS can also revert to the algorithm of the BCS. The MCCS is therefore an enhancement of
the BCS.

With the MCCS, some new aspects of the signal are used, such as the FFT power area of the
breathing signal. Combincd with the characteristics used in the basic model, a tolal mumnber of six
characteristics of the breathing signal are analysed by a {lowchart {(siatclow} structuare in the control
system.

A flowchart illustrating the structure of MCCS is shown in Figure 3.4. The input signal can either
be the signals from the IMU or the spirometer. Then different characteristics of the breathing signal
arc analysed by different sub-systems (represented by one block in the figure). Each characteristic
analysis will output a binary value cither 0 or [ to the sub-system of “decision flowchart”. This
sub-systemn analyses the binary values by a stateflow structure, and outputs the decision whether the
breathing pattern is QB, C or others. Because it {s not suitable to stimulate when people are speaking,

the stimulation trigger is only generated when the QB or C pattern is confirmed.
It should be noted that DB pattern was included in the experiment with the IMU device to evaluate

its ability to rccord different breathing patterns. While the MCCS is not specified to detect DB

patterns, this pattern s preferred to be detected as QB rather than C,

3.2.1 Typical Breathing Signals of Different Patterns

Before discussing the characteristics of the breathing sigoal, it is helpful to {ook at typical signals
of the four breathing patterns -- QB, DB, C and 8P, Figurc 3.5 shows a series of samples of these
patterns. They are extracted from the second set of the part ii experiment with subject 02 (described
in Chapter 2) with the spirometer signal. The lime scales of each pattern are the same, and the signals
are not compressed or stretched.

The figure shows that QB sigrals have relative low inspiratory and expiratory magnitude valus,
while the DB and C signals have large ones. It can also be noticed that the C signals are sharper
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Figure 3.5: Typical breathing signals of QB, DB, C and SP breathing patterns. They are extracted
from the spirometer signals of the second set of the part ii experiment with subject 02
(described in Chapter 2). The time scales of each pattern are the same, and the signals are
not compressed or stretched.

than the others, due to the fast air exchange. The speaking signals have noisy and irregular expiratory
phases.

3.2.2 The Analysis of the Characteristics of Breathing Signal for Detection
Six characteristics are selected in this thesis. They are:
e 1. Magnitude of inspiratory signal.

e II. The cross-correlation value of the present breathing cycle and a reference cycle of QB pat-

tern.

III. The FFT power area over a certain length of the preceeding signal.

e V. The magnitude of expiratory signal during previous breathing cycle.

V. The number of previous expiratory peaks.

VI. The derivative of inspiratory signal.
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These characteristics are selected for the following reagsons:

o {. Similar to the BCS algorithm. The magnitude of breathing signal can be high doring the
inspiratory phasc of coughing patterns.

o 11, Similar to the BCS algorithm. The cross-correlation between the ongoing breathing cycle
and a QB reference cycle shows the similarity of current breathing signal 1o the QB pattern.

o 1f1. This analysis calculates the area of the FFT magpitude over a cerlain period of the preceed-
ing breathing signal. It is found that stronger activitics such as cough and deep breathing tend
to have lacger areas of the II'l magnitude. Comparing this characteristic can therefore help to

differentiate C and DB from QB pattern.

e 1V. In order to differentiate C from DB and QD patterns, this characteristic is used. Because
dwing the expitalory phase of'a cough, the maginitude of breathing sigaal is often distinctively

higher than those of QB and DB patterps.

o V. The number of expiratory peaks doring speaking are higher than those of DB and C. The
analysis of this characteristic can therefore help to differentiate SP from DB and C.

¢ Vi.similar to the BCS, this avalysis hclps to differentiate C from DB and QB. Because a guicker

and intenser ingpiration is vften nceded for coughing.

Note that the analyses of characteristic IV and V are based on siguals from preceeding breathing
cycles. Assumption that the breathing activity is not changed is necded.
The analysis of the characteristics of the breathing signal is to compare them with their pre-set

thresholds. Therefore, in this thesis, there are six sub-systems for the analyses and comparisons.

Their outputs are binary values of either 0 or 1.

l. Magnitude of Inspiratory Signal Sub-system

This sub-system is designed to differentiale C froin QB pattern. During the inspiratory phascs of C
pattern, the magnitude of breathing signal can reach higher values than those during QB. A threshold
is set in such a way that the breathing signal duting the inspiratton of C cun cross whilce the breathing
signal duting the inspiration of QB cannot. As the breathing signal during inspiration is negative, the
threshold for this sub-system is a negative vatue. The binary ouput of this sub-system is expected to
be 1 during C and to be 0 during QB. Note that DB pailern also has high magnitude duritg inspiratory
phases, thercfore the output 1 can represent D3 as well,
The algorithm of sub-system 1 is similar to the “C Detection” block of the BCS shown in Figure
3.3. The Simulink structure of this sub-gystein is shown in Figure 3.6.
The threshold for the inspiratoy signal is denoted as T H,y,,.. As the inspiratory signals are negative,
when breathing signal B(k) excecds the threshold, their relationship should be B(k) < THyp.
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Figuie 3.6: The structure of the sub-system I which analyses the magnitude of inspiratory signal.
THiusp denotes the threshold for the inspiratory signul. Note that the inspiratory signal
is negative. When the breathing signal B exceeds the threshold, this sub-system outputs
Yimp = 1. The first unit delay block (;1—,'} resets the integrator when expiration starts, and
the sccond unit delay block delays the output one sample point. The second delay avoids
missing the trigger point at the beginning of expiration.

In one detection cycle, the threshold-crossing of the magnitude of the breathing signal needs to
be held unti! the end of current cycle. The threshold-crossing status is reset at the beginning of next
detection cycle. This holding structiwe is reulised by a integratar.

The integrator is a Forward Euler discrete-time integrator. It has two inputs. As shown in the
figure, the top input is the ioput signal which the integrator integrates, and the bottoxn inpul is the
external reset input whose reset method is set as rising. The initial condition and guin value of the
integrator are set as 0 and 1, respectively. With these settings, the infegiator integrates and ouiputs
the input signal from 0. When the reset inpul signal is rising, say from 0 lo 1, the integrator resets,
‘Therefore when its input /] (k) changes from 0 to 1, ity output f3{k) slarts o integrate from 0. The
integration resets itself when the breathing sigual is positive, 1.e. the expiration begins. The inregraror

used in this thesis is typically for holding an instant signal for a certain amount of time. A unit delay
block is used to avoid missing the trigger point at the beginning of expiration.
Al the end, a uait delay block delays the outputs signal by one sample period. 'This can also avoid

missing the trigger point ai the beginning of the expiration. The whole process can be expressed in

the following equations:

b ifB(k) < THiny G

¢ otherwise

Julky = {

k ) i .
A8 :{ .ff)kfi.tk)dk 2Bk 1) <0 62
Jio [i(B)dke it B(lg—1}>0

Ak b it AR >0 (3.3)
IV = 3.
0 otherwise

Yim‘p Uc} = f (k - “ (3.4)
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Figure 3.7: The structwre of the sub-gystern which analyses the cross-correfation of the breathing sig-
nal with QB reference signal. TH o denotes the thyeshold for the cross-correlation.
The cross-correlation value is calculated with the QB reference signal and the preceding
signals of B(k) over a nominal breathing cycle.

Whete £ and /g denote sample instants. kp is the sample instant where the inspiratory signal cxceeds
its threshold.

The breathing signal is normalised before analysis. Therefore, setting the inspiratory threshold
THipsp < —1 leads to the ontput signal ¥, = 1 when non-QB breathing activities {C, DB or SP)
occug. On the other haud, ¥, = () cannot necessarily indicate the confirmation of QB, because
it is nol necessary that every speaking or coughing activity needs deep inspivation, especially with

tetraplegic individuals,

{l. Cross-correlation Sub-system

This sub-system is desighed to dotect QB pattern. The current breathing cyele is cornpared with a OB
cycle reference. Their similarity is represented by the cross-correlation. The threshold for this sub-
system. &8 set as a certain value of the cross-correlation. By conparing the curtent cross-correlation
with this threshold, during QB, the binary output of this sub-system is expected to be 1.

The stincture of sub-gystem I1 is shown in Figure 3.7. TH,c.p denotes the threshold for the cross-
corrclation value.

The “cross-correlation” block in the figure calculates the cross-correlation between the cnrrent
breathing cycle and the reference cycle. A brief inteoduction to the concept of cross-correlation is
nezded,

The cross-correlaiion measures the similarity between two serics of signals. Its value is within
the interval of [-1 1{. When the cross-cortelation approaches 1, it indicates that the two signals ate
similat; when if cquals -1 indicates the two signal have a phase difference of 180°; while the value of
0 indicates that the two signals are not correlated.

The QB refetence signal is denoted as R(k). This reference signal has one phase of inspiration and
cxpiration successively. It is obtained by averaging a number of QB signals pre-recorded. The length
of this reference signal is denoted as N, The N data points preceding the current breathing signal B(k)

are thercfore used to compare with R(k). The cross-correlation X (k) is catculated as:
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Figure 3.8: The structure of the sub-system which analyses the area of the FFT magnitude of the
breathing signal over a certain period.
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The cross-correfation value X (k) is within the interval [-1 1], by its definition. When it approaches
1, the cutrent breathing activity is considered to be identical to the QB refercnce. The threshold for the
cross-correlafion I'fyg. is usvally set larger than 0.3, Due to the calculating procedure, the cross-

X(k) =

cosrelation maximises at the cnd of current inspiration, therefore the outcome of the comparison

between the X{k) and TH o docsn’t need the infegrator block to hold. The process of this sub-

system can be expressed in equations as tollows:

1 IEX(E) > THyeorr
Yo (k) == f (k) = { (k) 2 THico : (3.6)

0 otherwise

This sub-system can distinguish QB pattern from the others. In practice, it is found that the cross-

correlation values of the speaking pattern are most distinctive from those with QB patiern.

