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Abstract

At the conclusion of the Spring 2009 semester, Andrew Dias and Jeremy Glynn were granted the
Tong Research and Development award to advance our BME design project, the ofeakimmncost
spirometer. At the end of the prior semester, we had manufactured a \tgp¢uspirometer prototype. From
June 1, 2009 to August 31, 2009, considerable research and refinements were made to the spirometer. T
spirometer hardware design svanodified to a Fleisch design with the intent of attaining a linear flow
pressure relationship. Numerous capillary designs were tested in an attempt to achieve this linearity. An
investigation into fluid mechanics and past designs, including patentaleseas performed to provide a
knowl edge base for our design. Considerable thc
accompanying software and a detailed set of specifications was drafted. Algorithms that could take a flow
time curve and calculatthe various PFT parameters were tested and evaluated for accuracy against vario
data sources. ThéG and USB communications protocols were researched in order to understand both the
hardware requirements and the firmware programming that would needitme for our design to
communicate with a computer via USB. The PIC18F14K50 was determined to be a suitable microcontroll
for our design and time was devoted to becoming familiar with the MCU as well as investigating the
firmware programming. Standis were researched to ensure that our design would meet all of the industry
defined requirements. Through our work this summer, we have learned a considerable amount about the
design of a spirometer in all the aspects described above and the knowleddengihjprovide an excellent
foundation for our progress during the upcoming academic year.

Introduction

Motivation

A spirometer is a tool that can be used to measure respiratory volume and flow rate. This informati
is commonly used to diagnose chroalistructive pulmonary disease, or COPD. According to the American
Thoracic Societyds Standardisation of SpirometrH
monitoring and assessing general pulmonary function in the same way that tedssal@ is used to monitor
cardiac healtfi. According to the American Association for Respiratory Care, COPD is currently the fourth
greatest cause of death worldwide, and over 600 million have been diagnosed with thé disease.
Unfortunately, health care providers in developing countries are unable to purchase spilmeoatesghey
frequently costs over $1000. As a result, millions of people with COPD are not effectively monitored or
treated.

Spirometry is also essentialtime diagnosis and treatment of asthma, a chronic respiratory disease
that, according to the World Health Organization affects an estimated 300 million people worldwide. The
severity of asthma is especially prominent in low and lemvieidle income countrge where approximately
80% of asthma fatalities occtihis disproportionate amount of deaths in these countries is in no small par
due to the lack of essential diagnostic and monitoring equipment available in these countries. The provisi
of spirometrc equipment at a price affordable to physicians practicing in low and-lowaelle income
countries will help address problems of undexgnosis and undéreatment and raise the quality of care for
millions of people with chronic respiratory disea&geam from IIFBombay has attempted to provide a
low-cost spirometer to address this probfeirowever, this device uses expensive technology, such as
Bluetooth capability, that unnecessarily increases the cost of the dBveceombination of a high and
increasing prevalence of chronic respiratory diseases and the current absence of competing alternatives
creates a massive demand for {o@st spirometry equipment.



Background

Spirometr ic Maneuver

Prior to performing the spirometric maneuver, the spirometsst ive properly calibrated and the user
must understand the procedure and purpose of the maneuver. The procedure may have to be postponed
physician feels that the patient cannot perform the maneuver due to a temporary condition such as illnes
the recent use of inhaled medicafloTo perform a forced expiratory spirometric maneuver, the user must
exhale as forcefully as possible into the spirometer for at least six seconds with no hesitation, coughs, su
maximal effort, or leakagé. Air flow through the spirometer is recorded at 100 Hz, and three acceptable
maneuvers must be obtained with the user to rest between maneuvers

Spirogram and Interpretation

The results of the maneuver are displayed graphically as a VValuneeor FlowVolume curve alled a
spirogram Air volume should be corrected to account for ambient temperature and pressure, and for pati
sex, age, height, and weightCorrections based on race are also stafdatsing the flow data and
spirogram, the following values cae balculated for each patient:

1 Peak expiratory flow (PER) the maximum air flow in liters per second the user is able to attain in a
maneuver

1 Forced vital capacity (FVQ) the total air volume in liters the user is able to exhale in a maneuver

1 Forced expatory volumet (FEV;) T the air volume expired at tinte

1 FEVW/FVC - A useful ratio in assessing pulmonary function.

These values can be used to make preliminary diagnosis of lung obstructions or restrictions and further te
can be recommended. Exgl® of diagnoses based on spirometry values are shown in Table 1.

LUNG DISEASES AND SPIROMETRY RESULTS

Interpretation FEV1/FVC FVC FEV1
Normal person normal normal normal
Airway obstruction low normal or low low
Lung Restriction normal low low
Combination of low low low
Obstruction/Restrictin

Table 1 Diagnosis of airway obstruction or restriction based on spirometry parameters

Commercial Spirometers and Related Developments

Most diagnostic spirometers on thrarketcost over a thousand dollars. This amount of money is too
large for an emerging country clinic to invest in, even if the invedtmireventually be paid baclSome
manufacturers of commercial spirometers include SDI Diagnostic, MicroDirect, afuhWllyn. SDI
Diagnostic manufactures six different spiroarstranging from $995 to $23%8 The Spirolab Il is a top of
the line spirometer that costs $2395 and the Astra 300 is a middle of the line spirometer that costs $1429
(Figure 2). SDI Diagndg advertises higiiech features like a touch screen, Bluetooth, and a bidirectional
turbine with a rotary sensor, and a sturdy carrying case. All of these features drive up the cost of their
spirometers.



spirolab’

Figure 1: The SDI Diagnostics Spirolab Il (Bfand SDI Diagnostics Astra 30@ilichScreen Spirometer (rigft).

MicroDirect spirometers are somewhat more affordable than SDI Diagnostic spirometers with the
SpiroUSB costing $1419.55 and the spiro#Compact
However, the compact spirometer only measures FEV1, so it is not useful in most medical diagnoses. Th
spirometers are also above the range of $50.

Figure2: The Microdirect Sonipactrighg Siromete§™ ) and spiroa

The WelchAllyn SpiroPerfect spirometer (FiguB features single use mouthpieces, incentive
graphics, and automatic interpretation and analysis. This spirometer seems perfect, except for its cost of
$2000 with a calibratiosyringe and $1660 without orié"

- .
L =

Figure 3: The Welch Allyn SpiroPerfectil with calibration syringe?

Overall, all spirometers on the market are far too expensive for use in emerging nations where a h
cost of investment is a huge deterrent from buying them. Cheaper spirometemgplyast accurate or
versatile enough to be used in clinical settings, and with high incidences of COPD in the developing worlc
the lack of a reliable, affordable spirometer is unacceptable.

Recently,sec al | ed fi p o c kave energdd that caeetsere FEV1 in addition to peak
flow. These spirometers are safe to use and have some mathematical checks to verify dataHmnveditaer,
even though these spirometers are inexpensive, they lack capabilities to display graphical information su



volume-time and flowvolume graphsAs such, they should not be used for diagnostic purposes, but rather
a primary screenintf.

Standards to Meet

The American Thoracic Society (ATS) maintains a document with standards that a spirometer mus
meet. TheIntearat i on al Standards Organization (I SO) mali
design makes use of both of these standards, and notable requirements have been included in the Produ
Design Specificatioslocated in the Appendix

Design Overview

Most modern commercial spirometers make use of differential pressure sensors whereby flow and
vol ume data can be calculated from the sensor 0:¢
sensor, and the diagram below illustrates the fibdata:

Component User Spirometer ZMD 31014 PIC18f13k50 Computer
"iLite" chip
What it Expires Records pressur: Analog to digital Converts data Displays data
does through drop conversion, from I°C
spirometer digital format to
amplification USB
Signal Turbulent Airis Voltage signal is Mathematical
Processing air flow laminarized by  sampled at 100 algorithms to
from capillary system Hz. Analog to calculate
lungs in spirometer. digital conversion volume
enters HW 24 pressure is performed.
spirometer sensor outputs  Offset, span, and
DC voltage temperature

proportional to  compensation of
pressure drop  the measured
between leads  signal.

Signal Flow: L/s Voltage: Computer bus:  Computer

Units millivolts 1°C, 14 bit digital bus: USB
signal

Picture

Table2: Order of data flow in the system

Problem Statement

In attempt to increase global access to spirometric equipment, Dr. David Van Sickle of the Univers
of Wisconsinds department of Popul atcbsgreliabtlee al t h
spirometer. The project includes the physical desfghe spirometer, software development, and designing
a universal interface. The spirometer should be capable of measuring lung flows and volumes and shoulc
usable by patients without the aid of a trained technician. The device should also beahtetd to a



computer via USB to display and stohe data. As the procedures are performed, a combination of client
and server software will graphically display flow and volume data, monitor and evaluate the quality of the
maneuver, and instruct the setj when their performance needs to be corrected. The software should also
carry out some rudimentary analysis and interpretation using algorithms that are freely available from the
American Thoracic Society. The entire product should be widely affortiapleysicians in developing
countries and increase the reproducibility of pulmonary function measurements by delivering the
standardized instruction and coaching across test sites.

