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ABSTRACT

The correct operation of the body’s respiratiorteysis of paramount importance for
the maintenance of human life. Respiration failurenterruption for periods

exceeding a few minutes can be harmful and in stases, fatal.

The metal foil strain gauge has been used for agecaithin the engineering and
construction fields. This dissertation has resesd@ method of attaching a strain
gauge to a flexible material to act as a sensiageht for a respiration monitoring

system.

The project has succeeded in showing that the rf@tatrain gauge can effectively
register the respiration rate of patients, in & effective manner. By combining this
sensor assembly with a low cost processor, thegroutcome of producing a

respiration monitor and recording system has bealsed.
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1.0 INTRODUCTION

The physiology and operation of the human bodyis @f the most amazing feats of
biological engineering in nature. Arguably the iesjon system is the most
important part of the body, with the average humadmit taking over 20,000 breaths
in a 24 hour period.

The correct operation and function of the humapiratory system is one that the
medical sciences have grappled with for centuRagure or interruption of this
systems correct operation can lead to injury, bdaimage or death if left undiagnosed
and untreated. This is particularly true in necahahildren where their lung function

does not become fully developed for several moattes birth.

Being able to easily and effectively monitor thepieation system is considered to be
of paramount importance by medical science. Attandat any intensive care unit in
a hospital easily confirms this to be true. Unfastely this monitoring equipment is

expensive and difficult to operate, and hence tsamailable to the general public.

Parents of new born children can attest to thetfadtone of their greatest fears is
that the child may stop breathing. Many parentfesdifom broken sleep because they
are constantly checking that the child is in faik lsreathing whilst asleep. While not
a common occurrence, a general cessation of bnggthiso known as apnoea (and
sleep apnoea while asleep) is common enough favéiet to be a real concern to

people.

However, because the adult respiratory systemlisdaveloped it rarely leads to
death. Current diagnostic techniques are expemsigtaisually require attendance at a

sleep centre, where confirmation of the conditian occur.

The use of strain gauges within industry in genanal engineering in particular is
wide spread. The strain gauge is a simple deviectanges its resistance depending
on the amount of physical strain placed on the galije advantages of using strain
gauges are that they are an inexpensive sensingedewd the physical parameters of
their operation are well know, and hence their outp predictable under known
conditions.
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OBJECTIVE

The objective of this project is to design, constiand test a Respiration Monitor and

Recording System utilising strain gauges as theisgrelement. Once the prototype

is developed it will undergo experimental testiogletermine the accuracy of data

that is gathered. The initial design will provideegord of the patients’ respiration

over a period of time. The data is recorded ancedtmto flash memory, where it is

then able to be downloaded, converted into a dé@mavalent and used to provide a

graphical display of the patient’s breathing patter

1.1.2 Specification

The complete list of specification objectives ipglied in the project specification

(Appendix A). The main design objectives for thisjpct are listed below:

Design a digital data logging system to acceptisfrom analogue strain

gauges in a single input system.

Determine a safe and effective method of attacthiegensing elements to the

human body.
Construct a working prototype of the design.

Carry out experiments on individuals of varying ageups to determine the

validity of the design.
Produce a graphical display from the raw data.

Incorporate an apnoea monitor and alarm systetim(@ permits).



1.2 DESIGN PARAMETERS

The following parameters or boundaries were useeilvdesigning the respiration

monitor device:

Cost - The objective of the respiration monitor was toigies working functional
device that could be delivered for under $100.0¢ fieason for this limit was that
personal experience had shown that effective mmiespecially for neo-natal
children can be very expensive, and are often biliteoprice range that parents can
afford.

Simplicity - In keeping with producing an inexpensive device,dlsociated circuitry
was to be kept as simple and functional as possilol@chieve this all components

can be purchased “off the shelf”.

Comfort - The final design had to be such that the paties@rimg the device would
not suffer any undue discomfort. This is especialig with neo-natal children, where

small discomforts can prevent sleep from occurring.

Safety - The design had to be safe and present no rigietpdtient. For this reason
the system has been designed to operate usingeaybadwer supply. The sensor
assembly has a single lead between the patierthan@mainder of the circuit. This
lead must be inaccessible to neo-natal childregfépably by be kept under clothing)

to prevent a choking hazard.

Strain Gauge —The sensing device for this project was to be base@ standard

metal foil strain gauge.



2.0 RESPIRATION

2.1 DEFENITION

Respiration is the process of gaseous exchangesbetan organism and its
environment. In humans it is the specialised orgamgs) that provide for the

efficient inhalation of oxygen and expulsion oftwam dioxide from the body’s tissues.
(Oxford 1997, p 567).
2.1.2 How does respiration occur?

The respiration system consists of two distinct,cganplimentary parts; the upper
and lower respiratory tracts. The upper tract spoasible for warming and filtering
the inhaled air, while the lower tract is respolesibr the exchange of gasses; being

inhaled oxygen and exhaled carbon dioxide (Fe®0i72
2.1.3 External physical changes due to respiration

When inhalation occurs, the chest (thoracic cawgpands and the diaphragm
contracts. The expansion of the chest occurs dsitigs become filled with air. When
exhalation occurs, the size of the chest decreastthe diaphragm relaxes (Ferrer
2007).

The physical movement of the chest occurs at batront and back of the thoracic
cavity. This project aims to sense this chest marmwith strain gauge(s) in order to

detect and record a person’s breathing.

The importance of the human body to be able tately and efficiently breathe
cannot be understated. When a baby is first bain tespiration rate can vary from
30 to 60 inhalations per minute (Lewer + Robert$889, p 45). Any prolonged

interruption or disturbance in this breathing canéfatal consequences.



2.2 TYPES OF BREATHING PATTERNS

The following types of breathing are the main tyfieshd in adults and are described
fully in (Farrell, 2006, p 482) and are detailedhe following chapters:

2.2.1 Eupneoa

2.2.2 Bradypnoea
2.2.3 Tachypnoea
2.2.4 Hypoventilation
2.2.5 Hyperventilation
2.2.6 Apnoea

This list does not include Cheyne-Stokes or Biogspiration, which can be

considered outside the scope of this project.



2.2.1 Eupnoea

Eupnoea is normal breathing whilst at rest; it waly between 12 to 18 breaths per
minute for an adult (Farrell, 2006, p 482). A siatidn of this breathing pattern is
shown as Figure 2.1. A point to note, is that breathing will be interrupted
approximately every 100 breaths by a sigh, howtweactual rate will vary from
person to person. This sigh is dependent on pgstight, age and several other
factors. This sigh is used by the body to corregtiembalances between current
oxygen and carbon dioxide levels in the body (Fe2@07).

Eupnoea Breathing (Normalised) (1=Full Inhalation, -1=Full Exhalation)
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Figure 2.1 Normalised Eupnoea Breathing Pattern Simation



2.2.2 Bradypnoea

This type of breathing is slower than normal bremjtand is generally less than 10

breaths per minute as the simulation in FiguresBd@vs. Bradypnoea indicates that
there is a problem with the patient, which mayuwel drug overdose, brain injury or
intracranial pressure (Farrell, 2006, p 482).

Bradypnoea Breathing (Normalised) (1.0=Full Inhalation, -1.0=Full Exhalation)
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Figure 2.2 Normalised Bradypnoea Breathing PatterrSimulation



2.2.3 Tachypnoea

This type of breathing is rapid and shallow andssociated with pneumonia and rib
fractures. If the respiration rate is greater tBdrbreaths per minute then it is classed
as tachypnoea (Farrell, 2006, ). Figure 2.3 shogimalated normalised breathing
pattern for people suffering tachypnoea. As casdsn in Figure 2.3, the depth of
breath has decreased with respect to the graguforoea (Figure 2.1).

Tachypnoea Breathing (Normalised) (0.5=Full Inhalation, -0.5=Full Exhalation)
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Figure 2.3 Normalised Tachypnoea Breathing Patterisimulation



2.2.4Hyperventilation

Hyperventilation is an increased depth and rateredthing above the 12-18 breaths
per minute for a normal adult human. This causds@eased amount of oxygen in
the blood; which can lead to respiratory alkaloRisspiratory alkalosis may lead to a
decrease of carbonic acid in the blood and carabsetl by either extreme anxiety,
hypoxemia or several other factors (Farrell 20088p) . The simulated
hyperventilation normalised breathing pattern isvahin Figure 2.4. As can be seen
from the graph below, the depth of breath has as®d in comparison to the eupnoea
graph (Figure 2.1).

Hyperventilation Breathing (Normalised) (1.2=Full Inhalation, -1.2=Full Exhalation)
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Figure 2.4 Normalised Hyperventilation Breathing Pdtern Simulation

2.2.5 Hypoventilation

Hypoventilation is defined as shallow and irregudegathing. This Type of breathing
pattern can result in limited impulses from theibta the respiratory muscles,
depressed respiratory centres and limited thoraoeement (Farrell 2006, p 280).
Hypoventilation is often confused with hyperveritda due to the similarities in their
spelling. As a result of suffering hypoventilati@aperson will not be receiving
enough oxygen or expelling the resultant carboridefrom their body. This causes
the person to become lethargic and slow to respmiodtside stimulus.



2.2.6 Apnoea

Apnoea is where there is a cessation of breathifigen the person is asleep it is
known as sleep apnoea. If left untreated this ¢aowdis life threatening (Farrell 2006,
p 482). A simulated apnoea breathing is shownguifé 2.5, and is indicated by the
flat red line on the graph.

Apnoea Breathing (Normalised) (1.0=Full Inhalation, -1.0=Full Exhalation)
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Figure 2.5 Normalised Apnoea Breathing Pattern Simiation
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3.0 CURRENT RESPIRATION MONITORING
EQUIPMENT

There are many different types of respiration nmaimg equipment that is
commercially available on the market today. Somthisfequipment is suited for use

in a medical facility and some of it is suitable peersonal use.

The different types of respiration monitoring canldsoken down into two broad
categories, invasive and non-invasive. The invasieghod of measuring a person’s
lung capacity and function is generally performea iclinical or hospital situation.

For this reason it is unlikely to be suitable fone use.
3.1 INVASIVE MONITORING

3.1.1 Pneumotacography

Pneumotacography utilises differential flow metidwat are placed at each end of a
restriction tube. Flow is determined by the ratiohe pressure difference between

each end of the tube and the known resistancewods shown in equation 3.1.

Equation (3.1)

¢ = Flow (litres/min)
P = Pressure (Pascals)
R = Flow Resistance ()

The patient breathes into the tube and the flow isatecorded, from this the lung
function and capacity can be determined to a redderdegree of accuracy (Neuman,
2003c, p 3).

3.1.2 Spirometry.

Spirometry is used to measure the volume of exhaileilom a patient. This test is
used to determine the amount of respiratory impamntnthat the test subject is
suffering from. For this test to be effective itjugres the cooperation of the patient
(Springhome, p 26) and consequently it cannot led og neo-natal or very young

children.

11



This test is able to distinguish between obstrectind restrictive disorders and detect
for early signs of respiratory impairment (Springteg p 27). The test is undertaken
by placing a nose clip on the patient and thenritathem breathe through a
mouthpiece. As can be seen in Figure 3.1 the voloinag flow is recorded and the

capacity of the lungs can be determined.

Although used in clinical situations, the Spiromgegst is not useful for either home

use, or the general monitoring of a patient’s negj@n rate.