Hl. FFT Area Sub-system

This sub-system is designed to differentiate C from QB pattern, 1t ecalcluates the FI'T magnitade of
certain points of the breathing signal and sum them up. The summation is understood as the FFT
ared. This magnitude arca value is compared with a pre-set threshold., This threshold is selected
such a way that the FFT area during C can cross it while that during QB cannot. The binacy output of
sub-system I is thorelore expected ta be 1 during €

The strucire of the FFT area sub-system is shown in Figure 3

is held by an infegrazor until the beginuing of expiration.

The FET area analyses can be found in Section 2.3.4. 1n Figure 3.8, the block which outputs the
Due to the

=),

.8. The outcome of the comparison

power area is a customised sub-system which calculates FFT magnitude and its area.
definition of FI'T algorithm, the length of the signal to be caleulated should be 27 (n = 1,2.3,4-
The length of the picked signal needs to be longet than the average length of a breath. When the
sample frequency is 50z, 256 dala pomis (256 x 0.02 = 5.125) is thought to be an appropriate

period (longer than a normal breath) to calculate FFT magnimde.
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Figure 3.9: The sub-system which calculates FFT magnitude and ity arca of the breathing signal over
4 certain period. D{4k) is the down-sampled breathing signal; A(k) is the delayed signal
of D(4/k) which can then be input to the Magnitude FFT block to calculate the FFT mag-
nitude; F (k) is the FFT magnitude of the down-sampled signal D{4%); #,(k} is the outpur
of the selector block which extracts the first 7 data points out of each column of the signal
F(i); Signal S{4k) is the FI'T magnitude area of the down-sampled signal D(4%).

The FFT magnitnde area sub-system is shown in Figure 3.9, During system \ests, it i8 found that
the system tends to run slowly when the Magnitude FFT block calculates over 256 data points. A
Daown Sampie block is therefore used to resample the breathing signal at the rate of 4 times lower.
This block resamples 256 data points into 64 ones. The Delgy Line block delays the signal D(44) so
that a series signal over the period of 64 data points are calenlated by the Magnifude FFT block. The
Selector block allows only the first » data points of the 64 poinis of IT'F magnitnde to be snmmed
by the Matrix Sum, The Repeat block is used fo resample the down-sampled sum signal S{dk) back
to S(k). In practice, it is found that the usage of Down Sample can effectively quicken the system
calculation while introduce little effect on the comparison,

The process of the FFT area sub-system can be expressed by the following equations:

. 1 iES() > THEp .
fily= () > THrer (3.7
{} otherwise

.k .
) = { {}fl{k)dk ifA(k~1) <0 6.5
fE Ak it Blko—1) > 0

B
.ﬂm={1“ﬁ%’°= (3.9)

0 otherwise

Yepr(k) = filk—1) (3.10)

Where k, &y denote sample instants, and Xy is where the delayed breathing signal beconies positive
(beginning of cxpivation). 7Hprpr is the pre-set thresbold for the FFT area.

Tt is found that the FT'T magnitude area of C patterns is usually larger than those of other breathing
patterns. This is because cough usually has larger breathing signals and quicker changes of them. QB
signals have relatively low FFT area values.

It is also found that this FFT area characteristic can help to differentiate SP from QB patierns.
Howcever, the threshold set for differentiating C from QB is not suitable, as the FET area of the SP
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Figure 3.10: The sub-system which analyses the magnitude of the previous expiratory signal, This
analysis predicts the current breathing activity assuining that the previous activity is the

samnie.

activitics is lower than thai of the C pattern, Therefore, a different threshold for differentiating SP

and QB is set. 'I'his sub-system therefore has two thresholds, denoted as THfzp and THﬁFT.

IV. The Magnitude of Previous Expiratory Signal Sub-system

1t is found that even though the inspiratory breathing signals of the cough pattern may be low, thic expi-
ratory signals can be large due to the fast exhatation. This sub-system. defects large expiratory signal
from the previous cxpiratory phase, The assumption is that the breathing activity is not changed,
Thus, this sub-gystem predicts the quantity of the current expiratory signal, The predicted expiratory
signals are compared with ity threshold. The threshold is selected in such a way that C patiern is al-
lowed to cross while QB pattern is not. The siructwre of the sub-system which analyses the magnitude
of previous expiratory signat is shown iz Figure 3.10.

The structure of this sub-systeny is similar to the sub-gystem I which analyses the magnitude of in-
spiratory signal. An integrator is used to hold the comparison outcoms with the expiratory threshold

until the beginning of expiration. The process of this sub-system can be expressed by the following

equations:

. L ifB{k) > TH,

./1(k;={ B > Ty G.11)
0  olherwise
A= J¥ftR)dl  iEBk—1) <0 (3.12)
' JEAlkydle ifBlky - 1) >0

£y (k) = LA >0 (3.13)
R 0 otherwise '

Yexp{k) = filk—-1) (3.14)

Where I, k¢ denote sample instants, and &y is where the delayed breathing signal becomes positive

(beginning of expiration). 7 H.y,, is the pre-set threshold for the expiratory signal.
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Figure 3.11: The sub-system which counts the peak number of the previous expiratory signal.

The threshold for expiratory signal is set to be large so that only the cxpiratory signal during the

cough activity can exceed it. Therclore, ihe output of this sub-system can be used as a decision factor

to confirim cough.

V. The Sub-system which Couats Previcus Expiratory Peaks

The typical breathing signals shown in Figure 3.5 show that during expiratory phases, QB, C and
DR usually have not more than two peaks, while SP signals bave wmore regional peaks, This is a
distingnishable characteristic of the breathing signals during speaking activities. The lask of this sub-
system is to count the peak numbers of the breathing signal during cxpiratory phases. During each
detection cycle, the counted peak numbers are compared with a pre-scl threshold. The comparison
cutcome is hold until the end of one detection cycle. The structure of this sub-systemn is shown in
Figure 3.11.

The peak of the magnitude of the breathing signal during expiratory phase cortesponds to a zero
crossing of its derivative, This zero crossing can be received by the Counter block as an trigger
event at the CVk port. A low pass filter is applied to the breathing signal before counting to avoid
counting small peaks due to the signal noise. The digital filter is a IR Butterworth Jow pass fiiter,
with parameters of Fpues = 0.2Hz, Fyop = L3Hz, Apass = 1dB and Agep = 20dB. The filtered signal
is denoled as By(k) in the figure. The Dif ferentictor in the figure is a discrete filter block which

calculates the difference of signal B, (k). This can be express as:

B (k) = By (k) =Bk~ 1) (3.15)

Where k is the sample instant. Notfe that B f(k) - 0 when £ — 1.

The connter needs to count only during expiratory phases. Therefore, the sign of the breathing

signal needs to be dctected. The difference of the breathing signal is only analysed by the counter
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when its sign is detected as positive, This function is realised by the the blocks of Sign, Saruration

and Product, and be explained by the following equations:

1 ifB(k) >0
NEy=< 0 itBlk =0, (3.16)
~1 ifBk) <0

The Sign block outputs 1 for positive B(k), -1 for negative 8(k) and O for § input.

1k if A >0
fi(k) 1 Si(k) ‘ (3.17)
eps if filky <0

-]

The Saturation block limits the range of signal £ (k). The upper and lower timits of £ (k) are set iny
and eps. The value eps can be understood as a tiny figure close to 0. When signal fj (k) is below this

value, the output f2(k) is clipped to eps.
fak) = falie) < BY(k) (3.18)
The Product block actually clips signal B/(k) to eps when B(k) is negative (inspiratory phase).

Blky ifBk)>0
cps= 0 ifB(A) <0

Ak = { (3.19)

The main block in this sub-system is the Counter block. Cilk (f3(k)), Rst and Hif are its input,
reset and output port, respectively. The counter block increments (or decrements) an internal counter
(Cnr(k)) each time it receives a trigger event at the CIk port, The value of the internal counter is output
at the Crt port, which is not used in this sub-system and connected to a ferminator. The trigger event.
in this sub-system is set as “either edge”, "Vhis means that either the signal at port Clk (f3(&) from the
figure) changes from negative to positive or the other way around will be treated as a trigger evenl. A
pre-set threshold for the peak nomber (TH,,..4) is sct in the block. When the internal counter exceeds
this threshold, a binary signal 1 will be generaled at the Hit port. A trigger event at the Rst port will
reset the internal counter to its initial state.

The process ot the Counier block can be expressed as:

1 i Cnt{k) > THyeu:

0 Otherwise

fsll) = { (3.20)
When the internal counter (Cin¢(k)) exceeds its threshold, the I7ir post outputs 1, It should be noted
that the internal counter Crt () returns to O when the reset value f4(k) has a zero ctossing.
The holding structure which holds the signal f5{k) value until the end of a detection cycle is the

same as thoge in the sub-systems described previously:

I fkd itBE—1)<0 | Ba1)

f() —
i { fﬂiﬁ(}()d}‘ iFBlky—1) >0
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otherwise

f?(k)={ VA >0 | G.22)

Ypeur (k) = fr(k — 1) (3.23)

Where £, &y denote sample instants, and &g is where the delayed breathing signal becomes positive
(beginning of expiration).