Spirometer Hardware Design

Fluid Mechanics

The following section definesavious fluid mechanics principles that were considered in the design c
our spirometer. Our testing documentation discusses fluid mechanics calculations with the assumption th
the reader is familiar with these terms.

Laminar vs. Turbulent Flow

Laminar fow is the term used to describe the flow profile of a fluid flowing in parallel sayer
contrast, turbulent flow is characterized by chaotic flow and vortices in the fluid. Biguoeides a graphic
representation of these two flow regimes. In ofdethe differential pressure m&a&red across a resistive
element to have a linear relationship to the rate of fluid flow, the flow regime must be laminar. In general,
fluid tends to maintain laminar flow through a pipe up to some velocity (which isrdessl by the
characteristics of the pipe) after which the fI
differential pressure will be proportional to the square of the flow'fate.

=l'-
(@

(b)

Figure 4: Laminar(a) vs. turbulent flow*

Pressure Drop

As a fluid moves through a pipe, the fluid will tend to slow in velocity due to friction from the pipe
wall. This change in velocity will cause a pressure drop from one point in the pipe to another downstream
point. The magnitude of the pressure ddepends on numerous flow characteristics such as the fluid
viscosity, roughness of the pipe, fluid flow rate and the diameter of the pipe. When flow is laminar, all of
these dependencies can be encompassedressunetdmpas n ¢
oP = FtEl where F is the volumetric flow rate aRds the resistance of the flow area. For a cylindrical pipe,

. 8 . . . - : :
Y= 1_2 wherep is the absolute viscosity of the fluids the length of the pipe, amds the radius of the

pipe. Becase the viscosity of air is so small, it is generally required that the spirometer contains a resistiv.
element, such as a screen or capillary system, to increase the resistance of the spirometer so that the pr
drop is of a measurable magnitude. Heare the device must not employ too great of a flow impedance
becaus@\TS standardsnandate that the resistance of the spirometer must be less than 1%0'Psd(that

the resistancedoest i nf |l uence a paltientoés breathing abil
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Reynolds Number
The dimensionless Reynolds Numigeg is used to characterize whether the flow conditions will
produce laminar or turbulent flowhis number can be calculatednumerous ways, though the form most

used in our design i¥Q= 2‘f—‘bwherer is the capilary radiusVi s t he velocity of th
kinematic viscosity of the fluid. To maintain laminar flow, Reynolds number should be kept belo# 2000.

Testing Reports

Throughout the course of the summer, much testing was done to assesscvanacteristics of the
physical spirometer design. The following section contains our reports for the testing performed between
June 1 and August 31, 2009.

Spirometer Design Tests

At the end of the Spring 20@@mester, our team had constructed a spiremtieat generated a
differential pressure based on the Venturi Effect. This model employed a constriction in the spirometer bc
to cause a pressure drop that was related to the square of the flow. However, because of the quadratic
relationship between fl@ and pressure, the Vemitgpirometer had poaensitivityat low flow rates This
design shortcoming led us to try to fabricate a spirometer that could achieve a lingareiiswre
relationship.
The main goal of the Spirometer Destgsts was to detatine the ability of the spirometer to achieve
laminar flow though the resistive element. To test this, we utilized the air supply in the basement of the E
to generate air flow. Because the air from thesgswas very uneven across the s¥gectional eea of the
spirometer, we inserted a plenum between the air supply and the spirometer. Our plenum consists of a s
of capillarieswith an obstruction in the centef the crosssection to divert airflow across the entire surface.
A pictureof the plenum can be seen in Figbrand Figures shows a schemataf the entire testing system

| A . ‘
! » Figure 5: A view of the capillaries and central obstruction in the plenum
AN

Spirometer

Anemometer
Plenum

Air Supply

iLite

Laptop

Figure 6: Diagram of equipment used for flow testing



Spirometer DesignTest 17 AssessingDesign Options

After researching current industry standards, three models were envisioned that could theoretically
accomplishalinearflow-pressuraelationship. The firsivas a Fleiscltype spirometer that possesses a
system of capillaries inside the spirometer boag (Sigurer). The capillaries act to facilitate laminar flow
by greatly decreasing the radius of pipe that the floids through. In addition, the system of capillaries also
adds a resistive element to the spirometer to generate a measureable diffgesstismeThis system is
currently used in th¥italographPneumotra@and the Burdick Pres&pirometers.

Figures 7 and 8: Examples of Fleisch (L) and Lillgpirometer
being either theapillary tubes or the fine screen mesh.

. The pressure drop is measured across the resistive element,

A second design alternative was the L-tijype spirometer. Instead of using a series of capillaries like
the Fleisch spirometer, the Lilly design utilizes a fine screen as a resistive element capable of creating
laminar air flow. The typical Ly design features a flange or bell shapsean in Figur®. By expanding
the diameter of the spirometer where the screen is located, the design allows air to move at a much slow
velocity through the screen to encourgainar flow.The Lilly design is currently used by the Jaeger and
Hans Rudolf spirometer systentfowever, this bell shape is difficult to manufacture and make into a
portable device. For this reason, our third design alternative consisted of-tyjhdlgpirometer that held a
constant diameter throughout the entire length of the spirometer.

To assess the characteristics of the various design options, we manufactured one of each of the designs
tested their performance on two characteristicglility to generate laminar flow (indicated by a linear
flow-pressure relationship) and 2) The responsiveness of the model, indicated by the magnitude of the
pressure drop through the spirometer.

These three models were also compared to the most advarsexh\of the Venturiype spirometer
we manufactured.

Procedure:

1 Spirometers were connected to the Freescale MPX2010 sensor.

1 An air supply located in the ECB basement was connected to a plenum to create even flow across tl
crosssectional area of the ispmeter.

1 The end of the plenum was directly connected to the front of each spirometer model.

1 Air velocity through the spirometers were measured with the Skywatch Xplorer 2 anemometer

i Outputfrom the iLite signal conditionexas recorded at constant aita@ties approximately every 1.5
m/s, starting at 3 m/s

1 For each spirometer, the data recorded at each velocity was averaged, and the standard deviation ¢
output was calculated

1 Air velocity was converted to volumetric flow rdtesed on the crosectonal area at the end of the
spirometeland graphed against the average output

1C



Results andComparison of Spirometers

ThezZMD 31014 signal conditioner, commonly referred to agibiée0 , h autput directly
proportional to the sensepbltageoutput, which is proportional to the differential pressure across the
spirometer. Therefore, the nature (being either linear or quadratic) of the charts depicting the iLite output
flow would be representative of the flgpvessure relationshiuch clarts for this set of tests can be found
in the Design Test 1 section of the Appendix.

The new Venturi model that we manufactured to meet ATS standards maintained the expected
guadratic relationship between flow and pressure. Venturi models use turlidilewtand a constriction to
generate differential pressure; thus, this was the expected result.

Our manufactured Fleisch model utilized a system of capillarae of small strawgach
approximately8 mm in diameter, to create laminar flow. From thart{Figure B2) the model appeed
successful in generating a linear relationship between flow and pressure. However, thadchamall
number of data points as well avery small output span from the iLite. Testing with a more sensitive senso
showedthat the model was actually unable to generate a truly lineasftessure relationship.

The Lilly model featured a bell shape and mesh screen to slow the air flow and generate laminar fl
This model showed the least response between flow ratédlué enodels. In fact, although the standard
deviation of each flow rate was not significantly higher than other models, it was still generally larger than
the difference between measurements. Thus, although the model appeared successful in gemmenating a |
relationship between flow and pressure, it will need to be significantly refined to produce an output of
sufficient magnitude.

The Brentwood Midmark mouthpiecgas similar to the Fleisch model we created with the addition
of a constriction in conjurtion with the capillary system to increase the air velocity through the capillaries.
This model showed the greatest response between air flows; however, it also appeared to have a quadra
relationship between flow and pressure. Although the model ditize atconstriction, we still expected a
linear relationship because the differential pressure is taken at two points that have the same radius. Thu
only effect the constriction should have is to increase air velocity through the capillanesase the
pressure drop. It is likely th#te Brentwood Midmark mouthpiegeerformed similarly to our manufactured
spirometer in the manner in which it created a more linear relationship than the Venturi mduoetaogtit
was not able to facilitate tedaminar flow the flowpressure curve retained its quadratic nature

A summary of the spirometer testing results are included in Bablee slope of the linear
relationship is |isted as a means o fslogeundicatesaf y i r
larger change in output signal per change in flow. In general, a larger slope is better as it means our
spirometer will be more accurate. However, a larger digply means that the spirometer has a large flow
impedance to cause a larghfferential pressure. The relationship between resistance and responsiveness |
something we will have to carefully balance.

Venturi Quadratic 0-6.42 6.0806.551 Not linear
Lilly Linear 0-5.94 6.1286.227 .0161
Fleisch Linear 0-5.63 5.9996.387 .0677
Midmark Quadratic 0-6.93 6.0997.086 .1486
mouthpiece

Table 3: Summary of Spirometer Body testing

Following the conclusion of this round of testing, we constructed a design matrix to evaluate the different
spirometer configurations. This design matrix can be gse€&able 4 Theresults of this evaluation showed

the Fleisch model to be the most promgsspirometer option, and we chose it to be the focus of our design
efforts.
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Categories Weight Fleisch Lilly with bell  Lilly without bell

Low resistance 25 15 20 18
Material cost 5 4 3 4
Ease of cleaning 20 18 10 15
Ease of manufacture 15 12 7 12
Pressure vs. flow linearity 35 25 30 20
(R? value in Excel)

Total 100 74 70 69

Table 4 A design matrix evaluating the physical characteristics of 3 different spirometer options.