LITERS TOTAL LUNG
CAPACITY
/
8__ 7
s
f{{;"
U e VITAL ' * :
/ CAPACITY
ot |/
SPIROMETER —
51 TIDAL ({
VDIk_\LJME -
4 1 Y T
\ - e
~ f ] | N
31 0 v P
_ K PEM : ; ) *.I
|IllI II :
2+ 1 { : | )
FLNCTIONAL W/ o L N
1 RESIDUAL
T CAPACITY RESIDUAL
WL
ol J '

Figure 3.1 Spirometry Test (Neuman, 2003c, p 2)
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3.1.3 Nasal Thermistry.

Nasal thermistry is another method of measuringltve of air out of a patient’s
lungs. This method involves using a thermistor @tamside the nasal passage to
detect increases in ambient air temperature causéie exhalation of a breath
(Neuman, 2003c, p 2). Figure 3.2 shows the attanhofea thermistry sensor to a
neo-natal child (Neuman, 2003a, p 28). It canlearty seen that this type of sensing

is only practical on sedentary patients.

Figure 3.2 Nasal Thermistry on a Neo-Natal Child (Muman, 2003a, p 27)

The nasal thermistor is very sensitive to changésmperature, however it does not
provide for a linear output. To achieve a lineatpot, a linearising circuit can be
employed. This circuit consists of a series ofstess placed in series and parallel
with the thermistor. The result is a more lineapa@nse curve to changes in detected
temperature (Neuman, 2003b, p 22).

3.1.4 Flow Metering

Rotating vane and ultrasonic flow meters can be tseletect the flow of air from an
exhaled breath. The rotating vane is attachedstoall turbine whose velocity and
output is determined by the rate of exhalation. Gil&sonic flow meter uses changes

in frequency of the received signals to estimate fvelocity (Neuman, 2003c, p 2).

3.1.5 Analysis of Invasive Monitoring

13



When in a controlled or clinical environment inwasmonitoring can be easily
controlled by the appropriate medical personneis Type of monitoring is not
practical in a standard home environment due taomeplexity of some of the
equipment and the requirement for trained medieapte to be present. The
spirometry test in particular is not suited for thieg term monitoring of a patient’s

respiration.

For a monitoring system to be effective within artoenvironment it must be simple
to operate and cause a minimum of discomfort t#tent wearing the device.
Observations by the author have revealed that sipd common occurrences can
cause major discomfort for the patient. An exangbléhis can be seen in Figure 3.2,
the sensing device is held in position by the dsuggyical tape. This tape if left in
prolonged contact with the patient can cause aleggctions, resulting in blistering

and rashes forming on the skin.

If any of these devices were to be used in a hamgament it can be safely
assumed that issues of safety, equipment caliloratiaining and availability would
be the responsibility of the issuing medical autigor

For these reasons it is assumed that this typeoaitoring is not suitable for use in a

home environment unless directed to by a competexical practitioner.

14



3.2 NON-INVASIVE MONITORING

3.2.1 Static Charge Sensitive Bed

The diaphragmatic EMG uses a sensor that is embaddepatient’s sleeping
mattress. This sensor (transducer) is used to tdetganovement by the patient
during sleep. As the transducers are extremelyitsenthey can detect the respiration
of the patient, the amplitude of the detected digaaes with the position of the body
(IST, p 29).

3.2.2 Respiratory Inductance Plethysmographs (RIP)

Respiratory Inductance PlethysmograffRE>) uses two elastic bands that are worn
by the patient; one is worn on the chest and theras worn on the abdomen. These
bands have an inductor embedded within each of.tB@ach inductor is energised by
a sinusoidal waveform. As the patient breathestbss sectional area of the
inductors also changes in response to the breatl b#haled and exhaled. This
change in inductance is then used to calculatéhtiracic and abdominal cross
sectional areas (Neuman, 2003c, p 10), thus thih @dpespiration of the patient
wearing the sensor can be determined. Figurel®&sthe position of the elastic

bands on a patient.

Figure 3.3 RIP Sensor Positions (Gandis, p 6)

15



3.2.3 Dynamic Air Pressure

The dynamic air pressure method of respiration toang uses a bellows
arrangement that is attached via a pneumatic lmoagtessure detector. Changes in
pressure due to patient respiration are felt byathbag. The air pressure detector
converts the detected changes in air pressure thetbonverter sampling at a rate of
1 kHz and amplifying the signal for processing bg personal computer (Takarada, p
3). This particular arrangement was designed ferims dental chair; however the
principal of operation is very similar for monitog the respiration of a sleeping

patient.

)ynamic air
pressure detector

- Dynamic pressure c
transmission path -

By,

-----

Air bag

Figure 3.4 Dynamic Air Pressure Monitoring System Takarada, p 3)
3.2.4 Analysis of Non Invasive Respiration Monitomg

The use of RIP has become a common form of regpiratonitoring since the
1990’s. The reason for this is the expiry of pagerid the reduction in associated
costs (Gandis, 2007, p5). This type of monitorippgears to offer an effective method
of recording a patients breathing. No cost analysis produced for this report as it
was not possible to find this information. The teichl details and cost of the static
charge sensitive bed were not investigated forghogect as they appear to be very

expensive and offered no useful information todbeelopment of the project’s

16



hardware. Further development of the project’s deway warrant further
investigation into the signal processing used endtatic charge sensitive bed in the

future.

The author of this paper has utilised a dynamipissure monitoring system for
maintaining a vigil on a persons breathing. It ieashd that the device had to be
taped into place, as any variation in its positansed the alarm to sound. While this
was not a daily occurrence, it was inconvenientdidccause many sleepless nights.
The use of a pneumatic tube is also problematitieltube becomes kinked or
blocked in any way, then it causes the alarm ggér. This may seem trivial,
however parents operating this device in the midélkae night will often be

concentrating on more pressing matters than theflaytube.

The advantage of these devices is that the delagtimation of the alarm can be
programmed into the device. Consequently, a cessafibreathing for example of
five seconds will not trigger the alarm, but a eti®s of ten seconds will. The device
does not have the capability to record the respmatte, only to monitor the
breathing event and activate the alarm if it ceds@gas also found that these devices
had a price that started at $200.00. While thimisa large amount of money, the cost

can be prohibitive to some people.

17



4.0 STRAIN GAUGES

4.1 DEFINITION

Strain is defined as the ratio of change in lerf{dth) to the original lengthl(). The

formula for strain (Kyowa, 2005, p 4) is expresbetbw as equation 4.1.

E= L +LAL Equation (4.1)
E = Strain

L = Original Specimen Length (m)
AL = Change in Specimen Length (m)
Strain is a dimensionless quantity as the units&agach other out.

4.2 HISTORY

The strain gauge is one of those items where tineiple was discovered, then had to
wait the better part of century to be put into picad use. Lord Kelvin (b.1824 —
d.1907) was plagued with variations in resistange td changes in the physical strain
that was placed upon a piece of wire. He noteddisisovery in 1856. However, not
realising its significance the concept lay dormamtil the 1930s (Windrow +

Hollister, 1982, p 8).

In 1938 a method of bonding resistance wire, sgch eopper/nickel alloy, to a
structure that allowed for the measurement of serfdrain was discovered. The
advent of World War Il and the requirements ofdireraft industry led to its use in

structural testing of various aircraft designs q\dfow + Hollister, 1982, p 15).

The invention of the foil strain gauge in 1952, The Saunders-Roe Company

( Windrow + Hollister 1982, p 17) in the United Kaom, meant that the use of these
gauges expanded beyond the boundaries of thefairatastry. Since then, the use of
strain gauges can be found in all types of indestrianging from aircraft to building

construction.
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Today there are many different types of strain gaug use, including but not limited

to:
» Electrical resistance strain gauge
» Capacitance strain gauge.
» Pizo-electric strain gauge.

Each of these gauges will be discussed in detail.
4.3 ELECTRICAL RESISTANCE STRAIN GAUGE

4.3.1 Concept of Operations

When a piece of metal that is capable of conduaimeglectrical current is placed
under strain, the metal becomes elongated andehiithis elongation causes the
electrical resistance of the wire to increasehdf $ame piece of wire is compressed,
the metal becomes shorter and broader. This slogteauses the electrical
resistance of the wire to decrease. It is the taiween the change of the physical
properties and the applied force to the wire thatdtrain gauge measures. This
indirect measurement of applied force via resistivanges means that very accurate
and sensitive changes in the physical propertiéseofjauge can be used to determine
the relative motion of the object under test. Ttedwine the sensitivity of a gauge the

gauge factor, which is a constant, must be caledlat
4.3.2 Gauge Factor

The sensitivity of a resistance strain gauge isaknas its Gauge Factdt)( The
Gauge Factor is a dimensionless quantity and id tes#lustrate the suitability of a
material for use in a strain gauge. The value efdbnstan{k) is determined as

follows in equation 4.2:

k=1+ 2V+AAI[I)—;i0 Equation (4.2)

k = Gauge Factor
v = Poisson’s Ratio
p© = Resistivity (Ohms)

| = Length (m)
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The value of Poisson’s Ratig)(for most conductive metals is 0.3. This means tha
the sensitivity for the majority of materials usedhe construction of strain gauges

has a gauge factor of approximatkly 2.

As the gauge is placed under physical strain througits operating life, care must be
taken to ensure that the physical limits of theanat are not exceeded. This means
that the elastic limits of the material must nelverbreached. If the gauge’s elastic
limit is exceeded then the gauge is rendered usdieseeding the elastic limit causes
changes in internal stresses of the material too@gh zero. Consequently the
Poisson’s Ratio approaches a value of 0.5, whickrwdombined with the variations

in resistivity and length causes the subsequeninga to become inaccurate. Table
4.1 shows some of the materials that are usedamsiauge construction, their gauge
factors and alloy composition.

Table 4.1 Gauge Factors (Windrow + Hollister, 1982 8)

Material (%) Gauge Factor (Typical)
Copper — Nickel (55-45) +2.1
Nickel — Chromium (80-20) +2.2

Iron — Chromium — Aluminium (70-20-10) +2.2

Nickel — Chromium (75-20)+Fe+Al +2.1
Iron +4
Nickel -12
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4.3.3 Features of Resistive Strain Gauges

Like all branches of engineering and the physicerees, a desirable set of
parameters for repeatability and reliability arguieed. The following list shows the
characteristics that are considered when gauggrasd construction is undertaken:

» Linear sensitivity in the elastic range
* High resistivity
* Low hysteresis
* High strain sensitivity
* Low temperature coefficient
* Wide temperature range
* Good fatigue life.
4.3.4 Construction and Operation

The modern resistive strain gauge is constructadywsmetal foil that is placed onto
a backing material. The physical size of the gasggiite small, with the overall
length ranging from 5 to 20 mm. Figure 4.1 shoveslémgth of the gauge, and the

resistive foil pattern that is located on the bagkmnaterial.

Figure 4.1 Three Wire Strain Gauge (Photograph by Athor)
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When the gauge is placed onto the object undeittisdbonded into place using a
resin or glue. As can be seen in Figure 4.2 tf@rsgauge is constructed from three
materials that are bonded together to form a camglaeuge. The metallic foil is
sandwiched between a base and plastic laminat@tbigcts the foil from damage.

/ Laminate

Base

Figure 4.2 Metallic Foil Gauge Construction (Kyowa,2005, p6)

Depending upon the orientation of the gauge ibssfble to measure applied forces
in any direction. Figure 4.3 shows how the metdlisoarranged in a hairpin
arrangement. As the gauge is placed under stresg #ie Y-axis (top to bottom of
Figure 4.3) its resistance is increased. This eabse the overall cross sectional area
of the gauge is decreased. Conversely, compreakiog the Y-axis increases the
cross sectional area, causing the resistance teaks Strain that is applied across
the X-axis cause no changes in the resistancesajabhge, and hence no change in

output voltage to the sensing equipment that idl tse@neasure the strain applied to

the gauge.
__‘___—-Em:l Losxps
Grid
Acthe Allgnimerng
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— End Loops
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Encapsulatlon
i —— Sldar Tabs

Figure 4.3 Typical Metal Foil Strain Gauge (Sensodnd, p 1)
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The amount of change in resistance due to the anod@pplied strain can be

calculated from equation 4.3 (Kyowa, p 8).