Some of the main internal signals during some sample QB and SP activitics are shown in Fig-
ure 3.12. The top figure shows (lie original breathing signal B{k), the low pass filtered signal B (%},
and the undelayed output of this sub-aystem f3{k). The bottom figure shows the internal counter
Crt{k) and the saturated derivative of signal B (k). it can be seen that during the inspiratory phases,
signal 73(k) is approximately 0, due to Equation 3.18, The internal counter increments when /3(4)
has a zero-crossing. The pre-sct threshold for the peak number is 2 in this example. It can be seen
that when Cnt(k) exceeds 2, the output signal f; (k) is gevetaied and held until the start of expiration.

Whilc this sub-system is mainly used to distinguish ihe SP pattern from others, its analysis is
based on the preceding expiratory signals. Thercfore, the assumption that the breathing activity is not

changed is also needed in this sub-system.

V1. The Sub-system which Analyses Derivative of Inspiratory Flows

This sub-system is designed to dctect fasl inspirations. The breathing activities which can cause
intense inspirations are C, DB and SP.

The derivative of the breathing signal is calculated and compared with a pre-set threshold. The
outcome of the comparison is held until the end of one deteclion cycle. The binary output of this
sub-system is expected to be 0 during QB. The structure of this sub-system is shown in Figure 3.13.

The process of this sub-system can be expressed by the following equations:

) = { 1 ifB(k‘)‘—-b’(k—--S) < THypyapy G24)
0 otherwise

Where k denotes sample instants. Nole that the output of the differentiator is 0 when £ < 0. The

differentiator calcnlates the derivative of the brealhing signal by subtracling every 5 data points. Cal-

culating the difference between cvery 3 poinis instead of the successive points is to avoid errors

introduced by the unexpected data points in the signal, e.g. signal noisc.

fEptode iEBlk—1)<0 (3.25)

Gk =
0 {J}(tfl(f()dfc ifB(kg—1) >0

Where ky is the samiple instant where the delayed breathing signal cxceeds 0, Le. expiratory phase

begins.
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Figure 3.12: Signals showing the process of the sub-system which counts the peak numbers of ex-
piratory signal. In the top figure, signal f5(k) is the undelayed output signal of this
sub-system. By(k) is the filtered signal by a low pass filter. It can be seen that this
sub-system detected the speaking pattern from the preceding expiratory signals. In the
bottom figure, the signal f3(k) is the saturated derivative of the filtered breathing signal.
It shows that during inspiratory phases, its value is approximately 0. When this value has
a zero-crossing, the count value Crnrf (k) increments. Cnt(k) resets to O at the beginning
of every expiration. Note that signal f3{k) is multiplicd by 30 to (it the figure,

Figure 3.13: The sub-system which analyscs the derivative of the breathing signals during inspiratory
phase.

4 (k):{ 1 if 5{k) >0 , (326)

0 othcrwisc

Yiusp (k) = f5(k—1) (3.27)
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Figare 3.14: Nustrations showing the inpuis and ouiputs of the decision flowehart sub-system of the
MCCS. This flowchart analyses the cutputs of the sub-systems described in Section 3.2.2
and gencrates signals which indicate whether the current breathing activity is cough or
quict breathing, or others such as SP. The outputs Cy(k}, @p(%) and SP indicate the
attempt w0 cough (when Cp(£} = 1) or quiet breathing Qr(k) = 1 or other breathing
activities such as speaking.

The value of the derivative of breathing signals ducing inspiratory phases depends on how fast the
inhalation process is. In the inspiratory phasc of cough activity, the inhalation is usually faster than
that during (he inspiratory phase of QB activity. This can be seen from the typical breathing signals
shown in Figure 3.5. The inspiratory phase of the speaking activities is typically lower than that of
cough activitics and higher the QB ones. Therefore, this sub-gystem can distinguish QB from C and
SP patterns.

Notc tiat the detection of threshold crossing of this sub-syslem oceurs in the first (descending)

half of the inspiraiory phase, while the dotection of trigger point for cough occurs in the second

(ascending) half,

3.2.3 The Decision Fiowchart Sub-system which Analyses the Outputs of the
Sub-systems which Analyses the Signal Characteristics

One of the differences of the MCCS to the BCS is the decision flowchart sub-system. As shown in
Figurc 3.14, this decision flowchart analyses the oulputs of the sub-systems which anatyses the signal
characteristics. This flowchart sub-system checks breathing activitics using the characteristics of the
breathing signal. The output signals of this structure are signals for QB and C attempt (Qp(k) and
Cy(k)). QB is confirmed when Qg (%)} = | and C is confirmed when Cy(k) = 1. SP (or other activities)
is confirmed when Qg (k) = Cp(k) = 0.

The structure of the flowchart sub-system is shown in Figure 3.15. The start point of the flowchart
is when the breathing signal hecomes negative (durtng inspiration). When the flowchart works, the

result from the characterisiic sub-system [ which analyses the inspiratory signal is analysed. When the
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inspiralory breathing signal of the current phase exceeds its threshold, the current breathing activity is
considercd not to be QB. If the inspitatory brcathing signal does not exceed ils threshold, the current
breathing activity is thought to be any possible activities (@B, C and SP). This is because it is found
that some of the coughing and speaking signals can be as small as the quict breathing signals, The
second leve] of the flowchar! analyses the result from the sub-system VI which analyses the derivative
of ibe inspiratory signal. If this result shows that the derivative of the inspiratory signal cxceeds its
threshiold, the breathing activity iz not QB, After ihis level, the breathing activity is considered either
to be cough or speaking (left side of the tlowchart), or quiet breathing or speaking (right side of the
fowchart).

To distinguish between the cough and speaking pattern, the results of the sub-system Hl(a) FFT
power area), IV (previous expiratory signal) and V (number of previous expiratory poaks) ave anal-
ysed. A high FFT power area result confirms the current breathing signal to be cough, while a tow
FFT power area result may represent cough or speaking pattern. If the previous expiratory signal is
high, the current breathing activity is expected to be cough, assuming the breathing activity is not
changed. When the result of the sub-system IV is € (no high previous expiratory signal), the cough
and speaking patterns will be differentiated by the result of the sub-system V. Large number of peaks
of the expiratory signal during previous breathing phase confirms the current breathing activity to be
speaking, agsuming the breathing activity is not changed, otherwise the current breathing activity is
considered to be cough.

To distinguish between the quicl breathing and speaking pattern, the results of the sub-system 1l
(cross-correlation), ITI(b) (FFT power area) and 'V (number of previous expivaiory peaks) are anal-
ysed. I the cross-corvelation of the current breathing signal and the reference signal is smaller than
the threshold, the signal will be considercd to be speaking. If the cross-correlation is higher than the
threshold, the exceeding of the FF'I' power area confirms the current breathing activity to be speaking.
Same as the analysis to differcnliate cough and spealdng, the fast level of the flow chart to differentiate
quict breathing and speaking analyses the result of the sub-system V.

The outputs of this flowchart sub-system is the confirmation of the breathing activity - QB, C or

SP. When the speaking pattern is confirmed, both outputs of the QB and C ports are 0.

3.2.4 Generation of the Stimulation Trigger

This part of the system gencrales stimulation trigger sipuals for cough or quiet breathing accordingly.
The stimulation trigger needs to be generated at the right time and have a pulse-length which indicates
the Yength of the stimulation, These features of the stimulation trigger are processed by the “Trigger
Point”, “DELAY™ and “Pulse length” blocks of the BCS shown in Figure 3.3 on page 66.

In the MCCS, these threc blocks are integrated in the “Stimulation trigger generation™ block as
shown in Figure 3.4 on page 67. The algorithm of this block i1s remained. Refer {o previous papers

for details.
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Figure 3.15: The structure of the flowchart sub-system, Note that sub-system T1l(a) and HI(b) have
the same structure. They use different thresholds to differcutiate C and SP from QB

patterns.

3.3 Testing the Muiti-characteristic Control System (MCCS)

Ag an enhancement to the BCS, the performance of the MCCS is tested. Two tests are conducted.
The first onc vses both the MCCS and BCS to analyse the same breathing signals. The thresholds
for the BCS are first optimised. Then the corresponding thresholds for the MCCS are set to the same
values. By changing othar thresholds for different signal characteristics, the system performance is
evalualed. This test is focused on the detection of SP patterns.
The other test uses only the MCCS, 'Y'he signals [rom the experiment with the IMU and spirometer
are analysed by the MCCS. By optimising the thresholds for signals trom different subjecls, the

MCCS performance with various types of breathing signals is evaluated.

3.3.1 Improvement of the Detection of Speaking Patterns by the MCCS

At the time, the MCCS analyses six characteristics of breathing signals to detect OB, C and SP, while
the BCS analyses two of them. By using the decision flowchart, the MCCS has a more sophisticaled

detection algotithm. In this section, the improvement by the MCCS to detect SP patterns is presented.
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In previous experience, SP patterns can be mis-detected as C or QB in various situations. This is
due to the variations of the breathing signal during different speaking siwations. For example, the
breathing signals during (he inspiratory phases of a shout can be simitar to those ol coughing. When
speaking quietly, the inspivatory signals can be similar to QB ones. With the algorithm of the BCS, a
shout can be detected as cough and the quietly speaking can be detected as quiet breathing.

When using the detection results from the control system to generate the electrical stimulation for
FESAM, mis-detecting SP as QB or C wilf lead to unwanted stimulation. This is worse than missing
stimulation (miss-detecting QB or C), as the clectrical stimulation can digturb the process of speaking,
or make patient uncomfortable,

The sub-system V of the MCCS is specifically designed to improve the detection of SP patterns. it
is found thal in most cases of speakings, no matter how the inspiratory phases vary, their expiratory
phases share a common feature. That is duriug the expiraloty phases of speak, regional peaks are
distinctively high. The sub-system V counts the regional peaks during every expiratory phases and
compare them with a threshold. The successive respiratory cycle will be detected as SP if the threshold
is crogsed, This detection is based on the assumption that the breathing activity is not changed.