Even though the Fleisch spirometer had the highest relegsistance, the pressure vs flow linearity
combined with the ease of manufacture made it the best design option.

Discussion

As noted in the results, tmeanufacturedrleisch spirometer model which we tested was unable to
facilitate laminar air flowTo examine why the air flow remained turbulent, we calculated the Reynolds
number for this spirometer model. To maintain laminar flow, Reynolds number should be kept below 200(
From our calculations, we have determined that human breath (modeled as % a@gaturated) has a
kinematic viscosity of 1.68 x 10 The velocity of the fluid is determined by the volumetric flow rate and the
crosssectional area of the spirometer body. With
at 14 L/s the maximum flow our spirometer must accommodate to meet ATS standards) is 27.63 m/s. Usi
this value forV and solving for the value ofthat will keepRe< 2000, we find that < 0.607 mmThis
spirometer uses capillaries that are 3 mm in diametess, g design needeid be modified to incorporate
capillaries with smaller radii to ensure laminar flow and a linear-floggsure relationship.

Spirometer DesignTest 2z Hematocrit Tube Fleisch Evaluation

The inability of our prior spirometer, consttad with capillaries of ~3 mm diameter, to achieve
laminar flow led us to develop a new design that utilized smaller diameter capillaries. To manufacture this
design, weaused henatocrit tubes with a 1.&xm diameter for the capillaries. According to oug\pous
calculations, this design should ehéhe requirements to keep the Reynolds number < 2000.

Procedure
1 Manufactured Fleisch spirometer with 152 hematocrit tubes inside functioning as capillaries. The inr
diameter of the tubes is 1.2 mm; the ouli@meter was not factory specified but has been estimated to
be 1.8 mm. Thus, the wall thickness is approximately .3 mm.

1 The capillary system was inserted between two sections of PVC (lengths 4.8 cm and 1 cm) to comp

the body of the spirometer.

1 Air from the ECB supply was passed through a plenum to create even flows across the entire cross
sectional area of the spirometer. The air supply, plenum and spirometer were all connected in an air
tight manner.

Air velocity was measured at the spirometer exihposing an anemometer.

Measurements on the iLite were taken for ~10 sec frdi B/s at 2 m/s intervals, as well as one final

measurement at 13 m/s. The air supply could not generate velocities faster than 13 m/s through our

spirometer.

9 Data from the ilite was averaged and graphesing Excel. All charts can be found in the section
Design TesR in AppendixB.

1 Using equations obtained in previous tests pressure was calculated from the iLite output, and resist:
at each flow was calculated.

= =
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Results

To convert the velocity recorded by the anemometer to flow, the velocity was multiplied by the cro:
sectional area of the rear of the spiromele sectiorDesign Test 2n AppendixB contains a table relating
the measured velocity with the correspomgdilow rate, as well as other readings and calculations performed
with that data.

The pressure readings from the spirometer exhibited a moderate quadratic character. Although the
curvature of the trendline does not seem to be as steep as the Venturithedeh quantitative judgment.
From past tests, we know that the sensor has a lineartautf response to pressufiéus, it must be the
relationship between pressure and flow that is quadratic, indicating that this design did not produce lamin
air flow. Another conclusion that can be made using information from previous testing is that the air suppl
becomes increasingly fAnoisyo (or |l ess consister
standard deviation of the iLite quit as the flow increasedriguresB21 andB22 show that noise does not
increase as pressure increasesheséensor and the iLite are not responsible for this increase in noise; rathe
it is the inconsistency if the air supply

Due to the inability othe design to achieve laminar flow, additional calculations were performed to
characterize the failure. The equivalent cresstional area was estimated by multiplying the esassional
area of a single capillary wall, multiplying this area by the nemab capillaries present in the spirometer,
and subtracting this fAwall areao from the total
equivalent area that is open for air to flow, which was determined t®@®er#’. Porosity was calcated as
the ratio of this open area to the total spirometer area, and for our design was eq@&alTtioeOgjuivalent
pipe diameter represents the diameter pipe that produces an equivalesectiosgl area as the calculated
open area. This diameter svaalculated to be (28 .

Resi st anc e ressarélewy Beaduse iveocamgbnvert the iLite output into pressure for
every flow measurement, resistance can be easily calculated. The calculated resistance values and a ch:
displaying the linear trettine for the data can be founad theDesign Test 2 section of Appendsx

Discussion

Despite using a smaller diameter capillary, this design was still not able to achieve laminar flow. T}
is most likely because of the wall thickness of the hematodrés. The thick walls cause the capillary
system to have a low porosity, and thus a small equivalentsectisnal area open for airflow. For this
design, it is estimated that the porosity of the capillary system is ~0.58, resulting in an equigatent cr
sectional area of ~0.490. Because there is | es:c
increases through the capillaries. This increase in velocity causes the air to remain turbulent despite pass
through a small diameter. Tlebaracter of airflow through a tube (laminar vs. turbulent) can be determined
by finding the Reynolds Number for the flow pattern. The equation for Reynolds N{iRéénrough a pipe

iszzf—“’,wherer is the radius of the pip¥/is the velocityot he f 1l ui d and 3 i s t he

Reynolds Number must be < 2000 to achieve laminar flow. Thus, although decreasing the capillary radius
lowered the Reynolds Number, the resulting increase in air velocity due to the poor porosity of taey capill
system caused the Reynolds Number to remain too high for laminar flow. Our initial calculations that
determined the hematocrit tubes to have an adequate diameter for our design did not take into account tt
effects of the increased velocity.

Besides gnerating a significant increase in air velocity, the low porosity of the hematocrit capillary
system also yielded | arge resistance values. AT
must remain below 150 Pa#® for flows up to 14 L$.* Although our testing apparatus was not able to
generate flows up to 14 L/s, the resistance increased linearly with flow and was already above@batPa/L
6.08 L/s. Using the trendline generated by Excel, it is estimated that the resistancesavddld.be
approximately 260.7 Pafi*. There are two ways to lower the resistance: increase the equivalent cross
sectional area or decrease the capillary length. Finding a capillary system with thinner walls would increa
the porosity of the capillaryystem and considerably increase the cgegional area because resistance is
inversely proportional to*. Utilizing thinner walls would most likely be enough to decrease the resistance t
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within ATS standards. If this was not sufficient, the capillystem could be manufactured at a smaller
length, although this is not ideal as a longer systemimigisnerating laminar flow'.

Spirometer Design Test ¥ Double-Barrel Straw Evaluation

Because the hematocrit tubes were unable to facilitate laminaafi@apillaries within our
spirometer, weonstructed a new spirometer body with dotliderel coffee straws. These straws have
thinner walls than the hematocrit tubes and a smaller diameter than the previous straws used. See the pi
in the Design Tes3 section of the Appendifor a comparison of the various capillary systems tested thus
far. These straws consist of two rectangular barrels approximately 1x2 mm in size and were fashioned to
capillary system 1.5 cm in length.

Procedure
1 Flow testing ued an identical test procedure to that described in our testing documewelicating
the hematocrit tube spirometer.

Results

The first criteron for which we evaluated the functionality of the coffee straws was their ability to
facilitate laminar flow, indicated by a linear relationship between pressure and #ble. B2andFigure
B10found in theDesign Test 3 section of Appendixshows theLite output recorded at the various flow
rates. Two trendlines were overlaid on the dat e
other with a quadratic. As demonstrated by the trendlines on the chart, the Préssueationshigs still
guadratic in nature, indicating laminar flow was not achieved with this configuration.

Resistance of the capillary system was the next characteristic fiested capillary system. The
Design Test 3 section of Appendixcontains a plot of theesistance values at the various flow rates. There
is an approximately linear relationship between resistance and flow, quantified by the trendline shown on
chart. Using the trendline, we can estimate the theoretical resistance of the capillariefs &b Bhsure it
remains below the ATS standard of 150 Pa/(L/E)xtrapolating from the trendline equation, the resistance
at 14 L/s would be equal 82284%014L/s)+ 15.631= 61.614 Pa/(L/s), which is well below the ATS
standard.

Discussion

Althoughthis model of coffee straws was not able to generate laminar flow, there is still potential fc
them to be used successfully in a spirometer design. According to the flow meter patent of Eugene
Tompkins, the minimum length to diameter ratio of the cap#éashould be >10 to facilitate laminar flow,
with greater values (eg. >80) being preferdblén our model, the length to diameter ratio is approximately
10, meaning we are at the very lowest end of the recommended length. Thus, by increasinghtbétlengt
capillaries, we may be able to successfully fabricate a capillary system capable of producing laminar flow
the past, we have been hesitant to lengthen the capillaries because this increases the resistance of the
spirometer. However, as indieak by the experimentally determined values, the resistance of this system is
small enough that they could be considerably lengthened and still meet ATS standards.