A—: =kx¢g Equation (4.3)

R = Original Resistance (Ohms)

AR = Change in Resistance (Ohms)
k = Gauge Factor

& = Strain applied

Once the change in resistance is known, it is geasible to determine the change in
voltage using a whetstone bridge. A whetstone leridgised to indirectly determine
the change in resistance of the gauge via the ehiangptential across the bridge.
This is done because the changes in resistans® aninute, that a standard

ohmmeter cannot measure the change (Kyowa, 208p, p
4.3.5 Whetstone Configurations

Depending on the application, the whetstone brigebe configured several ways.
The bridge can be configured to use one, two or auges depending on the desired
application (Kyowa, 2005, p 9). Figure 4.4 showsma gauge configuration,

sometimes called a quarter wave-bridge.

Figure 4.4 One Strain Gauge Circuit Configuration Sensorland, 2007, p 5)
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Equation 4.4 (Kyowa, 2005, p 9) is used for caltntathe output voltage of the one

gauge circuit.

V= A—:x EX% Equation (4.4)

V = Output Voltage (V)
E = Applied Voltage (V)
AR = Resistance Change (Ohms)

Figure 4.5 shows a two gauge configuration, aldleda quarter wave bridge with

temperature compensation.

(s— Input -

Figure 4.5 Two Gauge Configuration with Compensatio (Kyowa, 2005, p 11)

The use of a second strain gauge in place of d figsistor allows for fluctuations in
temperature to be neutralised. This occurs bedagssecond gauge is placed in the
same physical location; however, no strain is &oplo the compensation gauge.
Therefore any temperature variations occur to bates of the bridge circuit.
Equation 4.4 is also used to calculate the outpliage of this circuit when the

second gauge is not placed under strain.

If the second gauge is placed under strain thetetheerature compensation still
occurs, however the sensitivity of the circuit &ctbased. Equation 4.5 is used to

calculate the output of this circuit (Kyowa, 20@510).

24



Equation (4.5
M R q (4.5)

V= (ﬁl_A_RZJ <Ext

4
V = Output Voltage (V)
E = Applied Voltage (V)
AR = Change in Resistance (Ohms)

R = Resistance (Ohms)

Figure 4.6 shows the two gauge configuration wethperature compensation
(Kyowa, 2005, p 10). When this configuration isdiseach of the gauges is placed

under strain. This means that the overall sengitofi the bridge is increased.

A

Figure 4.6 Two Strain Gauge Circuit Configuration Kyowa, 2005, p 11)

Equation 4.6 is used to calculate the output whercircuit is configured this way
(Kyowa, 2005, p 10).

V= ﬁl+A—RZ ><E><1 Equation (4.6)
RL R2 4

V = Output Voltage (V)
E = Applied Voltage (V)
AR = Change in Resistance (Ohms)

R = Resistance (Ohms)
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When it is desirable to have extremely sensitivais$é measured a four gauge
configuration can be used. This system is raredgdesr strain measurement and is

more often found in strain gauge transducers (Ky@&ea5s, p 10).
4.3.6 Compensation Requirements

Due to their sensitivity, compensation for temper@induced variations is required
with most strain gauges. The use of a second gjeaige in the bridge configuration

was discussed in section 4.2.6.

The other part of the strain gauge that must bepemsated for is the leads attaching
the gauge to the bridge circuit. The use of twaewizs shown in the bridge circuits
does not allow for thermal changes in resistandbefvires. This is overcome by
placing a third wire onto the strain gauge and riyaaty their input in the bridge
circuit. Figure 4.7 shows the circuit configuratimn this compensation.

R, E.
= @ %r:i R gauge
T Lo
R_, Ruu-.-' E
Wi

-
R'u.re:

Figure 4.7 Three Wire Circuit Configuration (Sensotand, 2007, p 7)

By configuring the circuit with three wires, theatéresistance is distributed to
adjacent sides of the bridge. With the third wiegnlg positioned on the outside of the
bridge circuit, it has a negligible effect on citooperation or sensitivity (Kyowa,
2007, p 14).
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4.4 CAPACITANCE STRAIN GAUGES

The development of the capacitance strain gaugamaasrtaken by Hughes Aircraft
Company and Boeing in separate projects in the 4988 main reason for this
development was the need to measure stress aimdlsads at temperatures
exceeding 800 degrees Celsius (Windrow + Hollist882, p 292).

4.4.1 Concept of Operation

Equation 4.7 provides the basic operating prindipiea capacitance strain gauge
(Windrow + Hollister 1982, p 291):

ak

C = e Equation (4.7)

C = Capacitance (Farads)

a = Cross Sectional Arear()
k = Dielectric Constant
d = Distance between plateas)(

By varying the distance between the plates inigab the strain that is applied to
them, it is then possible to determine the stdaat ts applied to the object under test.

If a dielectric of air is used, and the cross seeti area is known, then it stands to
reason that it is only the variations in distarica will cause the capacitance to vary.
Equation 4.7 tells us that the physical properiegeometrical features of the gauge
can be used to determine the design of the capag#uge. The main area of concern
in this design must be the dielectric used in thegg. For the gauge to be useful it
must have a dielectric that provides a linear ckamigh respect to temperature.
(Windrow + Hollister, 1982, p 292).

4.4.2 Operation

The operation of this type of strain gauge requinesuse of an alternating current
power supply. The gauge is placed into a bridgdigoration with variations in the
capacitance causing variations in current flow,clihs then detected. The principle
of operation of the bridge configuration is simitarthe metal foil gauge described in
section 4.2.5. For the successful operation of sudévice the capacitance of the

cables must also be taken into account. These caphitances will also vary with
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temperature and humidity, which can lead to spgrgignals being introduced into
the system (Neubert, 1967, p 19).

The European Organization for Nuclear Research (QEfRveloped a capacitance
strain gauge (Ozelis, p 1) that used Kapton asliglectric material. This material has
a thickness of 0.0001” to 0.0005". It was discodeiteat thinner material for the
dielectric was not suitable or available (Ozeli§)pThis particular gauge was
developed in an attempt to measure the stresseapplisuperconducting magnetic
colils.

Whilst these gauges have uses within the aerospdustry and certain specialist

applications, they do not appear suitable for sengbtain measurement tests.
4.5 PIEZOELECTRIC OR SEMICONDUCTOR STRAIN GAUGES

Nature has provided engineers with a natural sgaurge, the quartz crystal. When a
crystal is subject to stress an electrical chasggenerated on its surface. The man
made version of this substance is Polarised Pddyalline Ceramic (Neubert, 1967, p
20).

4.5.1 Concept of Operation
Equation 4.8 provides the basic operating prindiptehe piezoelectric gauge:
V = hEt Equation (4.8)
V = Voltage generated (V)
h = Piezoelectric Strain coefficient (V/m)
E = Strain applied
t = Slab thickness of crystal (m)

As a strain is applied to the crystal a surfacegh@s generated. A piezoelectric
crystal of 1Imm in thickness with an applied strairE =107 produces an output of
approximately 4.5 Volts (Neubert, 1967, p 20). Hiedes are attached to the surface
of the crystal and relay the voltage to the reglidetector circuitry. Because a
surface charge is only produced when strain isi@ppihis type of gauge is utilised in

dynamic systems such as turbine blade measureienbért, 1967, p 20).
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One advantage of this type of strain gauge istttetmeasurement voltages are

generated by the application of strain to the alyshus requiring no external power
supply.
4.6 OTHER STRAIN GAUGES

4.6.1 Inductive -The inductive strain gauge is currently used withien medical
fraternity. This type of sensing operation is kncagnRespiratory Inductance
Plethysmography. This type of gauge uses the vamiat mutual inductance between
the coils when they are moved to determine the atnaiustrain that has been applied

by the patient’s breathing.

4.6.2 Vibrating Wire - The vibrating wire gauge uses a piece of steel thaeis

held in tension between two points. A vibratiomhien set up in the wire by use of a
magnetic coil. The coil acts as the detector wnittie natural vibrating frequency of
the wire. A comparison of the current natural freiey of the wire and the natural
frequency when it was first installed is then mailey difference in the two
frequencies shows that there has been movemenééetiiie two points the wire is
attached to. While suitable for large sensing gjpmra such as buildings, this method

of measurement is impractical for use on humangalits size.

4.6.3 Fibre Optic -Fibreoptic strain gauges operate by varying the waveéteafy
received light passing through the fibre optic eadd the applied strain varies at the
detector. This is achieved by altering the fibradgy grating that is embedded within
the cable. The Bragg grating controls the refracindex of the cable, allowing
certain wavelengths to pass while attenuating stf@lobalspec,2007, p 1). This type
of strain measurement could prove suitable for phegect. The main difficulty being
that the use of fibre optics is a specialised frelguiring expensive equipment and a

high degree of technical proficiency when manufantufibre optic products.

4.6.4 Pneumatic -The pneumatic strain gauge operates by measurndifiierence
in pressure caused by the restriction in flow gba stream. Variations in the flow of
gas into a sealed chamber alter the pressure itbitvthe chamber. This difference is
then detected and recorded (Neubert, 1967, p 8).

4.6.5 Acoustic -The acoustic strain gauge operates by ‘pluckinguaht wire
which vibrates at a known frequency. If the str@mthe wire is altered, then the

frequency of the wire is also altered (Neubert,7,968). This strain gauge system is
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complicated in comparison to other methods thatareently available and was not

considered for this project.
4.7 PROJECT GAUGE

For the purposes of this project, it was decidedtilcse the electrical resistance
gauge. The main criteria that were used to determimch gauge to use are as

follows:

Reliability - The electrical resistance strain gauge has beshins/arious industries
for decades. Over that period of time it has pravszif to be an extremely reliable
method for measuring relative strain and the moveraethe material to cause that

strain.

Low Cost - One of the objectives of this project was to desidow cost alternative
to the current monitoring devices that are curgeatailable. The strain gauge used in
this project cost $10.00(AU).

Ruggedness The metal foil gauge can be easily damaged iflieist or the elastic
properties of the gauge are exceeded. Howeversingmdling precautions will
minimise the risk of this occurring. As the eladitap is adjusted to a neutral position
(no strain) when first fitted to a patient, the er&l limits of the gauge are not likely
to be breached.

Error Compensation - The error compensation requirements for the chgaege

are described in chapter 5.

Simplicity - This gauge and the associated electronics uélidieect current power
supply. This means that the manufacturing resouespsred are minimal with
respect to complicated circuitry. The attachmerthefgauge to the backing material

is described in Appendix B2.

The gauge that is used in this project is KYOWAaBtiGauge: Type KFG-10-120-
C1-11L3MSR. This gauge appears to be well suiteadedask and should provide a
low cost and reliable sensing element for the noorsystem. The method of bonding

and circuit operation is described in chapter 6.
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5.0 PROJECT DESIGN OVERVIEW

5.1 INTRODUCTION

The design of the respiration monitor circuitry veasnpleted using the Altium 6
Designer software package. This software packagectvasen for the task as it
contained an excellent reference library of comptsthat were able to be edited to

create new components as required.

The circuit design underwent several revisionsraodifications as the research
project progressed, with the complete circuit desag the project attached as
Appendix B1.

5.2 CIRCUIT ASSEMBLIES AND TESTING

To facilitate in designing a simple yet effectivecait the design was broken down
into three distinct and readily identifiable asséath The three assemblies are the

sensor assembly, the amplifier assembly and theepsor assembly.