One sample test is presented with the spirometer data 11«2 with subject 01 (as described in Chap-
ter 2). The settings of the thresholds for the BCS and MCCS are shown in Table 3.1. The shared
thresholds (I and H) are set to the same values. The threshold for sub-system V ig set to 4, which
means that when the peaks exceed 4 during the previous expiratory phase, the present breathing cy-
cle will be predicted to be speaking. Other parameters are chosen to distinguish between different
breathing activities most effectively.

The detection rosults with both sysicms are shown in Figure 3.16. The inspiratory phases of the
SP pattera with this signal are similar to the C patteras. It is hard to differentiate them by comparing
only the maguitude of inspiratory signals. This causes that all the ST patterns are detected as C with
the BCS (Figure 3.16(a)).

Most of the SP patterns are detected correctly with the MCCS (Figure 3.16(b)). The first speaking
cycle is not detected because the sub-system V ocan only predict successive breathing cycles. This

also causes thal the QD pattern after the last SP pattern 1s mis-detected as SP.

3.3.2 Testing the MCCS with the IMU and Spirometer Signals

The ability of the MCCS to dotect breathing activities is evaluated with the IMU and spirometer
signals from the cxperiments discussed w Chapter 2.

The evaluation tests the system accuracy with different datu sets acquired from both the spiromeler
and the TMU. This test can also further evaluate the IMU signal for its suitability to be used for the
automatic control system for FESAM.

The tests use the acceptable data sets with the 5 subjects (refer to Table 2.7 on page 44). The

systemn parameters, the six thresholds for the six sub-systems, are adjusted with data sets with different

subjects and devices,
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Threshold || BCS | MCCS
I 2 2
0 03 | 03
ii(a) - 200
Ty || - | 130
v | - 1o
v - 4
VI j - | B

Table 3.1; Thresholds set for the test with both BCS and MCCS to improve the detection of QB,
C and SP patierns. Note that the signals are all normalised before the testing. Refer to

Section 3.2.2 for details of the sub-system.

The acceptable data sets with each subject are analysed sepatately with constant system parameters.
For the data sets with subject 02 and 03, a cycle of quiet breathing reference is calculated with data
sets i (a series of quiet breathing), as they are acceptable. For the data sets with subjeet 81 and 05, as
the data sets i are nof acceptable, the quict breathing roferences were calenlated with acceptable quiet
breathing scgments selected from the data selg i,

The six thresholds for the six sub-systems are tested with all the data sets with cach subject. Each
threshold is chosen in such a way that the sub-system can differentiate certain breathing activities
most cffectively. Due to the different characteristics of the IMU and spirometer signals, the thresholds
are adjusted accordingly. The decision of each threshold was made by tesling a numbecr of differcat
values, and choosing the one which made the detection most accurate. Lach sub-system has a display
block which can show the analysed characteristic. A sample view of the display block for the sub-

system V is shown in Figure 3.12 in Section 3.2.2. This figure shows the breathing signal along
with the numbers of the peaks during previous expiration. [n this example, il the threshold for this
sub-systein 18 set ay 2, the QB patterns can be distinguished from the SP patterns.

After the thresbolds are chosen, they arc used constantly with all the clata sets with the same subject.
The total numbers of the QB, C and ST breathing activities are counted. The recorded results include
the numbers of: i) QB cycles which have correct stunulation triggers; i1} C cycles which have correct
stimulation triggers; iil) SP cycles which have stimulation triggers either for C or QB. The first two
results evalnate the ability of the system to detect QB and C activities and generate right stimulation
irigger signals. The third result shows the ability of the systemn to differcntiate speaking activitics,
where no electrical stimulation is aflowed.

The SC and DB breathing activitics are not evaluated with the MCCS. The reason is that: i) thesc
two activities are included mainly to test the sensitivity of the IMU device to rapid change of breathing

activities; ii) the MCCS docs not have specific paramcters for these two activities, thus the results are
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Figure 3.16: Detection results of the BCS and MCCS with a sample spirometer signal. Refer to
Section 3.3.1 for the configurations of the two systems. In the bottom figures, the mag-
nitudes of the trigger signal for the QB pattern is set 1.2 and that for the C pattern is set 1
to distinguish. The stimulation trigger in the upper figures show either the trigger signal
for the QB or C pattern, along with the signal. The MCCS has detected the five speaking
patterns, while the BCS mis-detected them as C pattern. Note that the shared thresholds
of the two system are set the same

not optimised; iii) they can represent breathing activities other than the QB, C and SP ones in a general

sense. Thus, this is a further work which requires the system to deal with various breathing activities
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\ Subject 0§ | Subject02 || Subject®3 | Subject 05

Threshold | IMU | spiro | IMU | spiro || ¥MU | spive | IMU | spiro
IR R R
no o5 | o3 i 0.7 { 06 | 02 | 05 | 05| 05
hil J] 200
v |? 2 Iss i 3 | 3 | 1s]3s| 3 |35
M SN S B NEE U S
VI i 05 | -1 :[ s | s | 05 ] 08 |- | LS

‘Table 3.2; Sumnmary of the thresholds of the six sub-systems for the tests of the MCCS with the data
sats from the IM1Y and spirometer. Note that the breathing signals are normalised before
the testing. Refer to Section 3.2.2 for detuils of the sub-system,

that are closer to the daily life.

3.4 Results of the Tests Using MCCS to Analyse the Signals from both

the IMU and Spirometer Device

3.4.1 System Parameters with All the Data Sets

The system parameters which are adjusted are the six threshold valucs, shown in Table 3.2, Refer
to Section 3.2.2 for details of the six sub-systems and their thresholds. The thresholds are chosen in
such a way that the sub-system can distinguish different breathing activities most effectively. All the
data sets were normalised before the testing.

The threghold I is for the characteristic of the magnitsde of ingpiratory signal. For most subjects,
this threshold is set to 2 (IMU test with subject 05 is 2.5), as the average inspiralory peak value is 1
due to the normalisation. Threshold 11 is for the cross-correlation between the current breathing cycle
and a QB reference signal. For most subjects, this ibreshold is set larger than 6.5, The threshold II of
the TMU test with subject 03 is set to 0.2. The third threshold is set to 200 for every data set. This
threshold is tor the FFT area. Tt is found that most of the FI'{ areas during the C activity are larger
than 200, while those during the QB activity are distinctively smaller than 200, The thresbold IV is
tor the magnitude of expiratory signal. This threshoid aims to detect previous coughs, which have
large magnitnde during expiratory phases. During the test, it is found that the expiratory peaks during
coughing activity varies with different data sets, the thresholds are therefore set accordingly. The fifih
threshold is for the peak numbers of the previous expiratory signal. The breathing cycle whose peak

munber is higher than this threshold is considercd as speaking patiern. This threshold is set to more
than 3. When the signals are noisy, QB signals can bave more than one expiratory peaks, therelore

the (hreshold for the peak numbers is set higher, ©.g. 6. The last threshold (V) is for the derivative
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Quict Breathing Cough Speaking

Subject [ ITMU spire 4§ IMU spire IMU | spiro

0l 7/19 11719 4/16 | 16/)6 5/15 0/15

02 38/67 59467 40/42 | A0/42 157 0/57

03 | 20431 27/31 24524 | 24/24 11/48 | 2/48

05y 9722 18/22 17/18 | 11/18 11/23 | 6/23
U : . — ) . - :
Total 747139 | 115/139% it 95/100 | 97/100 i 34/144 | 8/144

Table 3.3: Results of the testing of the MCCS with the signals from the IMU and spirometer. The
results are in the torm of 3/y, where y denotes the total nmmber of the QB, C or SP activities
with all the acceptable data sets with cach subject. In the cohmnns of QB and C, x denotes
the numbers of the QB or C paiterns when the system genetates the stimulation signal
correetly, In the SP catumins, x is the number of the breathing cycles where the system
incorrectly generates stimulation signals either for QB or C patterns.

of the inspiratory sigual. The breathing cycles which have higher derivatives of inspiratory signal are

considered to be speaking or coughing pattern. This threshold is set to either -0.5, -1.0 or -1.5,

3.4.2 Testing Resuits
The results of the testing with the MCCS with both the IMU and spirometcr signals are shown in

Table 3.3,

The resulis are in the form of x4y, where v denotes the total number of the QB, C or SP activities
with all the ucceptable data sets with cach subject. In the columns of QB and C, x denotes the numbers
of the QB or C patterns when the systemn gencrates the stimulation signal correctly. 1o the SP columns,
X ig the number of the breathing cvcles where the system incotrectly generates stimulation signals
cither for QB or C patterns.

The system resulls with the QB and SP patlerns with the spirometer signals are better than those

with the IMU signals, while the results with the C pattern with subject 05 show hie opposite.

Quiet Breathing The detected OB pattern numbers with the spirometer signal are larger than those
with the IMU signal. More than half of the total number of the QB patterns are correctly detected
with the data sets with the TMU signals with subject 02 and 03, In the spirometer column, the resulis

show that most of the QB pafterns are detected.

Cough Most of the C patterm with both signals from the IMU and spirometer are detected correctly.
There are 3 out of 100 € patterns missed with the IMU signal and 3 out of 100 with the spirometer

signal.
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Speaking Only 8 ont of 144 S4 patterns with the spirometer signal are mis-detected as either QB
or C, while 34 out of 144 with the IMU signal are mis-detected.