Future Work

The ratio stated by Mr. Tompkins in his patent was determined experimerita#lyit ts difficult to
say exactly how much of an effect this change will have on the air flow. Regardless, it would be beneficia
for us to determine the effects of capillary length on both laminar flow and the resistance as we have not
done a quantitaterassessment of these relationships.

Spirometer Design Test 4 Analysis of Capillary Length and Investigation of Commercial Fleisch
Spirometer

The inability of our 3 spirometer models to facilitate laminar flow sparked us to investigate two
different topcs. The first purpose of this testing was to quantify the effects of the capillary system length o
laminar flow. Toaccomplish this, we built capillary systems 3 cm and 10 cm in length to compare to the 1.
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cm system we fabricated previously. Althoughginis not considered in calculag Reynolds number, Mr.
Eugene Tompkins stated in his patent that having a longer capillary system would assist in creating a lamn
flow profile in fluids with a low viscosity. However, because length is not a pareafalculation for

Reynolds number, we are unsure of the exact relationship between capillary length and laminar flow and
will seek to quantify it experimentally.

Our designsd apparent i alsobeddstotguestithe adggacy efouat e
test procedure. We assumed that our test protecold indicatelaminar flow by demonstrating a linear
relationship between the flow rate and the iLite output. However, we wished to verify this fact by testing a
commercial Fleisch spirometéhe Burdick Inc. PrestoSpirometer The linearity of the output from a sensor
connected to the Pr essttoancdoauldd e wshe dc ha so uffleed efise
Burdick, Inc. Presto Spirometer is 7 cm long and has capillaries wijhare 1.0 mfcrosssectional area.

This spirometer also has a wire mesh before the capillary system with square holes of dimension 0.8 mm
0.8 mm.The total crossectional area of the capillary system is 21.4.dthe orientation of this screen with
respect to the capillary system does not appear to matter because the screens can rotate.

Due to a limited availability of some materials, we were unable to connect th@sssaaresensor
for all models tested. Howewrehis did not impact the validity of our tests as we were examining the results
for linearity, not sensitivity. All of the sensors tested have an output that changes linearly with relation to
pressire. Thereforeall of the pressure sensors emplogeecapable of functioning asccuratendicators of
our s pir omeflovereladianship.r essur e

Procedure
1 Flow testing used an identical test procedure to that described in our testing document for the
hematocrit tube spirometétescribed irDesign TesR) The spirometer wdels and sensors tested were

as follows:
1 3 cm capillary system using Honeywell 24PC0O1SMT sensor (suni@cet model, sensitivity 35
mV/kPa)
1 10 cm capillary system using Honeyw24PCEFAG6Dsensor (sensitivity 70 mV/kPa)
1 Burdick, Inc. Preto Spirometer using Honeywe#iPCEFA6Dsensor
Results

We examined the ability of the 3 cm and 10 cm capillary systems to facilitate laminar flow compare
to the Burdick, Inc. Presto Spirometgiite output plotted against fl@ yielded quadratic cues for both
coffee stirrer capillary systems, although the regression coefficient for linear trendlines was 0.97 for both
systems. iLite output plotted against flow yielded a linear relationship for the Presto spirometer with a
regression coefficient of.998. The charts depicting the iLite output vs. flow can be seen Dasign Test
4 section of the Appendix.
Usingpreviously acquired equations from the iLite output vs. pressure tren(fieeBressureand Output

Correlation test repdrtflow impedance was calculated using the formvla —(U). Resistance vs. flow plots

for all systems is shown ihe sectiorDesign Test 4n the Appendix From flows 2 L/s to 7 L/s, calculated
resistance increases by more than 50% in the coffee stirrer systems. For the Presto spirometer, resistanc
17.47 with a standard deviation of 0.70 for flows between 1.06 and 7.75 L/s. In all systems, resittance at
lowest measured flow was higher than resistance at the next measured flow.

Flow impedance for the Presto spirometer was much lower than impedance of the coffee stirrer
spirometers. Extrapolating a linear increase in resistance vyields a flow iopexfén8 . 8 PaAs/ L .
the 3 ¢cm capillary system and a fl ow i mpeddtmsce
important to note that the resistances listed only include the resistance of the capillary systems themselve
anddo not include the resistance of the mouthpiece portion of the spirometer.
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Discussion

The fact that quadratic curves are produced by the coffee stirrer capillary systems but not by the
Presto spirometer suggests that the coffee stirrer capillary systemet facilitating laminar flow. This
result could pose a problem because resistance of the 10 cm capillary system was much higher than that
the 3 cm system, though both were experimentally determined to have lower flow impedance than the
maximum véue stipulated by the ATSL(5 0  P.alrfosdér lto)obtain laminar flow, we would need to
increase the length of the capillary system, decrease the capillanseotssal area, or both. If the length
of the capillary system is increased, then theospater may have too much flow impedance to meet ATS
requirements.

A limitation in the measurement of flow impedance is that flow may not have been calculated
accurately. Air velocity was measured at the output of the spirometer andgectisnal areatdhis end was
used to convert the velocity into a flow. If there is leakage;uroform air distribution, or sudden
turbulence, then the velocities measured may not have been correctly converted to flows by multiplicatior
crosssectional area.

Resiséince of the coffee stirrer spirometers increased as flow increased for flows over 2 L/s. This
result indicates that flow is not laminar because ideal laminar conditions would produce constant resistan
any flow. The Presto spirometer is likely ideddyninar at flows between 1 L/s and 8 L/s because flow
impedance is approximately constant at these flows. This spirometer should thus be used stauadgott
for obtaining laminar flow using a capillary system.

All capillary systems produced highesigtance at the lowest flow measured. We calculated a
resistanceof 300Ra As/ L at a f | oestospifomdeHdwvel, dt aflow of 1 l/shresist@nce
was calculated to be 19.3his value is within three standard deviations of the mesistance, and
resistances appear to be normally distied around the medRigure9), suggestinghat variation is
stochastic.Because error appears to be random, we can treat this spirometer as having constant resistan
above a flow rate of 1 L/s.

Resistance distributions for Presto
Spirometer
8
§6
S 4
o HEE | | - .
1 2 3 4 5
Bins

Figure 9: Distribution of resistances for flows greater than 1 L/s for the BME 310 spirometer. Data is approximately normally
distributed. Bins were defined by 1/5 the difference between the maximum and minimum resistance values

This phenomenon is paralleled by higher resistance at low flows for coffee stirrer spirometers. For
the 3 cm capillary system, resistance decreases with flow for flows under 1.57 L/s. For the 10 cm capillar
system, resistance decreases with flow fovflainder 2 L/s. Because this pattern was observed even in the
Presto spirometewhi ch we are treating as the Agold stan

The reason the team made a design change from a Venturi model to a Fleisch model was that the
Venturi model gave a quadratic relationship between pressure and flow. Because of the quadratic
relationship, pressure measurement at low flows may not be accurate. It appears that pressure measure
at low flows may not be accurate for the Fleisch deagwell because of inconsistent resistance
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measurements at low flows. Thus, the choice of the Fleisch design should be reconsidered. However, it
possible that velocity measurement was not accurate at the lowest velocities, leading to an inaccurate
calculation of flow.

Future Work

In future designs, special consideration should be made for flows at less than 1 L/s. We will contir
to search for finer capillary systems so that flow is ideally laminar for flows greater thanThis/may
include revaluating other design options, such as the {yipe spirometer.

Design Test 5 Port Location Testing

Our spirometer functions by measuring the differential pressure across a restive element within the
body. Therefore, the physical interface betwdensensor and the spirometer has an impact on the sensitivit
of the design. To determine the optimal configuration for the ports connecting the sensor to the spiromete
body, we ran a series of tests as welbaglWorks flow modeling.

When air flows though the spirometer body, the outer layer of air is slowed by the friction against tt
inner spirometer wall. This is known as the edge effect, and the purpose of testing with the ports inserted
the middle of the spirometer was to analyze if our pressieasurements would improve by taking
measurements away from the edge. The quality of the port arrangement would be judged by the slope of
trendline generated by our results. A steeper slope indicates a more sensitive layout, which is preferred f
our spirometer.

Procedure

1 TheFleisch spirometeutilizing small straw (3mm diaete) capillarieswas connected to the
Honeywell 24PCEF6AD sensor and the iLite development board

1 3 port configurations were tested: Both ports on the edge, the front bt edge and the rear
inserted into the middle, and both ports inserted into the spirometer.

1 The rear port could be inserted 7 mm into the spirometer body, but the front port could only be inser
3 mm due to concerns about damaging the spirometer atbgnptetract the port.

1 Velocities of 0,3,6,9 and 12m/s were tested for each port arrangement.

1 iLite output data was averaged and plotted in Excel

1 Following experimental tests, SolidWorks was used to model the three designs and perform flow
analysis testig

1 Inlet air flows were at 10 L/s with 95% humidity
1 3 tests were run with laminar inlet flow, followed by one with turbulent
Results

The charts showing output percent vs. flow are showharPort Testing sectiasf AppendixB.
Immediately, one noticabat none of the data fits a linear model; the presomerelationship is quadratic.
However, the linear trendlines still have relatively highvRues and are useful in quantifying the sensitivity
of the port configuration. In this case, the sensitiof the spirometer is defined as the ability to generate the
largest possible differential pressure at a given flow. From the linear trendlines, slopes that correspond to
sensitivity of the design can be obtained. The design with both ports inddéens in theory the least
susceptible to edge effects, and thus should be measuring air at the fastest velocity.