The computer is used for downloading the code ghokwling the sensed data. As the
software component for this project is small, isvekecided to incorporate discussion
of any software requirements with the hardwarerabbethat utilises it. The block
diagram shown as Figure 5.1 and gives a pictog@asentation of the operation of
the project.
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Old Male, 2500 Gain, sample rate 20, Snapshot of a Single Ereathing Cycle

Computer ) i

A Graphical Output

Serial Communications

Processor Assembl

Amplifier Output to Processor

Sensor Output to Amplifier

— <€

Amplifier Assembly Sensor Assembl

Figure 5.1 Project Block Diagram
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Each of the separate assemblies is covered irotlosving chapters:

6.0  Sensor Assembly Fhe sensor assembly includes the design and catistru
details for using a metal foil strain gauge witthe sensing unit. The operation and
outputs from the whetstone bridge are discussdt, seime of the typical outputs

discussed.

7.0  Amplifier Assembly -The amplifier assembly includes the type of amglifi
used and the justification for its use. Typicalpus from the amplifier are displayed

and the problems that occurred during construarepresented.

8.0  Processor AssemblyFhe processor assembly includes the microprocessor
and memory used and the justification for its Uge source code for the processor is
also discussed and examples of the data that waeish memory are displayed and

discussed.
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6.0 SENSOR ASSEMBLY

The sensor assembly is the most important pahisfdevice. The basis for this
design is based upon a similar assembly that hexs developed by The Flinders
Medical Centre (FMC). The sensor unit developedrB)C is designed for testing the
strain placed upon the gut area of the human banly;is called “BME 1432, Strain
Gauge Assembly”.

A copy of the procedure to manufacture the BME 1¥32vailable from the FMC

upon request.
6.1 DESCRIPTION

The sensor assembly for this project was constiducseng the following metallic foll

strain gauge:

KYOWA Strain Gauge: Type KFG-10-120-C1-11L3MSR
Temperature Compensated for Steel
Gauge Factor 2.1 +/-1.0%
Resistance 1204+/-0.4Q

This type of gauge was chosen because of itsvelatieapness at only ten dollars per
gauge. As can be seen in Figure 6.1, the smallo$itee gauge makes it ideal for this

type of sensing operation.

Figure 6.1 KYOWA Strain Gauge (Photograph by Author).
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6.2 CONSTRUCTION

A review of the procedure supplied by the FMC shdwet the strain gauge was
bonded to a carbon weave piece of material. Ageoific type of material was
designated, the sensor material used in the prigjecade from silicon rubber. The
complete details of which can be found in Apperiix Initial examination of this
material showed that there was very little defororabr movement of the material
when strain is applied in parallel with the wea¥éhe material. To allow for
adequate movement, the material was cut on the@d@gt an angle of 45 degrees.
This allows for enough movement to be sensed bygduge, without the danger of
excessive movement causing the gauge to go bey®ethstic limits. A complete
procedure for producing this type of sensor unttostained in Appendix B2.

The bonding is done by the application of Locktitehe gauge which is then press
fitted into place. After curing, the gauge, exposgiees and 20mm of cable are then

covered in a protective layer of non corrosivecstt gel.

To allow the sensor assembly to be attached tpehson being monitored, the silicon
material is sewn onto a piece of elastic thatésshme width as the backing material.
This allows for a comfortable fit to the patientyilgt holding the sensor firmly
against the chest. Figure 6.2 shows the sensahatiao the backing material.

Figure 6.2 Strain Gauge and Backing
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6.3 BACKING MATERIAL TESTING

The FMC did not provide for a specific materialttehould be used to attach the
strain gauge to. The silicon material was chos@alree it appeared to have a suitable
amount of flexibility, while retaining an inheresirength to prevent accidental
damage.

In order to determine the suitability of the madétised for the backing, it was placed
under a sheer test. The test was conducted inatwtly of Engineering and
Surveying. The material was cut into dog-bone shage can be seen in Figure 6.3.

Figure 6.3 Tensile Test Shape for Silicon Material

The results of the test show that the materialeh@sasonable amount of linear
movement when it is first placed under strain. ieerial was tested until
destruction occurred. Figure 6.4 shows the resiltise strain test that was conducted
on the material. No external sources of informata@ne consulted prior to this test
being conducted; hence there are no external refeseavailable to compare this test
data with.
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Tensile Test on Backing Material

Force (N)

Cross Head Distance (mm)

Figure 6.4 Strain Test of Silicon Backing Material
6.3.1 Material Analysis

As can be seen from Figure 6.4 two tests on themahtvere conducted. The
MATLAB code and data for these tests is providedppendix C1. Analysis of the
results reveals that the deformation when placet®ustrain is not perfectly linear for
this material. However, this material does appedraive enough linear characteristics
at the low end of the scale to suit the purposeviach it is being applied. The
amount of movement experienced by the materighpgaximately 3 to 4mm for an
adult and 1 to 2mm for a neo-natal child when Usedespiration monitoring.

The actual movement experienced by the portionaienal under the strain gauge is
considerably smaller than the full material movetbio data has been collected as
to the amount of actual movement of either the medtender the gauge, or the gauge

itself.
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6.4 SENSOR ASSEMBLY CIRCUIT

The sensor assembly of the project is shown inrEigb and consists of an
adjustable voltage regulator and whetstone bridgdiguration. The purpose of this
design is to provide a low voltage that exhibittable characteristic for the operation
of the strain gauge sensing element. The outptiteoivhetstone bridge is then used to

supply the amplifier section of the circuit (Chapié.

Voltage Out (To Anplifier)

9.0 Volts LM317
Voltage In
(FromBattery) +1.25 \olts 120
c1 Vin GNDVout ° ‘R2 |—
1u 240 Potl  —aSG Main
‘ D
SG Conp
1 Cc2
Ju
GND

Figure 6.5 Sensing Assembly Circuit
6.4.1 Power Supply

The main power supply for the entire circuit is gligd by a 9.0 volt battery. Each
section or sub-assembly of the circuit (sensor,|dipand processor) has its own
regulated voltage supply. The separation of théagel supplies was deemed
necessary due to electromagnetic interference (ENELts between each of the sub-

assemblies.

The sensing circuit utilises a LM 317 voltage regott for an independent power
supply. The front page of the data sheet for teigak can be found in Appendix D1.
The regulator has an adjustable voltage range r@% volts to 5.0 volts. The initial
voltage supplied from the voltage regulator wasas&t0 volts. This voltage was

selected as it seemed a reasonable assumptiahéhainute changes in resistance of
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the gauge would supply a correspondingly minut@uinoltage from the whetstone

bridge.

However, during one experiment of the sensor asketind gauge became warm and
the author suffered some minor amount of discontéothe chest. This occurred on
only one occasion; however a further review of Kgditerature indicated that 1.0V
was a suitable supply voltage for a strain gaugerably. Consequently it was
decided to reduce the voltage supply to the seassembly. Reduction in the voltage
to the sensor assembly has achieved two thingsigkhef harm from burning to the
person wearing the sensor has been reduced andrieat draw from the main

battery has also been reduced.

Due to supply difficulties a 1.0V regulator was aetilable; this is why the LM 317
voltage regulator was chosen. The measured vabue the voltage regulator is 1.259

volts.
6.4.2 Whetstone Bridge

The principal of operation for the whetstone bridged in the sensor assembly is
described in chapter 4.4. Using equation 4.4 (rypced below), it is possible to

determine the output voltage of the whetstone leridg

\% =A—:>< EX% Equation (4.4)

V= Output Voltage (V)
AR = Resistance Change (Ohms)
E = Applied Voltage (V)

However, the change in resistance for this desigentthe patient is breathing is not
known. Consequently equation 4.4 must be rearrasgehat the resistance variation
(AR) becomes the subject of the equation. Equatioms@u$ed to calculate the
variations in the strain gauge’s resistance whilstperation.

39



_VxRx4
E

AR Equation (6.1)

AR = Resistance Change (Ohms)
V = Output Voltage (V)
E = Applied Voltage (V)
Using Equation 6.1 the power dissipation from tiiais gauge was calculated to be

To determine the strain that is applied to the seassembly, equation 4.3
(reproduced below) is substituted into equation Rearranging the equation to make

the strain €) the subject of the equation, results in equaién

A_RR =kxe Equation (4.3)
E= v x4 Equation (6.2)
Exk '

& = Applied Strain

k = Gauge Factor (From Manufacturer)
V = Output Voltage (V)

E = Applied Voltage (V)

By calculating the strain that is applied to thesse assembly it is then possible to
compare the different depths of respiration betwgsrents and also to make

comparisons between various age groups.

As there are variations in manufacturing toleranties components used in the
construction of the whetstone bridge are not eyxdb# same as specified by their
manufacturer. The components chosen for the pro¢atyave a tolerance of 5%. This
tolerance is sufficient for the system to operateeactly. To overcome this problem a
potentiometer was installed in one of the legdefliridge. This allows for the bridge
to be balanced before any readings are taken byyrdoessor assembly. The
potentiometer used is 500's and is adjusted as required after the patieweisring
the sensor assembly. This size potentiometer preugdble for all tests that were
conducted on the prototype. After each test themgameter was removed from the

circuit and the resistance value measured. Theumnedwalues were within +/- 5% of
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the actual strain gauge resistance. Because eastnpaill wear the sensor
differently and no two people will have the sameoant of tension on the elastic
(hence different initial applied strain), the adjment must occur after fitment of the
device, but before sensing operations commencenigie purpose of this adjustment

is to ensure that the output from the whetstondgeris greater than zero volts.

Due to the analogue to digital conversion that ntalst place for the strain readings
to be recorded the initial output of the sensoeasdsy cannot be either zero or a
negative voltage. For this reason the sensor adgeanays starts out in an
unbalanced condition. It was decided to have amlamiced bridge instead of a dc
offset in the amplifier assembly. This method wlagsen as the starting strain and
hence sensor output voltage can never be knownodie sensitivity of the gauge.
This sensitivity means that a simple adjustmerthefsensor assembly can seriously
affect the input into the amplifier. If the ampéifibecomes saturated then the
processor assembly cannot differentiate betweempleamnand returns a maximum

value for each sample.

The resultant output of the sensor assembly thexefoes not resolve around a zero
value. To overcome this problem, a MATLAB scripshzeen developed to produce a
normalised output regardless of the apparent srgiimy recorded. The methodology

for this code is described in chapter 10.
6.4.3 Sensor Assembly Outputs

The output from the sensor assembly has a diffatanting value each time the
respiration monitor is first switched on, the reabehind this was explained in 6.5.2.
For this reason the values given below and theutations that are conducted are of
results obtained during a typical monitoring praged

Prior to testing the sensor assembly on a pateseries of readings were taken to
measure the output of the strain gauge when igisegd in a neutral position. To
obtain a neutral position, the sensor assembbidgsdown on a bench and the strap
bought under enough tension so as to remove ady @wlbuckles in the silicon
backing material. Each end of the strap is thenexs&gure and power is supplied to

the whetstone bridge.

When tested in the neutral position, the outpunftbe whetstone bridge was found
to be of a constant value, with no variation inpuitdetected over a 30 minute period.
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This test was conducted on four separate occaainhseturned the same stable result

each time.

To simulate a real world environment where the seassembly would be attached to
a patient prior to each sleep period, the senserattached as per the testing
procedure on four different occasions and the gelsarecorded in Table 6.1. Each of
these readings was taken after the individual h#ig €xhaled and held their breath
for several seconds. It was not feasible to tastah a neo-natal child. After the
sensor assembly had been strapped to the patierfgltowing voltages were

measured at the output of the whetstone bridge.