3.5 Discussion

3.5.1 improvement of the Detection of SP patterns

The sample test showed that by adjusting proper thresholds for the MCCS, the accuracy of the de-
lection of SP patterns can be increased. At the same time, the accuracy to detect Qi3 and C putlterns
is remained. The decision flawchart can be differently functioned by adjusting the thresholds alone.
For example, setting the threshold for the cross-correlation sub-system 0 can eliminate the [unction
of this sub-system in the decision flowchart, The decision flowchart can also be adjusted by changing

the prioritics of the sub-sysiems in the tree structure.

3.5.2 MCCS Results with QB, C and SP patterns with the IMU and Spirometer Signals

The IMU results with the QB and SP patterns are not as good as the results with the spirometer signal,
‘This can be caused by the inaccurate signals recorded by the IMU device, due io leose attachment.
This explanation can be verified by the fact that the results with the IMU signal during the C activities
are as good as the result with the spirometer signal. As discussed in the previous section, C signals are
more likely to be recorded accurately by the IMU device because this activity allows strong movement
of the abdomen, avoiding crrors caused by the loose atlachment of the IMU at the abdomen.

On the other hand, most of the results with the spirometer signals show that the MCCS is able to
distinguish OB, C and SP patterns. At the beginning of cach dotected QB or C activilies, the sysiem
generates the stimulation trigger accordingly.

The results with data sets ii-2 with subject 01 are shown in Figure 3.17. This is a typical result
during the tesis. [t shows that some of the QB patterns of the TMU signal are not detected as they are
recorded inaccuralely, On the other hand, the IMU signal during the C activity is recorded accurately.

Hence, they are more likely to be detected. The result with the IMU signal also shows four false OB

detections during the SP patterns.

3.5.3 Result with DB and SC patterns with the Signals from the Sensor Experiment

As shown in Figure 3.17, SC and DB patterns are not detected correctly, Most of the DB patterns,
with both signals, are detected as cough. Neither the QB nor C patiern doring the SC activities are
detected correctly.

DB The signals cluging the DB pattern with this subject is similar to the C pattern. While the DB pat-

tern shares most of the distinctive characteristics of the C pattern, such as high inspiratory magnitude

and its derivative, the MCCS lends (o detect DB as C pattern,
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Figure 3.17: The results with data set ii-2 with subject 01. Note that the C activities are from 140s to
DB activities are from 190s to the end. In the bottom figures, the magnitude
of the trigger signal for QB patterns is set to 1.2 and that for C patterns is set to 1 to
distinguish them. The stimulation trigger in the upper figures show either the trigger

170s and the

(b) The results with the spirometer signal.

signal for the QB or C pattern, along with the breathing signal.

SC With the threshold of the derivative of the inspiratory flow, it is found that the threshold crossing
happens during the expiratory phase of the C pattern, not the inspiratory phase. This causes that the
QB pattern after a C pattern be recognised as SP pattern. Meanwhile, the C pattern is not detected as
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the threshold of the derivative of the inspiratory signal is not passed.
These two breathing activities can represent the activities during the daily life. Selving lhese prob-

fems are therefore part of further work that is needed to improve the MCCS,

3.6 Conclusion

The MCCS is an enhancement to the BCS. Using more signal characteristics can improve the de-
tection of QB, C and SP patterns. A sample fest shows that by adjusting proper thresholds for the
sub-systems which analyse different characleristics of the breathing signal, the MCCS increases the
accuracy of detecting SP patlerns dramatically, while retaining accuracy for detection of QB and C.
By using differcnt combinations of (he sub-system results (using different thresholds or changing the
tree structure), detections can be improved.

Tesls are also carried out with acceptable data sets from both the IMU aud spirometer device using
the MCCS. The results show that the MICCS detects more aceurately with the spirometer signals than
the IMU signals, With the spirometer signals, the MCCS shows a gnod detection of the OB, C and SP
patierns, The system needs to be improved for SC, DB and other breathing activities that can occur

during daily life,
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4 Implementation of the Automatic Control
System Using a Graphical User Interface

The previous two chapiers discussed two parts of the control system for FESAM: the acquisition of
the breathing signal (Chapter 2) and the analysis of it (Chapler 3). In Section 4.2 of this chapter,
the stimulator which receives the results of the multi-characteristic conirol sysiem and gencrates the
electrical stimulation accordingly is introduced.

These three parts of the control systemn are developed in the Simulink environment. The conlrol
and configuration of them need relevant knowledge of the software. In addidon, the parameters which
need to be confignred are embedded in the Simulink blocks within the three parts of the system.
Therefore, an interface is needed to configure the parameters of the cntire system.

A graphical user interface (GUY) is created to integrate the three parts of the control system.
Through the panels of this intciface, the parameters ol the three parts of the system can all be con-
figured graphically. A graphical viewer on the interface panel can also show the acquired breathing
signal and the corresponding stimulation in real-time.

The interface of the automatic control system is designed in such a way that cvery parameler that
is related to the stimulation can be accessed on the panel.

When the GUI is initiated, the Simulink models of the whole system are hiddeq, and only panels of
the GUT are visible. People who use this interface don’t need to have detailed knowledge of MATLAT
or Simulink. For example, medical staff can get access to the controt of the system casily through the
GUL

This chapter fitstly inmroduces the structure of the entire automatic control system. The relation-

ships between the three pacts of the system and the GUT are also discussed. Then the stimulator part

of the system and the GUT are introduced.

4.1 Structure of the Automatic Control System for FESAM

As shown in Figure 4.1, the automatic control sysiem consists of three sub-systems. The first sub-
system acquires the breathing signal. As discussed in Chapter 2, the breathing signal can be acquired
by either the IMU device or the spivometer in real-time. The system is designed in such a way that
the broathing signal can also be loaded from acquired signal files for offline analysis. Adding this
feature to the GUI is needed for testing and configuring the system. The analysis of the breathing

sighal loaded from acquired signal files is therefore not in real-time.
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Figure 4.1: Hlustration showing the three sub-systems of the automatic conirol system for FESAM
and a graphical user interface (GUI) which configures the systoin parameters and shows
system results. The breathing signal & can be acquired by either the IMU or the spirometer
in real-time (online), or be {oaded from an acquired signal file (off-line). The interaction
between the GUI and the sub-systems are implemented by the GUI callback functions and
a S-function block, which ave indicated by the arrows in the figure. Refer to the following
scclions for details.

The breathing signal 8 is analysed to detcrmine the current breathing activities. The sub-system
which analyses breathing signals is discussed in Chapter 3 as the multi-characteristic controt system
(MCCS). The characteristics of the beeathing signal are analysed through a flowchart structure. The
output of the analysis is a binary trigger signal (77) which indicates when stimulation is allowed, This
tvigger signal is the logical disjunction of the results of the decision Howchart Qp{k) and Cg(k), i.e.
Tr = Qg(k} v Cg(k). The trigger signal '+ has a certain length as described in Scetion 3.1.1,

The stinufator delivers clectrical stimmulation to the abdominal muscles when the trigger signal
Tr=1. Pulse width and the start of the stirnulation are designed to be manually adjustable for safety
reasons. The parameters of the stinwlation are configured in the stimulator sub-system.

All the parameters of the asutomatic control system can be vonfigured through a graphical aser
interface. This huerface also controls the start of the acquisition and analysis. A graphical viewer is
embedded in the main panel showing the acquired breathing signal along with electrical stimulation
generated by the stimulator. The GUI controls the sub-system through the GUI callback functions
from the Simulink, whilst the online results of the sub-systems are transfered to the GUI through a
S-function block.

The first two sub-systems of the automatic contro! system are discussed in Chapter 2 and 3. The

following section introduces the stimulator system.
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Figure 4.2: The electrical stimulation delivered by the stimulator at one channel. £ denotes the current,
pw denotes the pulse width., T's hasomed denotes the interval between each pulse. The
pulses with dash dot lincs indicate the grouped pulses when the mode of the stimulator at
this channel is got as group mode.

4.2 The Stimulator System

The stimulator delivers electrical stimulation to the abdominal muscles. Multiple channels are used
for the 'ESAM., For each channel, three parameters are needed before the stimulation. They are the
current, pulse width and mode for the stimulation.

As shown in Figure 4.2, the current [ and pulse width pw relate to the strength of each pulse of
the electrical stimulation. Increasing any of them will strengthen the simulation. The mode of the
stimulation for each channel can be set as group pulse or single pulse. With the group mode, grouped
pulses will be delivered, The interval of the grouped pulses needs to be set in this mode. The inferval
between cach pulse in the single mode or each grouped pulses in the group mode also needs to be sct
before (he stimulation. This interval is denoted as Ts_hasomed.

The current and mode for each chuanncl of the stimulation are set constant during stimulation. The
pulse width of the stimulation is designed to be adjustable during the stimulation mamually. In this
way, the stimulation can be stopped or adjusted manually if accident happens. An extra manually
controlled switch is also used to start the stimulation delivery for salety reasons. The stimulation is
only delivered when this switch is on.

The manual control of the pulse width and the start of the stimulation can be realised either by GUIT
items on the GUI panel or a DAQ card wiih a throttle and button. In this thesis the latter is used.

The following hardware section discusses the sctup of the stimulator and the DAQ card. The soft-
ware section later discusses the setup of the configurations of the stimulator system in the Simulink

cnvironment,

4.2.1 Hardware

The connection of the PC, stimulator and the DAQ card of the stimulator system is illustraled in
Figure 4.3. The stimulator and the DAQ card are connected to the PC via USB.
The stimulator (RehaStim, HASOMED GmbH, Gertnany, shown in Figure 4.4) for the electrical
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Figure 4.3: The connection of the PC, stimulator and the DAQ card of the stimulator system. The

analog input (AI) of the DAQ is realised by a throttle device, whilst the digital input (DI)
is realised by a button. The default position of button is shown in the figure (DI=0).