SolidWorks was also used to model and analyze the models. Each model was tested with air at 95
humidity with an inlet flow rate of 10 L/3.he results from the analysis are similar to the results from our
experimental testing. See Table 1 for the numerical results of the flow analysis. Additionally, the SolidWo
flow analysis was capable of illustrating the pressure gradients and floveptbfiough the spirometer.
Examples of these images can also be fonrlde Port Testing sectiaf the Appendix to visualize of the
data.
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Port arrangement Port 1 Pressure Port 2 Pressure PP

Both on Edge 101.785 kPa 101.329 kPa 456.03 Pa
Rear port inside 101802592 Pa 101225.9641 Pa 576.63 Pa
Both inside 101756.928 Pa 101245.028 Pa 511.899 Pa

Table5: SolidWorks flow analysis results. Port 1 refers to the front port, while port 2 is the rear port.

Discussion
Experimental Conclusions

Observing thdinear trendlines of the results, the design in which the front port remains at the edge
the spirometer while the rear port extends into the middle of the body had the largest slope. A larger slop
means that as air flow increases, the design produeegea differential pressure across the ports. It makes
sense that this design has the largest slope when one considers the flow profile of the air through the
spirometer. The air traveling at the edge would be the slowest (creating the highest prdsleutieg air in
the middle would be moving the fastest. Thus, this configuration takes the pressure differential between t
points expected to generate the lowest and highest pressures, thereby creating the largest differential be:
them. Although thelifference between the port arrangements was noticeable, it was not large enough that
any one design should be considered the only possible option. Other factors, such as ease of cleaning ar
likelihood of clogging, should also be considered in the datisi

SolidWorksFlow Modeling

The SolidWorks model supported our experimental data that the port arrangement with the front p
at the edge and the rear port inserted into the spirometer produced the greatest pressure differential, and
would provideoptimal sensor readings. This design showed that at 10 L/s, it would theoretically generate
pressure difference of at least 65 Pa and up to 120 Pa more than other designs. Our pressure sensor ha:s
range of 01 psi (6.894 kPa) and although a different6®Pa may not seem exceptionally significant, the
sensor6s signal can be amplified with very | ow
makes sense that this design produced a noticeable improvement over the other port arrangaments in
experimental data. However, this theoretical difference is still not of the magnitude that it should be used
the sole consideration in determining the port configuration.

Sensor SelectionTesting

There are a large number of differential pressure sensors available for use in our design.
Characteristics such as the sensitivity, linearity, output type and packaging vary between models. Becaus
sensor is such an integral part of our spirometepaviormeda set otests to evaluate the functionality of
numerous pressure sensdrlBesetests verreperformed in conjunction with our preliminary assessment of
the various types (Lilly, Fleisch, etc.) of spirometers. After completing an evaluatioesefitiodels, we
conducted tests to compare the function of the Honeywell 24PCEFA6D and the Freescale MPX2010 that
had been using previously.

Procedure

1 The MPX2010 and the 24PCEFAG6D were both tested on our manufactured Fleisch prototype using
identicd procedure.

1 Air velocity through the spirometers were measured with the Skywatch Xplorer 2 anemometer

1 Output was recorded at constant air velocities approximately every 1.5 m/s, starting at 3 m/s

1 The data recorded at each velocity was averaged, anatitasd deviation of the output was
calculated

1 Air velocity was converted to volumetric flow rate and graphed against the average output

Comparison of Sensors
The sensor that we had used for testing in Spring 200%hedseescale MPX2010DP. However, we
were interested to see if another sensor manufactured by Honeywell would provide a larger output signal

18



make a quantitative comparison, we attached the Honeywell sensor to our Fleisch spirometer and measu
the output signal to see if there was acgesble difference in the magnitude of the output.

Testing with the same protocol described above, the HonedR{CEFAG6Dsensor produced a
similar linear relationship between output and flow as the Freescale sensor, but with a larg8estbpe.
Senso Comparisorsection of AppendiB for charts depicting the iLite output signal vs. flow for both
sensor modelshis increase in slope indicates that the Honeywell sensor does indeed generate a stronge
output signal at small differential pressures andwag wish to pursue using this sensor in our future
prototypes. However, this sensor is more expensive, and because a major design objective is to maintain
very low cost careful considerationf our sensor choic&as necessaryn addition, there wadso a larger
standard deviation associated with the Honeywell sensor data. In past tasting, the standard deviation of t
measurements was generally due to the noisiness of the signal and was not the fault of the sensor. If the
Honeywell sensor is indee@ynificantly more sensitive than the Freescale sensor, it is possible that we cou
reduce the amplification of the signal. Reducing the gain, as well as transferring our design onto a PC bo.
layout, wouldboth significantly decrease the noise in th@aignd decrease the standard deviation of the
measurements. Tabecompareshe test results and operating characteristics of the Freescale MPX2010DF
and the HoneywelR4PCEFAGD

MPX2010DP 5.9996.387  .0574 0677 17mV/psi $7.65 (qty>100)

24PCEFA6D 18.08320.286 .3205 4591 70 mV/psi $12.31 (qty>200

Table6: Comparison of th&reescaldViPX2010DP and théloneywell24PCEFAGD pressure sensors

Discussion

The Honeywell sensor was capable of producing a signal with a much higher magnitude that will
therefore be less susceptible to noise and have greatéiolewensitivity. In our opinion, all of these
strengths justify the additional $5 cost per sensor theeMPX2010.

Unfortunately, after testing was concluded, we became aware that this exact sensor configuration
not available in a surface mount package. Honeywell does produce a very similar model, the 24PC01SM
which will hopefully suffice for outransition to PCB layout. The characteristics of the 3 sensors are listed
below.

Theoretical Cost Packaging

Output Slope
MPX2010DP 17 mV/psi $7.65 (qty>100) Throughhole

24PCEFA6D 70 mV/psi $12.31 (qty>200) Throughhole

24PCO1SMT 45 mV/psi $9.16(qty>200) Surface mount

Table7: Comparison of sensor characteristics

As seen from Tabl@, the sensitivity of the surface mount sensor is lower than the one used for these tests
However, it is still nearly three times as sensitive as the MPX 2010pwaed cost than the 24PCEFAGD.

To analyze the functionality of each of these sensors in our future design, we composed a design
matrix to quantify the decisiof.able 8shows this matrix, which results in the 24PC01SMT sensor as being
the best choice.
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Criteria Weight MPX2010 24PCEFA6D Surface

Mount

Cost 30 25 15 20
Sensitivity 30 10 25 20
(mV/psi)

Pressure Range 15 5 15 10
Linearity 15 9 9 12
Physical Design 10 9 3 9
TOTAL 100 58 67 71

Table 8 Sensodesign matrix.
The criteria for thenatrix are defined as follows:
Costi The relative amount each sensor costs to purchase in bulk

Sensitivityi The magnitude of the signal produced by a change in pressure. The sensitivities of the senso
are listed in Tabl& above.

Pressure RangeHowwe |l | t he sensord6s recommended pressur
measuring

Linearityit he sensor6s ability to produce a |linear v
Physicaldesigi The sensor 6s ability t ortcordigustionm. f ace moun

In accordance with the design matrix, we will pursue using the Honeywell 24PCO1SMT in future designs.

Pressure and Output Correlation

Data shown in a majority of the testing the charts is graphed as iLite output vs. flow. The output fr
the iLite is directly proportional to the differential output given by the pressure sensors, which is in turn
proportional with the differential pressure across the capillaries in our spirometer. Thus, iLite output is
directly proportional to the pressuacros the capillaries. Howevelhe iLite output has units gfercenin
relation to thanaximumoutput value. This percent output is useful in calibrating the spirometer as well as
interpreting the actual it number that the iLite would output ViZC to a microcontroller. However, the
percentoutputhad no function in calculating physical properties of the spiromateause the exact
conversion from this output to pressure was unkndwrcorrelate the percent output value with an actual
physicalpressure, we performed a series of testing using equipment generously borrowed to us from Prof
Naomi Chesleand a group of her assisting graduate students.