Table 6.1 Whetstone Bridge Outputs (Fully Exhaled Pre Amplification)

Subject | Age Voltage Readings (mY)
Male 41 years 1.2mVv
Male 41 years 1.8mV
Male 5 years 0.85mV
Male 5 years 0.97mV

As can be seen from table 6.1 no two readingsoamtical and despite the test
subject holding their breath some minor fluctuagiorere noted. These variations
were +/- 0.05mV in magnitude. This equates to &vian in stability of 4.12 to
5.15%. This variation in stability was deemed taoba low enough magnitude to
have virtually no effect on the subsequent tests.

This phenomenon was also noted when the sensonblsse@as tested on the System
5000. When the zeroing component of the System &XiQvas conducted, variations
in strain were noted when the sensor assembly l@asghon a bench prior to
attachment to the test subject.

Using equation 6.2 this information is now useddfculate the strain applied to the
gauge prior to recording the respiration rate. figseilts of these calculations are

displayed in table 6.2.
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x4 Equation (6.2)

& = Applied Strain

k = Gauge Factor (From Manufacturer)
V = Output Voltage (V)

E = Applied Voltage (V)

Table 6.2 Gauge Strain (Fully Exhaled — Pre Amplittation)

Subject Age k E (V) V (mV) £
Male 41 years 2.1 1.2596 1.2mV .001815
Male 41 years 2.1 1.2596 1.8mV .002722
Male 5 years 2.1 1.2596 0.85mV| .0012854
Male 5 years 2.1 1.2596 0.97mV| .0014668

This series of calculations shows the type of sttiaat the sensor package is placed
under prior to any recordings being taken. Thisdanhot useful at this stage of
development because there is no comparable datatdedor other materials or
strain gauges in this configuration. However, & ttesign is to proceed beyond the
prototype stage then further investigation willrbquired to find the optimal strain

gauge and backing material.
6.4.4 Sensor Assembly Output Whilst Monitoring

The only recordings taken from the whetstone brdigeng monitoring operations
were done using a multimeter. It was not deemesiliEato take qualitative readings

due to the constantly varying voltage as the stpaithe sensor assembly was varying.

A multimeter was used to confirm that there wasigwmg output voltage from the

whetstone bridge as strain was applied to the sessembly.
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7.0 AMPLIFIER ASSEMBLY
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Figure 7.1 Amplifier Assembly Circuit

The amplifier assembly consists of a separate pswgply and a Burr-Brown

instrumentation amplifier.
7.1 POWER SUPPLY

The power supply for the amplifier assembly is jpded by two volt regulators. The
amplifier requires a positive and negative 5.0 galpply; the regulators used are the
LM7805 and MC7905 respectively. The front pagehef data sheets for these devices
can be found in appendices D2 and D3. A separatempsupply was incorporated

into the amplifier in an attempt to overcome a agé drift problem that occurred

when experiments on the circuit were conducted.

7.2 AMPLIFIER

The amplifier assembly is a Burr-Brown instrumemipdifier. The front page of this
data sheet can be found in Appendix D4. The BuowBrwas chosen for the project
because it offers a simple method for adjustinggdia of the amplifier. The

characteristics of this amplifier included a lovset voltage o504V and a low drift

rate for temperature variation 025/ /° C.
Due to the small variations in input voltage frdme sensor assembly, the low drift
rate is of particular importance in this desigrthé drift rate is too prominent then it

can have a serious affect on the output of the ifiepbver periods exceeding five

minutes.
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7.3 AMPLIFIER GAIN

The gain for the amplifier assembly is controllgdabsingle potentiometer; this offers
the ability to adjust the gain required dependingdle patient wearing the device. It
was noted during the operational tests that the igagjuired for a neo-natal child was
considerably higher than was required for an addlcomparative analysis of the
gain used for this project is provided in chap®rThe main advantage of the easy
adjustable gain of the amplifier is that it camoallfor both qualitative and

guantitative monitoring to be conducted for theidev

To test that the amplifiers gain was of sufficiemdgnitude for the processor assembly
to discriminate between variations in strain, tb#ages from sensor assembly the
theoretical output for the amplifier were calcuthtend compared with the actual

outputs. Table 7.3 shows the calculation and actugdut for the amplifier assembly.

Table 7.1 Amplifier Output, Theoretical and Actual

Subject Age Input Gain Theory Actual Difference
Male 41 years 1.2mVv | 100 120mV 122m +1.01%
Male 41 years 1.8mV| 625 1.125 1.115 -0.89%
Male 5 years 0.85mVv| 1000 0.85v 0.855 +0.58%
Male 5 years 0.97mV| 2500 2.425V 2.490 +2.61%

To confirm that the output of the amplifier woukflect a change in voltage as the

strain on the sensor assembly was varied, the saasembly was affixed to a work

bench at one end. The other end was left loose, e holding the loose end of

the sensor a small amount of strain was applielddmg in an attempt to simulate a

breathing pattern. Variations in the amplifier agi¢ were noted on the voltmeter

connected across the amplifier output.

7.3.1 Qualitative Monitoring

For this project qualitative testing is defineduasg the supplied data to produce an

output that can be used to show a sinusoidal brepfattern of the patient. The

display of this breathing pattern is distinctlyusinidal in shape and can be used to

show a finer detail of a patient’s breathing patté&uring testing of the project the
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gain was set to 2500 and the sampling rate wae 28Hz (20 samples per second) to
achieve a qualitative monitoring result. After canting multiple experiments where
the gain and sampling rates were varied, it wasddhat it is the sampling rate that
determines the accuracy of the output. This resut line with Nyquist's Sampling
Rate (Nise, 2000, p 781) which states:

“The sampling rate must be at least twice the badtwof the signal, or

else there will be distortion.”

Figure 7.2 is an example of the output from a dqatie test that was conducted on

the author. Figure 7.3 is a snapshot of a singtathing cycle from the same test.

Further monitoring was performed in an effort tadfithe optimal gain and sampling
rates. It was found that when the gain was incitasgond approximately 2,500
there was no appreciable increase in either quatitiefinition of the output.

Due to the sensitivity of the sensor assembly gistering changes in chest
movement, the graphical output becomes clutterdid wierference when the gain

was increased beyond 2,500.

As this test was conducted under controlled comatj the test subject was induced to
take a deeper breath than normal (the sigh). Maatecan be seen on Figure 7.2 after

approximately 350 samples.

As can be seen from viewing Figures 7.2 and 7.2lésggn is capable of recording a
definite sinusoidal output in response to a pasdmieathing pattern. Figure 7.2
appears to be an uneven sinusoidal output orvfesting, however this appearance is
misleading due to the sheer quantity of samplesgoiken and recorded over the
period of testing. Analysis of the data stream usdtie MATLAB code also shows
the varying output from the amplifier. The code tiois output is provided in

Appendix C6.

The difference in each recorded depth of breathisiexample is due to the different
depths of breath taken by the person being monitdree drift problem that was
mentioned in Chapter 7.2 was not apparent in #ssds it was conducted over a short

time frame of only 23 seconds.
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Figure 7.2 Qualitative Monitoring on Author (2500 Gain)
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7.3.2 Quantitative Monitoring

For this project quantitative testing is defineduasg the supplied data to produce an
output that can be used to show an event occurrémcevent occurrence is defined
in this paper as the peak or trough of a grapmdute inhalation or exhalation of a
breath. This information can be used to show teatbing events of a patient over a
longer period of time. Figures 7.4 and 7.5 show éwamples of the output from
guantitative tests that were conducted on the d®passembly, during the testing of
the amplifier the gain was set to 278 and 139, wifampling rate set to 20Hz (20

samples per second) for both tests.
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Figure 7.4 Quantitative Monitoring Snapshot on Auttor (278 Gain)
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41 Y¥ear Old Male, 139 Gain, sample rate 20
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Figure 7.5 Quantitative Monitoring Snapshot on Auttor (139 Gain)

From Figures 7.4 and 7.5 it is possible to dedhaethe change in gain is responsible
for the changes in the quality of the displayeddAs the gain is increased, so the
quality of the data is increased, with the outpattsg to take on a qualitative
appearance when the gain is increased above 580sBaots of single breaths for low
gain monitoring reveal that the output is squargenia shape, and provide no new

information for analysis.

Figure 7.6 shows how a more sinusoidal outputlgeaed when the gain is raised to
625. Figure 7.7 is a snapshot of a single breattyate from the same test. This
monitoring was conducted to confirm that it is gan of the amplifier, and not the

sampling rate of the processor that has been osgetérmined the result.
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41 Y¥ear Old Male, 625 Gain, sample rate 20
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Figure 7.6 Quantitative Monitoring on Author (625 Gain)
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7.3.3 Qualitative Versus Quantitative Monitoring Rejuirements

As was demonstrated by the results from testingthputs from the amplifier
assembly, this design is capable of monitoringamdy the physical changes that
occur whilst a person is breathing (quantitativelt, can be used to look closely at a

person’s actual breathing pattern (qualitative).

It is envisioned that there is an application fottbtypes of monitoring to be
conducted in the future with this design. The dagiie monitoring has the potential
to be of use when the data is used to look atiarnga breathing in finer detail. The
guantitative monitoring results from the testing #tre mainstay of this project. If the
respiration monitor is used purely as a device omitor a patient’s breathing then the
guantitative setting of low gain is adequate fa task. The qualitative monitoring
results from the testing have shown themselveg tanbextension of the quantitative
results. For this reason variations in the gairsteswill also determine the ability to
select the correct qualitative recording parametarBardware, the installation of a
multi-pole switch can be incorporated to changevéilae of the gain resistor. The
final values of optimal gain resistors would beedetined after further testing and in
consultation with medical personnel regarding tkece parameters that would need

to be monitored and recorded.
7.4 OUTSTANDING AMPLIFIER ISSUES

The amplifier in its present configuration is plaguwby a drift in the quiescent output.
This drift is intermittent in nature and irregularamplitude. As stated in chapter
6.5.3 the output of the whetstone bridge can bsidened constant in value for
testing purposes. Measurements taken concurrerithe anput and outputs of the
amplifier assembly show that the input was stahtibthe output was varying. In an
attempt to remove the source of drift, electrolgtpacitors were installed at the
inputs to the amplifier and filtering capacitorstbe output of the voltage regulators.
These components failed to remove the drift, legtias an outstanding issue that

must be resolved for the device to operate cogrectl
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8.0 PROCESSOR ASSEMBLY

The processor assembly consists of a separate poyply, PICAXE-18X
microprocessor and 24FC256k EEPROM memory chip.
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Figure 8.1 Processor Assembly Circuit
8.1 POWER SUPPLY

The power supply for the processor assembly isigealvby a single volt regulator;
the regulator used is the LM7805. The front pagthefdata sheet for this device can
be found in Appendix D2. A separate power supplg waorporated into the
amplifier in an attempt to overcome a voltage grfiblem that occurred when
experiments on the circuit were conducted. Unfately this did not solve the drift
problem. However, when power was removed from tloegssor assembly the drift
in the amplifier remained. This indicated that pineblem is isolated to the amplifier

assembly and is not caused or affected by the psoce
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8.2 PROCESSOR ASSEMBLY AND MEMORY

8.2.1 Processor

The processor chosen for this project is the PICASK. This processor was chosen

due to the following factors:

Programming - The PICAXE-18X is very simple to program. It w#is a form of
BASIC that has been developed for this family afgassors. This type of
programming proved to be very useful in the develept of the code required for the

processor.

Cost - As one of the objectives of the project was toedigy a low cost monitoring
device, the low cost of this processor at less $20h00(AU) for a single unit makes

it ideal for this project.