Figure 4.4: The front and rear view of the stimulator (RehaStim, HASOMED GmbH, Germany).
Adapted from http://www.rehastim.de/.

stimulation has 8 isolated stimulation channels. The electrical current of each channel can be set
between 0 and 126mA. Pulse width of the current can be set from 20 to 500us. The frequency range
of the stimulator is from 1 to 140Hz.

A DAQ card (DAQ USB-6009, National Instruments, Texas, USA) is used to control the start and
the pulse width of the stimulation. The DAQ card has an analog and digital input, and is connected
to a PC via USB port, as shown Figure 4.3. The analog input is realised by a throttle, and the digital
input is realised by a button. The default position of the button is shown in the figure. In this position,
the digital input is 0 (DI=0).

4.2.2 Software

The stimulator and DAQ card are implemented by a stimulator system realised in the Simulink envi-
ronment, as illustrated in Figure 4.5.

In this stimulator system, the current for four channels (/;—I4) and the pulse mode are held constant



http://www.rehastim.de/
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Figure 4,5: Illustration showing the stimulation system which implements the DAQ control and the
stimulator interface. The pulse width input for the simulator is the product of three val-
ues. The DAQ DI only allows stimulation when the button is pressed. The DAQ Al is
controlled by a throttle, and can be changed manually. The switch block chooses the trig-
ger source, When the switch chooses constant 1, the stimulation is completely wiggered
manually. The current inputs (/y, L, 53, fy) are configurcd by the GUL

during stimulation. The pulsc width of the stimulation is a product of three values shown in the figure.
As the defaull DAQ DI value is 0, the stimulation is only triggered when the button is pressed, ic.
DI=1. The switch value is conirolled by the GUI either to be the MCCS result 7+ or constant 1.
When the swilch chooses constant |, the stimulation is completely conbrolicd mannally: the elecirical
stimulation will be generated with the pulse width set by the threttle (DAQ AI) when the DI button
is pressed. if the switch chooscs signal T as the trigger source, the stimulation is generated when
Tr =1 with the pulse width of the value of DAQ AL
The “Stimulator Interface™ block is a Simmlink mask. Its Simulink interface and parameters wre
shown in Figure 4.6. The first four parameters {Sample Time, Scria] Port, Channels, Main Time) necd
to be configured before stimulation. Sample time is only for the interface block, not necessacily for
the stimnlation. The serial port is the port nunber to which the stimulator is connected to PC. As the
stimutation for the conirol system recquites 4 channels, the parameter of channels are set accordingly.
The currents of these 4 channels are denoted as 7y, 5, /3 and Iy in Figure 4.5. The main time parameter
is the sample time of the stimulation (stimulator), which is the parameter T's hasomed shown in
Figure 4.2. Note that T's_hasomed is in second, therefore it is multiplied by 1000 to be in millisecond.
The parameter “Group Time” is needed in the “Group Pulse” mode. The last two parameters can
change the frequency of desired channel. They are not used in this conlirol syslem.
As introduced in the beginning of this chaptcr, the parameters of the stimulator sub-system can be
configured visually by a GUL With this GUJ, the mask parameters of the “Stimulator Interface” block
can be configured without opening the mask parameter interface as shown. in Fignre 4.6, The GUI can

also directly set the current for each channcl (11—/4) and realise the switch which allows the MCCS

result Tr to be the trigger source,
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Figure 4.6: The Simulink interface of the stimulator. This interface is a mask structure in Simulink.
The mask parameter is shown in the panel on the left. Sample time, Serial Port, Channels
and main time are the main parameters that need to be configured. Only 4 channels are
used in this system. The sample time and main time parameters 7's and 7's_hasomed are
both controlled by the GUI of the system.

4.3 The Graphical User Interface (GUI) of the Automatic Control System

The graphical user interface (GUI) of the system controls the stimulation and all the parameters of the
system. The main panel of the GUI shows the result of the breathing signal along with the stimulation.
Its configuration panel can be activated by a button in the main panel. In the configuration panel, all
the system parameters can be configured. The breathing signal can be set to be acquired in real-time
(online) or loaded from a local file (offline). At this stage, the spirometer device is implemented to be
the source of the breathing signal in real-time.

The GUI has been designed using the Matlab GUI layout editor GUIDE. A GUI consists of two
files: one is a fig file which has the graphical information of the panel; the other one is a m file which

controls every callback of the graphical components on the panel.

4.3.1 The Main Panel of the GUI

The main panel of the graphical user interface (GUI) of the system is shown in Figure 4.7.
The popup menu on the top left can change the source of the breathing signal. When the popup

menu is set to load the acquired breathing signal from a local file, the “Load” button below it will
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Figure 4.7: The main panel of the GUI of the automatic control system.

be activated. If the data is selected to be acquired in real-time, the GUI will activate the acquisition
sub-system of the spirometer or IMU.

All the system parameters can be set by pressing the “Load” button on the top right in the “Config-
uration File” sub-panel. The configuration panel of the GUI will be activated. This panel is discussed
in the next section.

The throttle values (DAQ AI) are shown in the bottom left part of the main panel. The DI button
status is indicated by the “DI BUTTON". When the button is pressed, the background of the button
changes from red to green. The slider on top of the DI BUTTON shows the present value of the pulse
width which is set by the throttle manually. The maximum value of the pulse width can be adjusted
in the configuration panel.

The “Start” and “Stop” button in the middle of the panel starts or stops the automatic control
system. When the system is started, the breathing signal will be displayed on the viewer in real-
time. The text boxes “Time” and “B value” in the bottom right indicate the values of the stimulation
time and the breathing signal value. As shown in Figure 4.8, the breathing signal segments where
QB stimulation is delivered are displayed with red lines, while the segments where C stimulation
is delivered are displayed with black lines. The font colors of the trigger indicator in the “Trigger”

sub-panel in the bottom right also change when stimulation is generated.
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Figure 4.8: The graphical viewer after an offline simulation using a local breathing signal file. The
breathing phases which are triggered for QB patterns are drawn in red, and the phases
which are triggered for cough pattern are drawn in black. The “Trigger” sub-panel in
the bottom right also indicates the stimulation trigger by changing the corresponding font
color in real-time.

4.3.2 The Configuration Panel of the GUI

The configuration panel of the GUI is shown in Figure 4.9. During the system testing in Chapter 3,
it was found that the system parameters for individual subject can be hold constant, while parameters
need to be re-configured for different subjects. The configuration panel is therefore designed to be
able to save all the parameters to a local mat file. By this feature, different sets of parameters can be
specifically saved and loaded for different subjects. The left column of the panel shows the interface
dealing with the configuration files. The files can be loaded in the “file list” window. After the
loading, pressing the “SET” button changes all the present parameters of the system to the values
from the configuration file. The SET button is added to allow adjustment to the parameters loaded
from configuration files. For example, after a configuration file is loaded, the parameters can still be
adjusted by the sliders. The real parameters in the Simulink model are only changed when the SET
button is pressed.

The middle column of the panel controls the six thresholds for the MCCS. The details of the MCCS
are discussed in Chapter 3. The parameters can be adjusted either by dragging the slider or typing
specific values in the text boxes.

The settings for the stimulator are listed in the right column of the panel. The electrical current
of the four channels can be adjusted individually either by dragging the sliders or typing values in
the text boxes. The values in the “Pulsewidth Weights™ are gains for the pulse widths of the four
channels. The “Maximum Pulsewidth” text box configures the maximum pulse width that the throttle

can achieve. This value corresponds to the maximum value of the slider in the main panel. The two
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Figure 4.9: The configuration panel of the GUI.

popup menus below set the sample frequencies of the model and the stimulator. The “plot interval”
sets the drawing intervals of the graphical viewer in the main panel. This is discussed in detail in
Section 4.4. The bottom right button “Trigger Manually” is the switch illustrated in Figure 4.5 which

allows the stimulation to be generated according to the system result 7r or manually.

4.4 Integration of the GUI with the MCCS Simulink System

The display window on the main panel of the GUI (shown in Figure 4.8) shows the system results
in real-time. The Simulink scope is able to show the result in real-time in the system model, but it
is not possible to be embedded it in the panel. The idea of designing the GUI is to hide the whole
Simulink model of the system, while using only the GUI panels to control and configure the whole
system. Therefore, a real-time viewer (scope) is embedded in the main panel of the GUI. This scope
is updated in real-time by a Simulink S-function block. This S-function block also reads parameters
from the stimulator system and the breathing signal in real-time, as shown in Figure 4.1.