Procedure
1 Useda Halstrup WalcherKal8 r om Pr of . Chesl erds | ab that ¢
through a tube.
1 This tube was connected to the positive port of the Honeywell 24PC01SMT pressure sensor, the
negative port was taped shut at atmospheric pressure
1 Using the equipment, pregre was increased at fixed intervals of either 50 or 100 Pa, depending on tf
test and relevance to the spirometerds expec
At each interval, data was recorded from the iLite for >10 seconds at a sample rate of 100 Hz.
The iLite was seto a gain of 192, A/D offset wad/15, +15/16.
Data collected at each pressure was averaged and the standard deviation was calculated.
Tests were performed on two sensors that were identical in model, but differed in their connection tc
the iLite.
1 Due tothe considerable time that passed while taking the first set of measurements, 3 measurement
were also taken while reducing the pressure back to O.
91 All data was stored in an Excel workbook and graphed. Trendlines for each test were calculated anc
insertedonto the charts.
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Results

Theaveraged output valuesd graphs can be foundthre Pressure Correlati@ection of Appendix
B. Each chart contains data collected with an individual sensor. Both sensors were the Honeywell
24PCO0O1SMT, though they were cortedl to the iLite in two different fashions.
The first set of data, labeléiExternal Connectiom i n t he Pressur e CoB,wasl at |
collected with a sensor connected to the iLite using external wires attached to the Bridge Posigjee, B
Negative, Bridge Sink and Source Voltage connections on the development board. This is the common s
that has been used in all of our previous tests. However, this setup is exceptionally prone to noise as thel
considerable length of poorlgsulated external wiring between the sensor and the iLite. Furthermore, the
connections on the development board itself can be easily dislodged or moved, causing variance in the d

The data graph from this setup contains two data series. The fir§ps@tts (graphed in blue) was
taken beginning at 0 Pa and increasing in 50 Pa increments to 1 kPa. Although we are generally only
expecting a maximum differential pressure of ~400 Pa using our spirometer design, 1 kPa was chosen a¢
ending value so thhave could obtain enough data points to ensure the linearity of the pressure sensor. The
second set of data is graphed in red on the chart. These were the data points taken starting at 1 kPa and
stepping the pressure back down to 0. These measurementskegréecause we wanted to test the
consistency of the pressure sensor and make sure that its measurements did not drift over time. Overall,
wasapproximately 20 minutes of elapsed time from when we started recording data at O Pa to tlee time w
returned to 0 after stepping the pressure back down. Both trendlines are graphed on the chart, but becau:
sensor showed essentially no drift during the course of the measurements the trendlines overlap to a poi
where they are indiscernible. For referenisoth equations are shown on the chart and-colded to match
the respective data points. The measurements taken at identical pressures when stepping up and steppir
down ardisted in Table9, aswell as the difference between the measurements.

Measurement series 0 Pa 300 Pa 650 Pa
Stepping Up 16.4177 19.6516 23.3648
Stepping Down 16.4021 19.6677 23.4440
Difference 0.0156 0.0161 0.0792

Table9: Percent output readings at 0, 300 and 650 Pa recorded while stepping up and down in pressure.

While running these tests, ambient noise caused the percent output from the iLite to noticeably
fluctuate. The standard deviations of measurements taken with this setup ranged &'on® t00.143197
with an average d3.122179 However, these standardwiations are much less than the average percent
increase seen between pressure increments. When displayed on the graph, the error bars were not visibl
because they were actually smaller than t hle che
and far from ideal, it did not detract from the accuracy of the data.

Both trendlines calculated by Excel have identical slope and intercept values. The intercept value ¢
16.434 corresponds to the offset of the sensor as a result of environmentaldadtwill generally change
in between tests. This is a value that will need to be calibrated by the spirometer before each set of tests
performed. However, this calibration will be very simple as it only requires a measurement to be taken at
zeroaif | ow to determine the offset reading. This
scale, pressure meter or other similar device, and can quickly and easily be performed by the user.

The slope calculated using both trendlines is also icrat 0.0107. This value corresponds to the
sensitivity of the sensor and should not change from day to day. This value may change slightly over a lo
period of time, in which case thel3syringe can be used to correct the software algorithm for pingebe
data. This value could also vary between sensors, though in theory it would be nearly identical as all sen:
in a product line are intended to be manufactured with the same sensitivity. This slope value is the most
important data collected frorhe tests and will allow us to correlate future percent output readings with an
actual pressure reading. For any future reading, the difference between the observed daily offset value al
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the percent output at a given flow can be calculated, and thendllwydie slope value to convert to
pressure in Pa.
Due to the susceptibility of the first testing setup to ambient noise, a second set of tests was run u:
an alternate connection system from the sensor to the iLite, and from the iLite to the develmardrin
this setup, the sensor is soldered to a PCB and connected on the board to the iLite. This assembly is in t
connected to the development board using a phone cord. This configuration was assembled by Eric Hoffi
and Isaac Wiedmann of ZMD duag their initial visit to our lab in the spring semester. The setup has never
been used in previous testing because we were unsure of the characteristics of the sensor as well as the
software configuration required to use it. However, now that we aredamith its operation, we will
attempt to use this setup in all future tests due to its significantly lower susceptibility to ambient noise. In
fact, the average standard deviation of measurements taken with this se@up244d4 This value is
consideraly less than the average standard deviation of the first set of measurements and represents a
reduction in the effects of ambient noise of 82.5Pke charts depicting the iLite output vs. pressure for this
setup is found i n t mefthéd Bressue Carrel@ionrsecteon df theoAppendx.e ¢ t |
As expected, the offset value of this assembly was different than the first setup and was found to &
23.791. Though by a smaller amount, the slope of the trendline also varied from the first s@tap and
calculated to be 0.0122. As in the first setup, the slope value will be very valuable as it will allow us to
convert all future percent readings from the iLite into meaningful pressure values.

Limitations

Although theHalstrup Walcher Kal 8grovided by t he members of Prof.
useful, the very small differences between our pressure increments were at the lower limit of its accuracy
The smallest increment displayed on the equipment was 10 Pa, and it was not uncommon to gaganfluct
of 10 or occasionally 20 Pa at each Afixedo pr e
our measurements spanned 1 kPa; thus a fluctuation2® Ea at any given data point should not cause
significant deviation overall, and thiata should be considered adequately precise.

As noted above, the first set of measurements includes data taken after a period of time had elaps
analyze sensor drift. Although the sensor readings were not identical, the marginal differencessitirige
correspond to pressure differences that are smaller than the level of accuracy of the pressure equipment.
Therefore, the small differences between the me
have been a result of the limitpdecision of the pressure equipment. Tdlflsummarizes the differences
between the measurements taken while stepping up and down as taldifference in pressure that
corresponds to the small variance between the measurements.

0 Pa 300 Pa 650 Pa
Difference in Output 0.0156 0.0161 0.0792
Percent
Corresponding 1.458 Pa 1.505 Pa 7.402 Pa
pressure

Table 10 Summary of the difference between measurements and the pressure represented by the difference.

Discussion

An important characteristic of the noise was that it did not increase with increasing pressure. In all
our pasflow testing, as the differential pressure increased (caused by air flowing through the spirometer)
did the standard deviation. We haduaesd in the past that the increase in standard deviation was not due t
poor performance from the pressure sensor, but rather due to fluctuations in the air source that resulted i
fluctuations in the pressure and caused increased variation in the redtlisgrade sense to us because the
air sources used were not well regulated, whereas the sensors were manufactured to be of a relatively hi
quality. Our inferences were confirmed by this set of testing. Because the standard deviations of these
measurenmas did not increase with increasing pressure, we can conclude that the air flows used in past
testing were indeed more variable at higher flows, which resulted in a greater variance in measurements
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our pressure sensor. In short, the pressure seasoagcurately measured the differential pressure in the
spirometer which fluctuated due to an inconsistent air supply.

For both sensor setups, the trendlines calculated from the data fit a linear model near perfectly wit|
R?values of 0.9999 inbothcases Thi s data validates the manufac
excellent linearity within their target pressurt
' inearity, we can apsesserasrslationbhp with grierrcertenyt Any quadraticl o w
character seen in this relationship can be attributed to the spirometer body not achieving laminar flow. Or
we are capable of producing a spirometer body that can achieve a linear relationship between flow and tt
differential pressure across the capillary system, we will be able to use this sensor to generate an output
is linear to flow. This linearity will give our spirometer improved {dow sensitivity as well as simplifying
the calculations to convert the sens@diags into flow values.

Testing Recap and Future Work

Capillary Design

A large portion of our testing this summer was focused on evaluating our various capillary systems
our prototype spirometeFrom these tests, we have learned that to achievedafiow, the capillaries must
have a diameter smaller than 1.2 mm and walls that are as thin as possible to maximize porosity. Capillal
with thick walls are not acceptable for this design because they provide a very high resistance and also li
the aea open to air flow, increasing the air velocity and turbulence through the spirometer. Although the
Fleischtype spirometeappeared to be the design most capable of facilitating laminar flow, we were unable
to manufacture a spirometer capillary systerniwhe required characteristics.

There are a few directions our future designs could take that are potential solutions to our problem
One design alternative would be to widen the diameter of the spirometer where the capillary system is
located. By widemig the diameter, the air velocity through the capillaries would be reduced, and the air
would be more conducive to laminar flow. Another alternative is to take the current design, with the
guadratic flowpressure relationship, and pursue using this modalii future work. Although the
relationship is quadratic, the early part of the flpsessure curve is sufficiently steep enough that we expect
the model would function sufficiently at measuring low flow rates. In fact, there are numerous spirometers
andflow meters that currently use a design in which flow and pressure do not have a linear relationship
fact, some studies on pneumotachographs have found deviations from linearity up to sevef®percent.

With the adancement in microprocessor capabilities, performmaghematical calculatiortbat
involve square rettionships is no longer taxing ¢ime hardware and should not result in a slow performance.
The biggest concern with pursuing the design as is would lmitsensitivity at low flow rates. The
spirometer and sensorods ability to accurately
before holding this design as a viable option.