Accessibility - The processor is programmed via the serial poet @indows based
machine. This means that changes in the code candbemented by simply
connecting a three pin plug to the processor amdchtiiading the code from the

complier.

Processor Speed The PICAXE-18X processor runs at 4 MHz. This clepkeed has
proved to be more than acceptable for the profecthe Nyquist rate for a neo-natal
child is 2 Hz in a worst case scenario, as disaussehapter 2.1.3, a faster processor

was deemed to be unnecessary.

Analogue to Digital Conversion -This processor uses a 10 bit analogue to digital
converter (ADC). Using a 10 bit ADC allows for 10dferent voltage levels to be
utilised when recording the sensed data into menidng level of discrimination
proved to be sufficient to accurately record thgpatifrom the amplifier assembly.

8.2.2 Memory

The memory chosen for this project is a 24FC256REEM. This memory size is
only 256kbytes. It was deemed prudent to utilisenaller memory chip during the
design of the respiration monitor as a larger mgmsae would not enhance the
development process. The front page of the datet $bethis device can be found in
Appendix D5.
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The write cycle for this device is 5ms. As was d&sed in chapter 7 a sampling rate

of 50ms (20 samples per second) was found to peavisuitable signal for the output

from the amplifier to the processor. This means tthere is ample time for the current
write operation to be completed before the nexteagycle is required.

8.3 PROCESSOR ASSEMBLY OPERATION

Programming is done on the complier that is sugdliem the manufacturer of this
microchip. The complete code listing for the preamesassembly is listed in Appendix
B3. To achieve the aim of keeping the project ek as possible, the processor
assembly acts as a data logger, and as previdiasédghe processor is programmed
in BASIC. All processing of the data gained frdme processor assembly is
conducted external to the microprocessor. The tibart for the operation of the

processor program is shown below in Figure 8.2.

» Read ADC |«
A 4
Access Stored
Stored Data
Date
A 4
TX to
Serout

Figure 8.2 Processor Assembly Flowchart

The processor hardware is programmed via the sepat pin, which can be seen in
Figure 8.1. Each time the parameters within thgm are changed, the new code is

downloaded into the processor. Once the code falied, the reset button is activated.
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This allows the processor to decide which protoadbllow, to start sensing and
storing data operations, or to start reading thenorg and transmitting the stored data
back to the computer via the serial out pin andcthraputer serial communications
port.

The processor assembly has two modes of operatmsjng and data recording or

data download. Each of these operations will beusised below. The procedure for

downloading new code, conducting sensing operaaodsdata retrieval and graphing
are detailed in Appendix B4. Figure 8.3 is a digmathe programming editor used to
code the microprocessor.

B Programming Editor - [C,DOCUMENTS AND SETTINGS  ADMINISTRATOR. ESTAFFO58) DESKTOP, PROGRAM.BAS] 1Ol %]
‘Eg File Edit PICAXE Wiew Mindow Help ==l x]

Olélol==] Sl 2] el
& [Ea@| vl 14

node

if pin0 = 1 then goto retrieve

main:

for bl=1 to 200
readade 1.w2
iZcslawe %10100000, iZeslow, iZcword
writeize bO, (w2, " ")
pause 50

next
end

retrieve:
for hi=1 to 200
iZoslawe %10100000, iioslow, iZcword
readiZe b, (w2)
sertxd (fw2. " ")
next

|PICARE-18% mode |PICARE-18% 4MHz [COM 1 CAPS [ NUM | NG pefiofzo07 (L1t ah 2

dostart| (2 4 W] & (=] 2] =¥ picaxe_manual2,pdf | L picaxe_manuall pdf | %Prngramming Editor ... |?€;ﬁ LA

Figure 8.3 Programming Editor
8.3.1 Sensing and Data Recording Code

The default setting for the processor assemblyessensing operation. Thus, when
the device is first activated, it starts recording output from the sensing assembly
via the amplifier assembly immediately. The datsteged in the EEPROM in
consecutive memory locations, with write operatioostinuing until power is
removed from the processor. The complete data dmgnprocedure is detailed in
Appendix B4.
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The data is stored as a '10 bit’ binary word, vattch word requiring two memory
locations. Thus a 256kbyte memory chip has 128k amgocations for storage. This
allows for 106 minutes of sensing operations tgtioeed (at a sample frequency of
50Hz). As neo-natal children can sleep for up td@0rs (in the author’s experience)
this amount of storage is patently insufficient éstended sensing. Requirements for
future devices are discussed in chapter 10. Howéweprototype testing this size
memory proved adequate.

The reason a’10 bit’ word in memory is used is geahe ADC is a 10 bit device.
The advantage of using a 10 bit ADC is that theveaied analogue signal maintains

a high degree of resolution after the conversion.

The following code is used by the processor togthe sensed data into its memory
location.
for bO=1 to 200
readadc 1,w2
i2cslave %10100000, i2cslow, i2cword
writei2c b0,(w2, " ")
pause 50
next
end
As can be seen from the above code, the dataésldawan external source; in this

case the “i2cslave” denotes the memory device #ta id stored in.

The sensing operation will continue for the dunatid the loop that is defined by the
user. Using a sample time of 50ms, for each haatrgbnsing is required the loop

must be 72,000 iterations long.
8.3.2 Data Retrieval and Code

The data is retrieved by activating S2, a single gmgle throw switch. This applies
an active high to pin 12 of the microprocessor. thmmplete data retrieval procedure

is detailed in Appendix B4.

The data is transmitted via the serial out pinfengrocessor to the computer serial
communications port. The data is read by the coerfsuhyperlink terminal, where it
is displayed in numerical format. The data fromtigperlink terminal can then be

saved into either a text document or placed dieotb the MATLAB code or similar

56



software for graphing purposes. The data is tratedto the computer at a rate of
4,800 baud. As this is a slow transfer rate, itnpractical at this stage to download
large volumes of data. Future enhancements to wmeptos data transmission are
discussed in chapter 9.0.

Examples of the MATLAB code and the raw data usegrbduce the graphical
display are in appendices C5 and C6. The MATLABecmdused to remove any
imbalance caused by the whetstone bridge. Thisheaed by searching for the
smallest reading stored in the sensed data andastibhg it from all other readings.
When graphed this way the lowest reading will b@ Zer every graph produced,
regardless of the data input. This allows for ammegful comparison between

graphed data sets, as all use zero as the stegfergnce on their respective graphs.

Once the data has been retrieved, S2 should thepdyed in preparation for the next
sensing operation. If S2 remains closed, thennt@sgethe device automatically

initiates the download procedure.
The data will remain in memory until it is overweih by the next sensing operation.

The following code is used by the processor to rentbe data from memory for

transmission onto the serial out line;

retrieve:
for bO=1 to 200
i2cslave %10100000, i2cslow, i2cword
readi2c b0,(w2)
sertxd (#w2, " ")
next
end

57



9.0 DISCUSSION AND CONCLUSIONS

9.1 INTRODUCTION

The use of strain gauges to measure the relatit®mof a body has been in use for
decades as discussed in chapter 2. The monitofiagerson’s respiration is
considered to be of extreme importance within tieglical fraternity as the examples
in chapter 3 show. The aim of the project in mangyihese two principles together
into a workable, yet affordable respiration monhawe been shown to be possible

from this project.
9.2 DISCUSSION

The sensor assembly for this project is the mopbimant of the assemblies within
this project. It was quickly realised that failucemanufacture a useable device would
render the remainder of the project untenable. \thighprocedure for bonding of the
strain gauge to the silicon material proven to seable, the manufacture of the

sensing device was a success.

Incorporation of the sensor assembly into a wheestwidge is the only viable
method for producing an output that is useablatferamplifier assembly. The
whetstone bridge has proven to be stable over manss. The ability to provide the
voltage offset that is needed by the ADC to prevalse zero readings has helped

keep the hardware requirements for the amplifisemwbly to a minimum.

The amplifier assembly has proven to be problematibis project. Despite repeated
attempts to rectify the voltage drift at the outgbe problem remains. The actual
amplifying process and the ability to change th@ ga desired for a particular
sensing operation was of great benefit during #gh process and the subsequent

monitoring tests of different age groups.

The use of a PICAX-18X processor and associatedanegreatly reduced the
amount of time required for programming. The usa BASIC programming

language and documentation supplied from the matwrier allowed for easy

problem rectification and modification. Incorpomatiof the reset switch (S1)

removed the need to download new code each timengtoning session was started.
The use of a data retrieval switch (S2) allowsefasy data retrieval and uploads to the

computer. However, this is mitigated by having $e the hyper terminal as the
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upload mechanism. This method is suitable for dgwekent of the prototype, but a
different method of data transfer from the processsembly will be required if the
device is to be used for supplying data for quiieagraphing in a real world
environment. If the device is only used as a seasdralarm, then the requirement for

faster data uploads will not be required.

MATLAB was used in this project as the software fjooducing the graphical

displays seen throughout this dissertation. Asithegsspecialist software package, it is
unreasonable to assume that it is available tosalts. The data that is displayed on
the hyper link terminal is directly compatible withndows based software such as

Excel, making it easy for any user to produce gsaprequired.

Although the majority of the test of this devicesa@nducted on an adult subject,
enough testing was conducted on a neo-natal ahilidicate that the concept holds
true across various age groups. Future developweumt require a more thorough

testing regime if the monitor is to proceed beytra prototype stage.
9.3 RECOMMENDATIONS

For this device to proceed beyond the proof of ephand prototype stage it is
recommended that research into the following abeasonsidered:

Sensor Backing Material —The current backing material used was the firsttbaé
was readily available. As the graphs in Figureshdw, the material is not perfectly
linear at the low range of applied strain. Inveddigns into a more suitable material

may produce a more accurate and linear resporsedtients breathing.

Strain Gauge —The strain gauge used in this project proved teebable and

produce repeatable results for the duration optiogect. To improve the sensitivity of
the output, a second gauge placed under straibeaised. Improvement of the
sensitivity of the sensor assembly will allow fomare accurate qualitative result to
be viewed from the supplied data. Tests, or matufacs data, to determine the long
term viability of a metal foil strain gauge in thige of sensing device would also

need to be gathered and analysed.

Amplifier — The voltage drift problem within the amplifier asgaly needs to be
addressed. If this problem can be overcome, therytpe of instrument amplifier
should prove suitable for future devices.
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Processor -The PICAX-18X was an ideal processor for developnoéthis device.
The microprocessor required for a functioning mamsthould be as simple as
possible. If the device is continue beyond thegiyqe stage, then the processor can
be downgraded to a less powerful device. This wbelg reduce the overall cost, as

a smaller processor in the same family is less kizdinthe price.

Data Uploads —As stated previously, if the device is used as aitaong and alarm
device, then the use of serial data transmissisnitable. If the device is required to
upload large amounts of data then investigatiottsparallel data transmission should

be conducted.
9.4 CONCLUSION

The concept for this project came from persona brsd was driven by a desire to
help others avoid a similar loss. Although the medmn and monitoring device
described within these pages has not progressemhbtédke prototype stage, it is the

author’s earnest desire to see it do so.
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Dr John Leis
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This project aims to design, constrarmnd validate a respiration
monitor and recording system; utilising strain geaigs the sensing

element. Incorporated into the system will be amoga monitor and
alarm system.

PROGRAMME: Issue A, 15" March 2007

1.

2.

Research information on the design and operatistrain gauges.

Research the basic human respiration systemgding the main types
of respiration and their symptoms.

Design a digital data logging system to acceptiis from analogue
strain gauges in a single input system.

Construct a working prototype of the design.

Carry out experiments on individuals of varyage groups to
determine the validity of the design.

Produce a graphical display from the raw data.

As Time permits:

7.

8.