An S-function is a computer language description of a Simulink block [82]. S-function allows
customised functions in a Simulink model. In this study, an S-function is added in the system model
which reads the system results and updates the scope in real-time. The flowchart of this S-function is
shown in Figure 4.10.
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Figure 4.10: Flowchart showing the work flow of S-function block which updates the scope on the
main panel of the GUL in real-lime. p is a poinier. imterval is the parameter which
allows the S-function io update the scope in every imferval X Ts scconds. As shown in
Figure 4.9, the jnterval is set 30, so that the scope is updated every 0.6s. The S-function
block reads six system results every Ts seconds, which can be adjusted by programing
the S-function. The system results are the breathing signal (B), trigger signals for QB
and C (Qp and Cg), present time (1), the throttle value (DAQ AY) which controls the pulse
width of the stimulation and the button status {DAQ DI) which allows stimulation, They
are all represented in the main panel of the GUL

The S-function block is inserted in the MCCS systermn model. When the model starts, the S-function
block reads the necegsaty system results every Ts seconds in real-time. This time interval 7's can be
customised in the S-function seript. The indicators of the pulse width (DAQ AI), the DI button (DAQ
DI), the trigger signals for QB and Cough, and the time and 3 values on the main punel of the GUT
are updated by the S-function. 1t is found that the system tends to run slowly when the indicators and
the scope are updated every T's seconds, as Ts is set as 0.02s. A plot interval parameler is thercfore
added, as shown in the bottom right of Figure 4.9. By comparing the pointer p and the interval value,

the scope and indicators are only updated cvery inferval % T's seconds,
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4.5 Conclusion and Further Work

The acquisition of the breathing signal {discussed in Chapter 2) and the conwrol of the MCCS (dis-
cussed in Chapter 3) are implemented using a GUI with two pancls.

Through the configuration panel of the GUY, the parameters of the acquisition, the MCCS and the
stimulator can be set graphically. All the parameters can also be saved and loaded separately. The
GUT can switch the modes between triggering the stmulation manually or according to the breathing
aciivitics detected by the MCCS.

The system results of the breathing signal, trigger signals for QB and C, pulse width and the status
of the DI button are displayed on the main panel of the GUI in reai-time.

The GUT is designed in such a way that all the controls and settings of the whole syslem can be
accessed graphically through the two pancls. This allows non-technical people (e.g. medical staff) to
use the system. However the system needs the presence of MATLAB and Simulink. Further work is
needed to transfer the GUI and the Simulink mode! ino one independent system. Potential utilities

to realise this include the Real-1ime Workshep by the MathWorks, and the LabVIEW Simulation

Interface Toolkit (National Instroments, Texas, USA}.
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5 Discussion

This thesis discussed the experiments (Chapter 2) which use an IMU sensor to detect abdominal
movement (o represent breathing signals. The experiments are based on the fact that the movement of
the abdomen can represcnl different breathing activities. Previous strdies used spiroineter 1o mneasure
the air flow at the mouth to represent breathing signals. Furlher discussion on the air flow at the mouth
and the movement of the abdomen is presented in Section 5.1,

Breathing signals acquired by the sensor (either spirometer or IMUJ) arc apalysed by a control sys-
tem which detects the breathing activities (quiet breathing, cough or speaking and others). This basic
control system is eshanced in this thesis (Chapter 3). A multi-chatacteristic control system (MCCS)
is developed to analyse multi-characteristics of the breathing signal. By using additional character-
istics of the breathing signal, the accuracy of detecting certain breathing activities can be increasecd,
whilc the accuracy of detecting other activities remained. There arc some potential modifications to
the MCCS which can further enhance the detection. They are discussed in Section 5.2.

In Chapter 4, a graphical user interface (GUI) which infegrates the sensor, control and stimulator
systems is discussed. The possibilities of making this GUI a stand-alone software is discussed in

Section 5.3 in this chapter.

5.1 Further Physiological Discussion on the Movement of the Abdomen

A prerequisite for using an IMU device w detect breathiing activities is that the abdominal movement
synchronises the respiratory phase. The air flow at the mouth is conventionally used to represcnt
the respiratory status. In this study, a spirometer is used to record the air flow at the mouth. The
breathing phases whose flow value are negative are considered as inspiration, and the positive flow
value represenis expiratory phases. The zero-crossing poiats of the spirometer signal are considered
as the onsets of inspiratory and expiratory phases. The IMU device recorded the abdominal movement
(AM). Similarly, the outwards AM (negative IMU signal) is considered to represent inspiratory phase,
whilst the inwards abdominal movement indicates expiratory phase, In order to evaluate the ability of
the AM to represent breathing activities, cxperiments with both the IMU and spirometer devices arc
conducted (Chapter 2). ‘Uhe phase-shift between the signals recorded by the IMU and the spirometer
is evaluated,

It is found that although the phase-shift between Lhe onsets of inspiration and expiration represented

by the IMU and spirometer signal can be limited to within [-0.5 0.51s, the timing of the onsets varies
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depending on the breathing situation. 'T'his result can be explained by the causality of the air flow and
the AM. as shown in Figure 2.36 on page 56. For newologicalty intaci people, the inspiration sturls
by the contraction of the diaphragm. The air flow and the AM are both results of the coniraction. The
expiratory phases of non-forced breathing starts by the recoil of the diaphragm. This receil results
in the air flow at the mouth and AM at the same time. The forced expiratory phases (such as cough
and deep breathing), on the other hand, is driven by the contraction of the abdominal muscles. This
contraction directly results in the AM, while the AIR is the result of the upwards movement of the
diaphragm forced by the contraction of the abdominal muscles. [u1 this case, the onssts of respiratory
phases reprosented by the IMU signal precedes those represented by the spirometer signal,

As discussed in Section 2.3.3 on page 45, the analysis of the onsets of respiratory phases repre-
sented by both sengors corresponds to the cansalities discussed in the previous paragraph. Most of the
phase-shifts of the breathing onsets represented by the ajr flow and AM during the expiratory phasc
of coughing patterns are negative (KFigure 2.26 on page 45). This indicates thal the AM precedes the
air flow cluring the expiratory phases of cough.

It is also found that there is no clear causal relationship between the AM and air flow represented
by the phase-shift result during the expiratory phases of deep breathing. To investigate this, the habit
of the usage of expiratory muscles should be noted. The word habit here tefers o the frequency
and timing of using different expiratory muscles with differcnt people. Tt was observed during the
recording that some subjects tend to move their chest wall during deep breathing. 1L is possible that
these people tond to heavily use their intercostal muscles to facilitate the forced expiration. [n this
case, the air flow can be a direct result of the contraction of the intercostal muscles. The phase-shifts
of the onsets represented by the two sensors thercfore show no clear causal relationship.

The way different people use the abdominal muscles with different people can also be differont. J.
G. Martin and A. De Troyer have done an experiment to evatuate the role of the abdominal muscles in
the adjusunent to inspiratory wmechanical loadings [83]. They tesied 8 ncurologically intact subjects,
while seated and supine, during different loading breathings. The seated results show that two subjects
used their abdominal muscles during the quiet breathing, while all others let the passive recoil of the
lung dominate their quict breathing. During mechanical loading breathing, the seated resukf shows
different abdominal muscle recruitment. The rectus abdominis and external oblique abdominis were
recruited separately or together. Also there are some cases where ncither muscles was recruited.
They found that one subject showed inward movement of the abdominal wall during inspiration. In
addition, abdominal muscles cap be trained to be used during quiet breathing as well. The relationship

between the air flow and AM can therelore be complicated under these civcumstances.

No maiter how complicated the causalily between the AM and air flow is, one advantage of using
the AM to represent the expiratory onset of coughing over using the air flow is that the electrical
stimulation is best applicd beforc the movement of the abdomen. That is the stimulation trigger
represented by the AM works beticr, Because in order to gain the nceessary intra-abdomen pressure

for cough, a short breath holding tends to appear at the beginning of the expiratory phase. While the
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air flow can not represent this onset paint as there is usually still a small amount of air sucked into the
airway, the AM can represent (his onset acewrately. The clectrical stimulation triggered by the AM

detection can therefore be more elfective and efficient,

5.2 Potential Modifications to the Multi-characteristic Control System

(MCCS)

The main improvement of the MCCS over the basic control algorithm is the use of more characteris-
tics of the breathing signal. At this stage, the MCCS can. analyse six characteristics of the breathing
sipnal. The added characteristics are some distinguishable characteristics of certain breathing pat-
terns, such as the expiratory peaks which are distinctively high during speaking patterns.

As shown in Figure 2,14 on page 79, the MCCS has separate characteristic analysing sub-systems
and a decision fowcharl sub-systemn. The advantage of this structure is that the detection ajgosithm
for different breathing patterns can be easily modifted by changing the flowchart structure. When
one characteristic of the breathing signal with an individual has distinctive ability to detect certain
brealhing patterns, this sub-system output can be given a higher priority in the flowchart. Similarty,
any sub-system result can be ignored by deleting it in the flowchart when this characteristic is not
distinetive with the individual.

By revising the structure of the fiowchart, the MCCS can be changed back to the basic centrol algo-
rithm. 'The MCCS can thercfore be seen as an enhancement to the original systern. With the structure
of separate sub-systems and flowchart, the MCCS has potentials to be upgraded with analyses of more
characteristics of the hreathing signal. Morcover, the steucture of the flowchart has the potential to be

more accurate to detect different breathing pallerns vsing more sophisticated algorithms.

5.3 Integration of the Sensor System, MCCS and Stimulator with the
Graphic User Interface (GUI)

The structure of the MCCS is also designed to be conveniently comnceted with the grapliical user
interface (GUI) which implements the sensor system, MUCS and the stimulator. The aim of designing
the GUI is to create a user friendly control panel with which all the paramelters regarding the whole
automatic control system can be configured. All the potential control of the whole system can be
accessed via lhe pancls of the GUI. In addition, the system results {the acquired breathing signal
along with the generated stimulation) can be displayed on the GUI panel.

The ideal GUI for the automatic control system is a stand-alone sofiware system which doesn’t rely
on the presence of MATLAB or Simulink. With the stand-atone softwarc system, the applicalion of
the FESAM system can be more accessible by non-technical people. The requiremont for the PCs and
the expensive soflware can also be elimminated. Also with fower umecessary composnent of MATLARB

and Simulink running, the control system shonld be running more stable and faster.
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Potential tools for creating such a stand-alone software system are the Real-Time Workshop (The
MathWorles, 1US) and the LabVIEW Simulation Interface Toolkit (LSIT), National Instruments, Texas,
Us.