Model Selecton

Some of our earliest testing showed the Fleisodel as being the model most easily developed to
achieve a responsive spirometer with a linear ffpessure relationship. Through the summer, we have
become aware of the various fluid mechanics principles that affect whether air will flow in a laminar
turbulent fashion through the spirometer, and we have modified our design numerous times to reflect our
knowledge. However, as we were still unable to manufacture a Fleisch model capable of producing lamin
flow, we may have to considether spironeter model options, such as the Lifjype.

Sensor Selection

In the early part of the summer, we transitioned from the Freescale MPX2010DP to the Honeywell
24PCEFAGD pressure sensor. However, we soon learned that this sensor would not be a vialibe option
future design as it does not come in surface mount packaging. Due to this limitation, we then switched to
Honeywell 24PCO01SMT sensor. Although this sensor is not as sensitive as the original Honeywell sensor
tested, it does come in a surfaweunt package for future PCB design. The sensitivity of this sensor is still
considerably greater than the MPX2010DP, and the cost is very sinaitarin the summer, we tested the
Freescale MP3V5004 sensor as it was more sensitive than the 24PC0O1$dvBenBor is unique to others
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tested due to its single ended outand 3V supply voltage. Because of theput style, we were required to
change additional setting on the iLite, as well as set up a voltage divided to power the sensor. A future m
could be ordered that used a 5V supply voltage, eliminating the need for a voltage @ekarse of the
additional circuitry required to utilize the MP3Vv5004, we primarily used the Honeywell 24PCO1MST senst
for our testing and feel that it would be a shbiéasensor for future designs.

Other sensor options may still exist tieatld provide even better alternasvior us.ldeally, the
sensor would be highly sensitive to low pressures, have a stgigeoutput, be available in a surface mount
packagingand be low cost. Sensor manufacturers are continually developing new sensor models, and we
will monitor these companies to see if a new product that fits our needs better than our current selection
becomes available.

Materials and Manufacturing

Two materigs were primarily used for constructing our spirometer capillaries: polypropylene (straw:
and polycarbonate (hematocrit tubes). Both of tisga¢heticmaterials are biocompatibées they will not
cause any adver se r espo s soewillthey react withaddytfluide coinrhonla p ¢
exhaled"®?° However, each of them have significantly different physical properties that lead to different
manufacturing requirements.

Polypropylene straws have very thin walls and tend to cut cleattlyavgharp, noserrated surface.
For this reason, a razor blade was the primary tool used to cut the straws to length. On the other hand,
polycarbonate hematocrit tubes had much thicker walls that were very difficult to cut with a razarblade
fine-toothed handsawT o cut polycarbonate, we were required to ustorized say located in the COE
Student Shop. Polycarbonate also has a very low specificsogtadid a poor job of conducting heat away
from the surface being cut. The poor heat conductaaceasily lead to an excessive heat buildup and
meltingor glass transitioat the cutting site if the proper methods are not used. To prevent the polycarbone
from overheating, a coolant is needed. In the COE Student Shop, this can be accomplisimepthy us
horizontal band saw which allows the user to run water over the cutting site and cool the material.

The small size of the capillaries also causes problems when trying to cut them with tools from the
COE Student Shop. The horizontal band saw usedttthe hematocrit tubes has far coarser teeth than
recommended for such fine capillaries. For the highest quality cutnetioodsare recommended: 1) Drop
the saw as slowly as possible 2) Freeze ice in the tubes prior to cutting. Filling the intdreocapillaries
with ice prevents the capillaries from becoming clogged with debris as well as providing additional coolan
and lubrication (as the ice melts) to the cutting Jitee Manufacturing section of the Appendix contains
pictures depicting theiffierences between the products of proper and improper cutting methods.

Design Validation - Standards and Requirements

ISO 26782:2009

In July, 2009,the International Organization for Standardization released a document, ISO
26782:2009, containing a vatyeof requirements specific to spirometers. Many of these requirements were
identical to those mandated by the ATS. This document did provide additional information about physical
markings that should be displayed on our spirometer, as well as methwedbdating the performance of
our spirometerln Annex B oflISO 26782 it i s recommended that valid
tested with a computer controlled airflow source into which 13 different test patterns would be administer:
The 13 p#erns, as well as the expectmadmonary function tesPFT) results for each of the patterns, are
listed in Annex C ofSO 26782 These patterns would be delivered in an environmental chamber which
could apply a variety of atmospheric pressuresramdidity levels to simulate the different environments the
spirometer would be used in.

Although it would lead a great degree of credibility to our design, it is not financially feasible to
purchase the recommended equipment for validating our spirorAatexamples of a computelriven air
source is the Pulmonary Waveform Generator manufacturétHb@ustom Design & Mfg. L.CMore
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information on this equipment can be found on their webiitp:[/www.mhcdesign.com/products.himA

better alternative fovalidating our spirometer at a variety of flows would be to use an air supply that could
deliver a known volumetric flow. Although we have not located such equipment on campus at this time, w
will continue to question various facullyembergo see if hey have such equipment for us to borrow.

NLHEP Guidelines

The National Lung Health Education Program (NLHEP) has a list checklist procedure that they use
validate commercial spirometeihe review procedure put forth by the NLHEP contains an extistvof
features designated as either required or optional. Optional features are also graded on a scalenfittbim 1
5 being the best. The highest score a spirometer can achieve in their grading lseIlRQHEP will only
evaluatespirometers that va verified they meet the standards put forth by the ATS for accuracy and
repeatability. To prove the spirometeros perfor
Sspirometer 60s t e sdtivennsginge and theg24 ATS speafigavdfoenrs. Copy of the pre
marketing 510k approval letter from the FDA must also be submitted to the NhefBfe they will consider
reviewing a device. Because of these high requirements, it is unlikely that our spirometer will ever be put
through an dicial NLHEP review. However, the checklist of features they inspect has been pubdisived,
canverify that our spirometer would meet their requirements.

IEC 60601-1

The International Electrotechnical Commission (IEC) produced a document descréopigythical
requirements for electrical medical devices. This document was not specific to spirometers and included
much information not relevant to our design. However, this document did contain requirements for the
mechanical strength of specific aspeamfteur spirometer, such as the handle, as well as describe an importa
testing procedure for testing the durability of our spirometer. These requirements and the associated test
protocol are located in Section 4, Clause22bf the IEC document

1ISO10993

This document published by the International Organization for Standardization contains requireme
for biocompatibility of medical devices. According to this document, our spirometer will be classified as a
ASur-€amtacti ng De vHExmosute. With sudh a tlassificationa, the document recommends
that our device be tested for Cytotoxicity, Semation and Irritation The procedures for these recommended
tests are described in the ISO documents 1@83d 10993.0. The document also t&s that the testing
requirements recommended are not always necessary or practical, and that proof of biocompatibility of
similar devices can negate the need for testing. Because a spirometer is a common medical device with \
minimal risk to the useextensive biocompatibility testing will not be necessary. To ensure the safety of ou
design, we only need to ensure that the materials used in the final product will not cause an adverse reac
to the user. The lowost plastic materials we have beemggpolycarbonate, polypropylene, etc.) meet this
requirementand continuing to use similar materials in the future will give our device the required
biocompatibility.

iLite Signal Conditioner

Overview

The ZMD31014, commonl y ok-costsignal @sditidndr tilorgd fdr use e 0
with bridgetype sensors. The iLite is capable of performing A/D conversiornlaige amplification,
temperature and linearity correction, as well as numerous other functions. The chip takes analog input frc
sensor and converts it to a digital signal to be senf@io other integrated componentith a cost of less
than $2/chip, the iLite provides a large amount of practical function to our design without dramatically
increasing costs.
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Use in Design

In our spirometer, the analog voltage output from the spirometer will be directly connected to the
iLite for signal conditioning and amplification. By incorporating the iLite into the design, we are able to
eliminate mag external trimming components (suchagsamps, resistors and capacitdigt would
normally be needed to obtain a clear signal from our sefBeriLite also provides easy adjustment of the
gain and offset values through writing coefficients to the EEPROM rather than requiring manuahgwatchi
physical components.

Assessment of Function

In the middle of the summer, we performed a set of tests that attempted to correlate the voltage oL
of the iLite with the % output displayed by the evaluation softwaiewere hoping to use this cdaton to
calculate the resistance of our spirometer by fzatulating the pressure detected by the sensor from the
voltage output it gave to the iLite. Attugh this methothterbecame irrelevant, this set of testing did serve
to illustrate the functio of the iLite in filtering and amplifying the signal from the pressure sensor.