AGREED:

Incorporate an apnoea monitor and alarm system.

Investigate the use of dual strain gauge infuutsomparing
respiration function for both left and right lungs.

Incorporate an FM transmitter into the designrémnote monitoring
for occurrences of apnoea events.
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APPENDIX B

APPENDIX B2
Design Procedure for Sensor Assembly
Materials Required

Silicon Rubber Sheet — 403-279 (Laird Technologi€477-NA-30X30)

Loctite 5145 (Neutral Cure)

Pacer ZAP glue (Super Glue or similar)

White Spirits

Lint Free Cloth

Clear Tape

Elastic 1m long, 3.5cm wide

1. Cut a piece of silicon rubber sheet 20 cm lamdy 25cm wide. Ensure that the

weave of the material is at 45 degrees to theasushown below in Figure B1.

SN

Figure B1. Rubber Sheet Orientation
2. Clean the material with white spirits or simitdaner using the lint free cloth,

ensuring no residue is left on the surface. Affi@ material to the work bench using a
piece of clear tape at each end.
3. Coat the bottom of the strain gauge with Padd? glue.
4, Place the gauge in the centre of the materiéh, tve gauge parallel to the
longest edges.
5. Using a piece of clear tape to cover the gapigess the gauge down firmly
into place and hold for approximately 20 secondsrail the glue has cured.
6. Remove tape from the gauge carefully.
7. Apply glue to the first 30mm of insulated cahted repeat steps 5 and 6.
8. Apply enough silicon gel to cover the gaugegebaires and 30mm of
insulated cable.

## Caution ##
Ensure the cable runs parallel to the longest béfmre the silicon is applied
9. Using a piece of hard plastic card (such agditccard) smooth the silicon gel

into place and remove any excess.
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APPENDIX B

10.  Allow to cure for 24 hours. The gauge whencita correctly should look
similar to that shown in Figure B2.

Figure B2. Gauge Attached to Backing

11. Sew the material onto the centre of the pié@astic as shown in Figure B3.

Figure B3. Backing Attached to Elastic Strap
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APPENDIX B3
Processor Code
mode:
if pin0 = 1 then goto retrieve
main:

for bO=1 to 200
readadc 1,w2
i2cslave %10100000, i2cslow, i2cword
writei2c b0,(w2, " ")

pause 50
next

end

retrieve:
for b0O=1 to 200
i2cslave %10100000, i2cslow, i2cword
readi2c b0,(w2)
sertxd (#w2, " ")
next

end

end
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APPENDIX B4

Monitoring Procedure

The following details the complete procedure foemging this device, from loading

the code to producing a graphical output.

a.

Connect the monitoring device to the computer usiiegsupplied serial data

cable to the serial communications port 2

Switch on the computer, start the editor softwane laad the code file into
the editor.

Choose the number of hours you wish to monitorFor.every hour of

monitoring add 72000 to the loop.

Ensure that the monitoring device is switched oth &8 is open (otherwise the
processor will attempt to download data from themosy). Press F5 on the

keyboard.

Attach the sensing assembly to the person beingtared in the same

position as the chest band in Figure 3.3.

Press and release switch S1 (reset). The procesdsaow record the sensed

signals.

Close the editor software and open a Hyperlink teainchoosing the same

serial communications port (2) that the monitorileyice is connected to.

Close switch S2 and press reset. The processoutouith now be displayed

on the hyperlink terminal.
Save displayed data into a text file.
Import the data into the MATLAB code as variablef@nd in appendix C6.

Save and plot as required.
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Appendix C1

Carbon Weave Tensile Test MATLAB Code

clear; clc; close all
Test1=[0.0,0.00

0.3,0.03

0.0,0.08

0.0,0.11

0.1,0.13

0.1,0.16

21.3,16.71
20.3,16.73
17.7,16.76
11.1,16.79
-0.1,16.80];

crosshead=Test1(1:639,2);
b=length(crosshead);

force=Test1(1:639,1);
c=length(force);

plot(crosshead,force, ™),

titte(  'Tensile Test on Backing Material' , 'FontSize'
xlabel( 'Cross Head Distance (mm)' , 'FontSize' ,24);
ylabel( 'Force (N)' , 'FontSize' ,24);

hold

Test2=[0.2,0.00
0.1,0.01
0.1,0.03
0.3,0.06
0.2,0.09

21.0,13.02
20.6,13.04
19.6,13.07
15.1,13.10
2.1,13.12];

crosshead2=Test2(1:501,2);
force2=Test2(1:501,1);

plot(crosshead2,force2)

grid
legend( 'Testl' , 'Test2' )

C1

,24);
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Appendix C2

System 5000 Test 1

clear; clc;

close all ;

% Test Data

Testl=[1 15.9000 4.94
16.9000 96.91
17.9000 64.27
18.9000 -20.27
19.9000 -13.84

59 73.9000 101.85
60 74.9000 14.83
61 75.9000 -1.98

62 76.9000 -12.852];

% Define the Data
crosshead2=Test1(1:62,3);
force2=Test1(1:62,1);

% Plot Data
plot(force2,crosshead?)

APPENDIX C

grid
xlabel( 'Time (Seconds)' )
ylabel( 'Measured Strain’ )
title(  'System 5000, 1 second sample rate' )
legend( 'Testl' )
System 5000, 1 second sample time
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Appendix C3

System 5000 Test 2

clear; clc;

close all ;

% Test Data

Testl=[1 3.6000 9.39
2 3.7000 8.89

3 3.8000 5.93

4 3.9000 4.45

5 4.0000 4.94

458 49.3000 -16.79
459 49.4000 -15.81
460 49.5000 -13.34
461 49.6000 -6.92];

% Define the Data

crosshead2=Test1(1:461,3);
force2=Test1(1:461,1);

% Plot Data
plot(force2,crosshead?)

grid

xlabel( 'Time (Seconds)' )

ylabel( 'Measured Strain’ )

title(  'System 5000, 0.1 second sample time' )

legend( 'Testl' )

APPENDIX C

System 5000, 0.1 second sample time
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Appendix C4
System 5000 Test 3
System 5000, 0.1 second sample time

)
)

'System 5000, 0.1 second sample time'

)

Test1(1:802,3);

'Time (Seconds)'

[ 2.0000 42.94
'Measured Strain’

2 2.1000 42.94

3 2.2000 40.47

4 2.3000 41.96
Test1(1:802,1);

all

plot(force2,crosshead?,

802 82.1000 39.49];
grid

clear; clc;

close

% Test Data

5 2.4000 40.97
798 81.7000 59.23
799 81.8000 50.35
800 81.9000 45.90
801 82.0000 40.97
% Define Data
crosshead?

force2

% Plot Data
xlabel(

ylabel(

title(

legend( 'Testl'
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Appendix C5

System 5000 Test 4

clear; clc;

close all ;

% Test Data

Testl=[1 76.0000 279.51
76.1000 278.53
76.2000 272.10
76.3000 269.63
76.4000 272.60

924 168.3000
925 168.4000
926 168.5000
927 168.6000
928 168.7000

183.20
182.21
179.25
177.77
178.26];

% Define Data
crosshead2=Test1(1:928,3);
force2=Test1(1:928,1);

% Plot Data

plot(force2,crosshead?, ™)

grid

xlabel( 'Samples' )

ylabel( 'Measured Strain’ )

title(  'System 5000, 0.1 second sample time' )

legend( 'Testl' )
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Appendix C6

MATLAB Code Example
% a=[ PLACE YOUR DATA FROM YOUR SENSI NG OPERATI ON | N HERE]
c=min(a)
d=max(a)
e=d-c;
a=a-c;

b=Ilength(a);

% Plot Data

plot(a);

axis([0 b 0 e]);

xlabel('Samples");

ylabel('Depth of breath")

title(NAME, XXXX Gain, sample rate 20";

grid
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Appendix C7

MATLAB Code Example (complete)
% Test Data (Figure 7.2)
a=[142 141 142 144144 ............ 141 140 141 142 141]
% Test Data (Figure 7.3)

% a=[155 157 157 157 158 157 159 159 159 160 158 16 0 159 160 160 159
159 158 158 158 157 158 157 157 157 155 154 152 152 151 149 149 147
147 147 145 145 143 144 144 143 143 141 142 142 142 142 140 141 141
141 141 141 142 142 143 145 144 147 147 148 150 149 151 151 153 154
153 155 ]

c=min(a)
d=max(a)
e=d-c;
a=a-c;

b=Ilength(a);

% Plot Data

plot(a);

axis([0 b 0 e]);
xlabel('Samples");

ylabel('Depth of breath, mV/10")

titte('41 Year Old Male, 2500 Gain, sample rate 20, Snapshot of a
Single Breathing Cycle");

grid
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Appendix D1

Adjustable Voltage Regulator

LM117/LM317A/LM317

General Description

The LM117 series of adjustable 3-terminal positive voltage
regulators is capable of supplying in excess of 1.5A over a
1.2V to 37V output range. They are excepticnally easy to
use and require only two external resistors to set the sutput
voltage. Further, both line and load regulation are botter
than standard fixed regulators, Also, the LM117 is packaged
in standard transistor packages which are eagily mounted

&Nﬂtﬁona! Semiconductor

May 1996

3-Terminal Adjustable Regulator

the adjustment terminal to ground which programs the out-
put to 1.2V where most loads draw litle curent.
For applications requiring greater culpul current, see LM150
seres (3A) and LM138 seres (54) data sheets. For the neg-
ative complemeant, see LM137 seres dala sheet.

LM117 Series Packages and Power Capability

Full sutput cumrerd not avaitsble at high input-outpul veltagas
"Heeded i devios is more han B indhes fram filer capasions.

FOplional—imprwes ransiend response. Oulpul capasiions in the range of
1 WF e 1000 uF of alurminun o Wntalam declrdylic are commanly used
1 previde improved oulput impedance and redtion of Farsients

- Pzl

and handled.
Part Number Rated Design
In addition to higher performance than fived regulators, the Suffix Package Power Load
LM117 series offers full overload protection available only in Dissipation | Current
IC's. Included on the chip are current limit, thermal overload K TOA SOW 1.54
protection and safe area protection. All ow;rloa_a protection H Toas oW 0.5A
circuitry remains fully functional even if the adjustment ter-
minal is disconnected. T TO-220 20W 1.54
Nermally, no capacitors are needed unless the device is E Lec 2w 0.54
situated more than 6 inches from the input filter capacitors 3 TO-263 AW 1.54
in which case an input bypass is neaded. An optional output
capacitor can be added to improve transient response. The Eeatures
adjustment terminal can be bypassed to achieve very high
ripple rejection ratios which are difficull to achieve with stan. ™ Guaranteed 1% output vollage tolerance
dard 3-terminal regulators, (LM317A)
Besides replacing fixed regulators, the LM117 is useful ina - Gl‘_u::‘a:;anfea max. 0.01%/V line regulation
wide varety of other applications. Since the regulator is (LM317A)
“flpating” and sees only the input-to-output diffsrential volt- ™ Guaranteed max. 0.3% load regulation
age, supplies of several hundred volts can be regulated as (LM117)
long as the maximum input to output differential is not ex- @ Guaranteed 1.54 oulput current
ceeded, i.e., avoid shortcircuiting the output. m Adjustable output down to 1.2V
Also, it makes an espedally simple adjustable switchingreg- 8 Cumrent limit constant with temperature
ulater, a programmable output regulator, or by connectinga  m P* Product Enhancement tested
fixed resistor between the adjustment pin and cutput, the  m 80 dB ripple rejection
LM117 can be used as a predsion curent regulator, Sup-  m Qutput is short-circuit protected
thS with electronic shutdown can be achieved Iyy'clampmg
Typical Applications
1.2V-25V Adjustable Regulator Digitally Selected Qutputs
LI LA
vyttt Vin I"'ul “uuwl Vour
ouT 1 a0 I
& A1 :: AL
sm Sm
r2'
1uf
Az
5k
= a0 1

INPUTS

TUHE6E3-2
*Sets manimum Vgt

4502 Madoeal Semiconducior Corporaicn  TL/HUS0ES

Full details for this component can be obtained frm the following location

FRADBAAEE Pristedinl 5 A

hitip :/warw natio nal.com

1ojenbay ajqeisnipy [euiwdal-¢ ZLEWT/VZLEWT/ZLLINT

http://www.datasheetcatalog.com/datasheets pdf/L/N8f1/LM317.shtml
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Appendix D2

5.0 Volt Regulator

ﬂNationaI Semiconductor

LM78XX
Series Voltage Regulators

General Description

The LM78% series of three terminal regulators is available
with several fixed output voltages making them usaful in a
wide range of applications. One of these is local on card
regulation, eliminating the distribution problems associated
with single point regulation. The voliages available allow
these regulators to be used in logic systems, instrumenta-
tion, HiFi, and cther solid state electronic eguipment. Al
though designed primarily as fixed voltage regulators these
devices can be used with external components to obtain ad-
justable voliages and currents.