The Real-Time Workshop generates and executes stand-alone C code for Simmulink modets. It could
be complicated to generate C code of' the MCCS as the Simulink inode! contains custormised blocks
for the sensor and the stimulator. Thete is also an S-function written in MATILAB m code in order to
update the displays on the GUIl main panel. Another issue of using the Real-Time Workshop is the
integration of the GUI panel.

On the other hand, the LSTT scems to be more convenient for creating the GUT and translorming
the model. The LSIT is designed to link between [.abVIEW and the Simulink model directly — no
programing code transfer is required. The GUI control for the Simulink model can be designed by

the powerful LabVIEW user interface, Howover, the potential of generating the system without the

presence of LSIT is not known.
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This thesis has discussed the three sub-systems of the automatic control system for functional clec-
trical stimulation of abdominal muscles (FESAM): the sensor system, the multi-characteristic control
gystemn (MCCS) and the stimulator system.

The experiments for the sensor systein mainly investigated the possibility of using an IMU sensor
to detect breathing activities for the control system. The sensor for this application is required to
be able to accurately represent the breathing activities in real-time. In previous studies, gpirometer
devices were used. Spirometer devices typically require a face mask. This can be uncomlortable for
people who use this system for a long time. The usage of a face mask also rcstricts the daily life of
patients.

During the experiment, the IMU device is attached to the abdomen. Consequently, ihe abdominal
movemenl recorded by the IMU sensor is used to represent the breathing activity. In order to evalnate
the ability of the IMU sensor to represent breathing activities, a spivometer device is also used during
the experiment. Signals from both sensors are recorded at the same time in a Simulink model. The
recorded signals from both sensor are first processed before evaluation. By normalising the signals,
the average amplitudes of the signals during quict breathing is in the range {-1 1]. Using the nor-
malised signals from both sensor, their respitatory onsets and amplitudes are analysed. The results
show that although the causal relationship between the signals from the IMU and the spirometer is
indistinct, the phase-shift of the onsets represented by the two signals can be limited to the range
[-0.5 0.5)s. The ability of the IMU to detect different breathing activitics is confirmed by analysing
the amplitudes of the IMU signals during different breathing activities.

The breathing signal recorded by the sensor is anafysed by a coutrol algorithm which detects the
present breathing activity. The basic control algorithm analyses the breathing signal and its derivative
during inspiration to detect cough and uses a cross-correlation algorithm to detect quiet breathing,
Based on this basic contrel algorithm, a multi-characteristic control system (MCCS) is developed to
analyse multiple characteristics of the breathing signal. The MCCS hus separated sub-systems which
analyse signal characteristics and a decision flowchart to detect the current breathing activity. The
detection algorithm can be adjusted by changing the structure of the flowchart. Different characteris-
tics of the breathing signal can be set with different priority for detecting certain breathing patterns,
By ignoring certain characteristic analysis, the MCCS can be reversed to the basic control algorithm.
The MCCS is therefore an enhancement of the basic control algorithm.

The output of MCCS for the present breathing activity can be a trigger source for the stimulator
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which delivers the elecirical stimulation, To make the stimulation safer, the slimulator system is
designed in such a way that the pulse length of the electrical stimulation and the start of stimulation
are controlled maunually by a throttle and button.

The sensor systam, MCCS and the stimulator system are integrated by a graphical user interface
(GUI. The interface is designed in such a way that all the parameters regarding the automatic control
systerm can be configured visually. The results of the acquisition of the breathing signal and the
stimulation delivered by the stimulator can slso be displayed by the cmbedded graphical viewer on
the main panel of the (;UL By using this GUI, no further knowledge of MATLAR and Simulink are
requited. The coufiguration of each parameter of the system can be easier and clearer. In addition,
certain set of parameters can be saved into a local file, and be loaded when needed.

During the analysis of the cxperiment results with the IMU device, it is found that the attachiment
of the IMU at the abdomen is essential for the data recording. This is because that the IMU sensor
is sensitive. The movement of the body can ulso be recorded by the IMU scosor. Detecting only the
refative movement of the abdomen againsi the body by the IMU device is therefore a further work.
Potential solulion to this issve is to use two IMU devices. One device detects the absoluie abdom-
inal movement, whilst the other onc detects the absolute body movement. The relative abdominal
movement can therefore be obtained by subtraction of these two movement.

Future development of the MCCS includes selecting of signal characleristics and creating a more
sophisticated decision flowchart. The aim of the {uture development is to improve the accuracy of
the system to detect different breathing activities. By analysing more distinctive characteristics of
the breathing signal, different breathing patlerns are expected to be more distinguishable. On the
olher hand, the flowchiart which uses the resulis of the analyses of the characteristics can be more
sophisticated. At this slage, the flowchart uscs a tree structure. A probability reference algorithm
can be added to the flowchart algorithm. A probability table of all the sub-system results of the
characteristics during certain breathing activities can be obtained by analysing the breathing signals
during the same breathing activities. For example, the probability that the sub-system result of the
FFT area is 1 during coughing activitics is expected to be high. Before the {iowchart reaches & final
decision, the current sub-system results need to be compared with the reference table. The decision is
confirmed only if a certain similarity of the current sub-system sesults with the reference is reached.

The GUI of the whole system is expected to be more intelligent in the future. At this stage, the GUI
cap not revise the structure of the decision flowchart in the MCCS. It can only change the thresholds
for the characteristic sub-systems. More teaturcs on revising the flowchart structure with easy control
are expected, For example, a check box can be added to each of the threshold, When the check box
is checked, the sub-system result will not be analysed by the flowchart.

The experiments with the IMU sensor show that the IMU device is sensitive to the bady movement.
Thercfore, nsing only one IMU sensor for the FESAM on daily base is impossible. The attachment
of the IMU at the abdomen needs to be tight, The results from the tests using the automatic control

system with both IMU aud spirometer signals also show that the IMU signal Juss easy for the systemn
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to detect breathing activitics, However, the experiments show the potential of using an (MU sensor
for the FESAM. By using additional IMU sensors, it is possible to remove the problem with the body
movement, By further enhancing the MCCS and the GUI, the automatic control systcm for FESAM

can be motre accessible and applicable with the IMU sensor for daily lifc and outside a laboratory

envirowument.
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A Original Data from the Experiments with IMU

All of the original and (iltered signals from both the spirometer and IMU with 5 subjccts are shown
in this appendix. The signals from IMU and spirometer are filtered by a high pass and low pass filter
respectively. Refer to Chapter 2 for the filter information. Note that there are some spirometer signals
missing in the figures. That is because the spirometer turned itself off during the experiment. Nole
that the original IMU signals in the figures bave oflsets which are indicated in the legend. The offscts
is added manually to make the original signals close to the filtered ones.

By observing the figures shown below, jndividual variation cxists in the cxperiments with 5 sub-
jects. Thig variation mainly occurs with the IMU signal, while the spirometer signal can correctly
represent breathing activities with all the subjects.

The IMU signals with subject 01, 04 and 05 show some Jarge distortions during different broathing
activities, while the signals with 02 and 03 coincides with the spirometer signals.

The distorted signal recordings from subject 01, 04 and 05 are thought to be contributed to the

attachment of the IMU device to the abdomen. Further details are discussed in Chapier 2.

A.1 Subject 01
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Figure A.1: Original and filtered signal of part i of the experiment with subject 01.
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Figure A.3: Original and filtered signal of part ii-2 of the experiment with subject OI.
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Figure A.4: Original and filtered signal of part ii-3 of the experiment with subject 01.
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Figure A.S: Original and filtered signal of part iii of the experiment with subject O1.
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A.2 Subject 02
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Figure A.6: Original and filtered signal of part i of the experiment with subject 02.
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IMU signal
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Figure A.10: Original and filtered signal of part iii of the experiment with subject 02.
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A.3 Subject 03
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Figure A.12: Original and filtered signal of part ii-1 of the experiment with subject 03.
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Figure A.13: Original and filtered signal of part ii-2 of the experiment with subject 03.
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A.4 Subject 04
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Figure A.18: Original and filtered signal of part ii-2 of the experiment with subject 04.
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Figure A.20: Original and filtered signal of part iii of the experiment with subject 04.
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A.5 Subject 05
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Figure A.21: Original and filtered signal of part i of the experiment with subject 05.
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Figure A.23: Original and filtered signal of part ii-2 of the experiment with subject 05.
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A Original Data from the Experiments with IMU

IMU signal

-

- - H"slwm
R

Figure A.25: Original and filtered signal of part iii of the experiment with subject 05.




B Abbreviations

Physiological Terms:
3CI

CNS

PNS

Respiratory Therapies:
MV

pr

EMS

FESAM

Breathing Signal Acquisition:
EMG

ENG

EEG

RIP

EGG

MU

Breathing Patterns:
QB

C

DR

SP

sSC

Data Processing and Analysing:

IQR

FESAM Control System:
RS

MCCS

GUI

Spinal Cord lojury
Central Netvous System

Pevipheral Nervous Systom

Mechanical Ventilation
Diaphragm Pacing
Functional Magnetic Stimulation

Functional Electrical Stimulation of Abdominal Muscles

Electromyography

Electroneurography
Elcctroencephalography

Respiratory Inductive Plethysmography
Electroglottography

Inertial Measurement Unit

Quiet Breathing
Cough

Deep Breathing
Speaking

Single Cough
Interquartile Range
Basic Control System

Mulii-characteristic Control System

Graphical User [nterface
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