The LM7EX % senies is available in an aluminum TO-3 pack-
age which will allow over 1.04 load current if adequate heat
sinking is provided. Current limiting 5 included to imit the
peak output current to a safe value. Safe area protection for
the output transistor iz provided to limit internal power dissi-
pation. If intemnal power dissipation becomes too high for the
heat sinking provided, the thermal shutdown circuit takes
ower preventing the IC from overheating.

Congiderable efiort was expanded to make the LM73XX se-
ries of regulators eazy fo use and mininize the number of ex-
termnal compenents. It is not necessary to bypass the cutput,

July 1999

although this does improve fransient response. Input by-
passing iz needed only if the regulator is located far from the
filter capacitor of the power supphy.

For output voltage other than 5\, 12V and 15V the LM117
series provides an cutput voltage range from 1.2% to 57V,

Features

Oufput current in excess of 14

Internal thermal overload protection

Mo external components reguired
Output transistor safe area protection
Internal short circuit current limit
Available in the aluminum TO-3 package

Voltage Range

LM7E05C 5
LM7E12C 12v
LM7E15C 15V

Connection Diagrams

Metal Can Package
TO-3 (K)
Aluminum

qUTPUT—, —GHD

HPUT—
DSony res.
Bottom View
Order Number LM7S05CK,
LM7812CK or LM7815CK
See NS Package Number KCO02A

Plastic Package
TO-220 (T)

——

|| ——— T

DEDITI4E-2

wa— ()

Top View
Order Number LM7805CT,
LM7812CT or LMT815CT
See NS Package Number TO3B

sioje|nbay abejjon sauag XX8LINT

© 1200 Maticnal Semicenductor Corporation DE007746 wwenaticnal.com

Full details for this component can be obtained frm the following location:

http://www.it.Ith.se/datablad/Analog/voltage/Im78xxpdf
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Appendix D3

Negative 5.0 Volt Regulator

MC7900 Series

1.0 A Negative Voltage |

Regulators
The MITR00 sectes of Sxad omiprat zagative voltags regulators ams
innded a5 complamsots o the popular MOTEID semes denicss. ON Semiconductoer”
Thase zagative repdxions am rredihle = the semm svsz—olags
options 25 the MCTEND devices. In 2ddifion. sme sxire voliags opgon FitpctonsemLacm

cozmzonly employed = MECL syitems 5 also avadakble in the
megatve MITH00 sadas.
Araidabls in fxoed cutpat voltags options froo —50 Vo —24 W

thess ragalators smploy curees limiting, thammal shumdonm, a=d 11-:::::-:
safe—arsa cozspemsation — making tham seecenkably rogged w=des CASE I2MAB
ot opsrating ccodiions. Wit adecuate Euatsinkeng they ez delfier
t sty inexcass of 104 Hewtl =k, 8t
# Mo Extemnal Conrpoments Raquined Eodrutad b Min 2 !
# Trearmal Thameal Overlod Prosscsion ‘-!
# Itarmal Short Cirreit Corrant Lisniting Ma 1. i
& Ohrprat Tramsistor Safs— Az Conmpensaiica 2 gt
o Acpibabls in 2% Valtegs Telarmes (Ssa Oindarizg Edfomesiog) % Cuput
# Po-Tros Puckegs By be Available. The G-Suffix Dezotes a tean
Pb~Fres Laad Findsh DT SUFFE
CASE 0318 - -
dare 3
& EL:I. EI‘“ Hadlsing suibace [Ehewn ai nmld n
T A Cairil Sull ren ey | B Gafimcled 12 Pin 2
§ fm £k [T
. 18k ETAMDARD AFPLICATION
- ) - [
.—__1]' Wil W Oulpid

Fa

) o I
4 | DEH.FT ]
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| Tl ., .[
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3o ' igr| Tk
] = =y g I A o Greund o rsjuine b bysen B inod
,‘1“. Y r i ared U cutpa] veBages The inpa? solbiga fiasl
ik
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T

At

m L | rafrdls Spiwly 30V abiye rase reegilhva aeen
;‘E - duri=g e high peinl o e inpd g valiga.
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e cednllad areedng e shipgirg informal on (¢ e ascogs
dim ez o o pags U] ' ihln cnis st
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Ges peecnl mark rg nfoTafion (7 fhe dedkes misidng
sl o pags 14 o tn dais avest.

N e S e R LD OO i Problzaiian Osfer Mot
Sugiinl, J00F - Raw 14 MM

Full details for this component can be obtained frm the following location:

http://www.onsemi.com/pub/Collateral/MC7900-D.PDF
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Appendix D4

Instrumentation Amplifier

augg\m@ % INA114

Precision
INSTRUMENTATION AMPLIFIER

FEATURES DESCRIPTION

@ LOW OFFSET VOLTAGE: 50uV max The INA114 1s a low cost. general purpose mstrumen-
@ LOW DRIFT: 0.251V/°C max tation amplifier offering excellent accuracy. Its versa-
@ LOW INPUT BIAS CURRENT: 2nA max tile 3-op amp design and small size make it 1deal for a

wide range of applications.
@ HIGH COMMON-MODE REJECTION: Asingle external resistor sets any gain from 1 to 10,000.

115d8 min Internal input protection can withstand up to 40V
® INPUT OVER-VOLTAGE PROTECTION: without damage.
40V "

The INA114 15 laser trimmed for very low offset voltage
@ WIDE SUPPLY RANGE: 12.25 to +18V (50uV), drft (0.25uV/°C) and high common-mode

@® LOW QUIESCENT CURRENT: 3mA max rejection (115dB at G = 1000). It operates with power

@ 8-PIN PLASTIC AND SOL-16 supplies as low as +2.25V. allowing use in battery
operated and single 5V supply systems. Quiescent cur-
rent 1s 3mA maxinmum.

AP PL|CAT|0NS The INA114 15 available in 8-pin plastic and SOL-16
surface-mount packages. Both are specified for the

@ BRIDGE AMPLIFIER —40°C to +85°C temperature range.

® THERMOCOUPLE AMPLIFIER

® RTD SENSOR AMPLIFIER

® MEDICAL INSTRUMENTATION

® DATA ACQUISITION

W
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Y 4 + Feedback

A AN
Ay YWY Y 2
- 2 5 !
1 25k 285k DIF Connected
2 25kQ Internally
W _
. M— + '
= kil G=1+ 3060
(15) Rz
. * 3| [Over-voliage Az fgx \2"1-':‘\‘2 (10) Ref
Vi & (5| |_Protection s - h

2 im
piP—* > (soic)
Ve

Internaticnal Airport Industrial Park « Mailing Address: PO Box 11400, Tucson, AZ 85724 + Street Address: 6730 5. Tucson Bhvd, Tucson, AZ B3T06 « Tel: (320) 7451111 « Twac: $10-952-1111
Intermet: hitép:iwww burr-brown.com! + FAXLine- (300} 548-6133 [US/Canada Only) + Cable: BERCORP » Telex: 0BE-6451 « FAX: (520) 8231310 » Immediate Product Info: (B00) 348-5132

(241992 Bunr-Brown Corporation PD3-1142D Printed in U5 A. March, 1998

Full details for this component can be obtained frm the following location:
http://www.chipcatalog.com/Datasheet/1B07243D35E9BE 30F56580F0DC8B03
.htm
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APPENDIX D

Appendix D5

256K Serial EEPROM

MICROCHIP 24AA256/241.C256/24FC256
256K I2C™ CMOS Serial EEPROM

Device Selection Table Description
Part vece Max. Clock Temp. The Microchip Technology Inc. 24AA256/241LC256/
Number Range Frequency | Ranges 24FC256 (24XX2567) Is a 32K x 8 (256 Kbit) Serial

= = ™ Electrically Erasable PROM, capable of operation
24AA256 | 1.8-5.5V | 400kHz ' across a broad voltage range (1.8V to 5.5V). It has
24LC256 | 2.5-58V 400 kHz I E been developed for advanced, low-power applications
24FC256 1.8-55V 1 MHZ(EJ | such as personal communications or data acquwsition.

- This device also has a page write capability of up to 64

Note 1: 100 kkz for Vee < 2.5V, bytes of data. This denice s capabl?e of both random
2: 400 kHz for Vec < 2.5V, and sequential reads up to the 256K boundary.
Functional address lines allow up to eight devices on

Features the same bus, for up fo 2 Mbit address space. This
device is available in the standard 8-pin plastic DIP,
» Low-power CMOS technology: SOIC, TSSOP, MSOP, DFN and 14-lead TSSOP
- Maximum write current 3 mA at 5.5V packages.
- Maximum read current 400 pA at 5.5V
- Standby current 100 nA typical at 5.5V Block Diagram
- 2-wire serial interface bus, 12C™ compatible
- Cascadable for up to eight devices AD A1A2 WP

Self-timed erasehwrite cycle
64-byte Page Write mode available

i . : e} Mernory
S ms max. write cycle time Contral || Control” DEC Ef?;ol‘.ﬂ
Hardware write-protect for entire array Logic Logic

Qutput slope control to eliminate ground bounce Page Laiches
Schmitt Trigger inputs for noise suppressian
1,000,000 erase/write cycles

Electrostatic discharge protection > 4000V
Data retention > 200 years

8-pin PDIF, SOIC, TSSOP, MSOP and DFN Vee e
packages, 14-lead TSSOP package Ves Eo—
Standard and Pb-free finishes available R Control
Temperature ranges:

- Industrial {1): -40°C to +85°C
- Automotive (E): -40°C to +125°C

Package Types

PDIP/SOIC TSSOP/MSOP * TSSOP DFN

a0 1 8[] vee , - y ADTHT 0 Vee
A0 [ o v sopdt o 8[qve ol sofre o 8lve
a1[2 & 7] we acd2 % 7[gwe NeTHI & arfz = Tlwe

2 g shso Z NCTHY & w23 3 8scL
A2 3 s[scL Az 3 6 CscL NC S ) o <o
vss [+ S[OSDA  vssp4 sgspa A2 E':E 2 - h
Mote: * Pins A0 and A1 are no connects for the MSOP package only.

*24XX256 Is used in this document as a generic part number for the 24AA256/24L C256/24FC236 devices.

@ 2004 Microchip Technology Inc. D521203M-page 1

Full details for this component can be obtained frm the following location:

http://wwl.microchip.com/downloads/en/devicedoc/2 DBM.pdf
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