The procedure of the tests involved connect.i
to a multimeter and the iLite. The hiteter was further connected to@mputer which filtered and
recorded the results using a LabView prograire filters employed by the LabView program were digital
IIR and Butterworth filters, both of which are fairly sophisticated and-wegidrded digital filtering
techniquesHowever, the internal filtering of the iLite showed a considerably cleaner signal with much less
noise than either of the digital filtefsigure10 shows a comparison of the output signals recorded by the
LabView program as well ake iLite softwareDue to the clear improvement in signal quality granted by the
iLite, as well as the elimination of additional amplification and filtering components, we wish te purs
including the iLite signal conditioner in our future designs.

lIR Filter, Test 9 ZMD Output, Test 9
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S 00025 | £ 0 |\
S 0002 8 T N
0.0015 51
0.001 10
0.0005 5
0 ‘ 0 :
o 1 2 3 4 5 6 7 8 0.00 100 200 3.00 4.00 5.00
Time Time

Figure 10: A comparisorof the output from a LabView program using an IIR filter and the iLite

Future Work

The iLite chip will be calibrated to allow for the most accurate readings. The iLite calibration
software requires a@oint calibration to adjust the appropriate offsetch gai n coef fi ci en
are actually 3 output signals throughout the expected range of the &stssrsehe signal output is
directly proportional to pressure, and therefore flow, calibration requires 3 known flowTiae3 points
(flow rates) should be at the minimum, middle, and maximum range that we wish to measure. These poir
should be set to 10%, 50% and 90% respectively of the signal conditioners target range to allow for extre
scenarios.

Because we only require our spirometerecord expiratory maneuvers, the minimum range we wish
our spirometer to measure is 0 L/s. The maximum accuracy of the Jones FVC is 12 L/s. Therefore, our
minimum and maximum points will correspond to the outputs at 0 and 12 L/s respectively, and ha@ri0%
will be set to 6 L/s.

To accomplish the appropriate signals, the Jones FVC will be attached to our prototype spirometel
which is connected to the iLite development board. The Jones FVC will attempted to be plunged consiste
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at 6 and 12 L/s to ateve a constant flow. The data obtained by the iLite software during the two flow rates
will be charted in Excel, and the average signal obtained during the two flow rates will be used as the
expected values to input into the calibration utility.

After the expected output values have been obtained, the calibration utility in the iLite software will
be used. The 0 L/s reading will be taken without plunging the syringe. The Jones FVC will again be plung
at 6 and 12 L/s to achieve the 50% and 90% points.olitput values will be compared to the expected
values generated by the Excel charts to determine if the recorded signals are good representations of the
correct signal output at the given flow rate. If the captured signal output is not very near thedexpkie
for the flow rate, the point will be discarded and a new trial will be performed.

Although this procedure will not yield known correlation between the iLite output and flawwill
adjust the iLite to focus on an appropriate pressure ramgeifimonary measurement. This calibration will
therefore be useful in increasing the sensitivity ofdmsignto air flows within those expected in pulmonary
function testing, as well as reducing the effects of noise on the quality of the signal. Fpliosvihite
calibration, further testing and validation will be required to gain specific algorithms converting the output
signal to a flow rate. This can most likely be doneusinga3syri nge to cal i brate
measurements, and fromat backcalculating the flow rate.

Microcontroller Selection -PIC18F13K50

Overview

The PIC18F13K50 microcontroller is lewost and offers the capability of converting data between
the 12C and USB protocoldt is USB 2.0 compliant and can be programrasuhg a programmer that
operates on USB. This chip costs less than $2.00 in quantities over 100 and can operate at temperature:
between40°C and 85°C. This chip was chosen because it is one of the ontp&iwhips capable of
conversion from?C to USB.

Another alternative we considered was using a very inexpensive and basic microcontroller in
conjunction with a chip madeyl=TDI that performs th&C to USB conversion. The FTDI chip utilizes
drivers that recognize the incoming USB signal as a vi@@1 port on thecomputer However, using this
component would still require a microcontroller to synchronize the FTDI and iLite chips. Additionally, we
ran into issues simulating a virtual COM port on M¥mdows computers. This design was not pursued
becaise of additional cost and complexity.

Programming

The microcontroller can be programmed using the MPLAB Integrated Development Environment
(IDE) provided by Microchip. To perform programming, a programmer is required along with an
appropriate compiler. The C language was chosen for development becergssil provides example
programs and support for baseline architecture.

Hardware Layout

Currently, the PIC microcontroller is located on the development board provided by the manufactu
When the design is migrated to a PCB layout, the hardware cemizpand the layout of those components,
will need to be precisely determined. Fortunately, the development board will serve as a good template tc
mimic for our own design. The entire part listing for the board was included with the kit we purchased, ani
the layout can easily be seen on the board as well as from the schematics provided with the developmen
We should be able to fabricate a working design by eliminating the components unnecessary to our purp
and keeping a very similar layout to thevdlopment board.

Future Work
In order for the PIC microcontroller to communicate vetbomputer via USB, a variety of
information about the device needs to be programmed into the firmware. This information is needed for tf
computer to recognize the P& a USB device. The specifics of the USB communication protocol and the
required specifications we need t o deComemrumaatiorc an
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Protocolssection. The framework for this development is provided by Microa$ipart of the development
kit. However, research will need to be done to determine the exact intended functions and data transmiss
of our spirometer as this will influence the information coded into the firmware.

In addition to firmware programmindjé specific additional circuitry components needed to
incorporate the microcontroller on a PCB will need to be investigated. These components will allow for de
transmission between the PIC and the iLite as well as the computer, and will ensure pospey ofdhe
circuit.

Database Integration

Overview

When a patient performs a spirometry maneuver, all of the data and test scores are stored locally
the computer. This can allow for each computer to maintain its own database of patients that hhet¢ used
particular machine, and data can easily be transferred between mahnges removable storage device
However, there are numerous situations in which storing test information on a database server would be
highly beneficial. One such applicationtbis technology is currently being utilized by a group from the
University of Washington through tt&pirometry 36@rogram. This program has the ability to give
feedback to clinics on how to improve their PFT procedure. The analysis requires upleadeegtified test
data ontdSpirometry 360 data server by the clinics. To make our spirometer design functional with this
technology and other uses, we investigated options for linking our spirometer software with a database
server.

Research

Investigaton into databasing began by acquiring code fl@nnisBurgessat the University of
Washington that held the instructions to set up a mySQL server loaded visintiied data from 100
patientsUsing this code, we were able to set up a local mySQlesémat could be viewed and edited using
a program such as phpMyAdmin. After establishing the database, we sought to extract the raw curve dat:
from the FlowVolume and VolumeTime curves located in the database. This curve data would provide
arrays for ugo test our various test parameter algorithms on, as well as giving us insight and experience v
the framework necessary for creating a database.

RubyonRail{ of t en short ened i$amoperosirtewed Roplicdtian ramework 6 |
basedon the Ruby programming languadising the Rails framework and a Ruby code also suppliedrby
Burgesswe were able to access the database amioeiach curve as@omma &parated/alue (CSV)
array that could be opened in a text editor or MicroseéeEfor graphing and analysis.

The curve data was stored in the databases as Binary Large Objects (BLOBSs), and thus required :
decodingalgorithmto unpack and display the dafde Ruby code library features anpackfunction that
performs this task ahconverts the BLOB into an array. Commas were added between each value to gene
the CSV array for readability and function in external programs.

Future Work

The progress during the semester allowed us to access the 100 patient data sets fromatble SQL t
providedby Mr. BurgessHowever, no actual integration with a network server was perforiméige future,
we would need to set up a host SQL server to store data and then configure our code in Rails to commur
with it. In addition, once the bulsf our software is running on Adobe AIR, we will need to create a bridge
between our AIR application and the Rails framework that has been created to allow our main program tc
access the database.
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Communications Protocols
12C

Overview

1°C, the commombbreviation for Intetntegrated Circuit communications, is adiiectional, oR
chip communications protocol used to transfer data between various peripheral devic&s.biiseréquires
two wires, a Data line (SDA) and a Clock line (SCL). Data transfgynchronous, meaning the data line is
toggled insync with the clock line pulse during a transfdumerous devices can be connected to the same
two bus wires, allowing for seamless communication between multiple devices. To ensure that data does
get disrupted on the bus, only one device can be communicating along the lines at one time.

A device communicating vigC is considered eitherraasteror aslaveduring a data transfeBome
devices have the capability of functioning as either a masteslave, while others can only assume the
slave role. The master is the device responsible for initiating a data transfer, and the slave responds and
accepts data from the master or outputs requested data to the master.

Function in the Spirometer

In our design, the PIC microcontroller will function as the master device, and the iLite will function
as the slave. The PIC will use the Master Synchronous Serial Port (MSSP) module to ha@ile all |
functions. These functions will include handling thec&ing of the data transfer, as welliagiating and
stoppingdata transferwith the iLite. During normal operation, the iLite will be continually outputting 3
bytes data packets to the PIC, 2 bytetheffiltered andamplified bridge data, and onetbyof temperature
data. Thadata packet will be transferred a rate 0100 Hz.As necessary, coefficients will also be written to
the iLite over this bus.

Hardware Considerations
To function, the4C bus requires two pulip resistors. The size of thesigtor is determined by the

desired transfer rate and the capacitance of the dat@tinerding to theMicrochip Technology
Presentation on using the MSSP module, the recommended resistor values for use with the PIC
microcontroller are as follows:

Transfer Rate <100 kbps 100 kbps 400 kbps

Resistor Size 4.7 kOhm 2.2 kOhm 1 kOhm
Tablel2 Mi crochipbs chart of recommended resistors to use

In addition,Philips Electronicsthecompany that designed the 12C bus, hagdlewing specifications for
pull-up resistor sizig:

Where'Yy ¢ = m and where(tis the minimum response time (determined by the data transfer rate
Woo Wi

and g is the capacitance on the bus line. Alggy = where \bp is the supply voltage, 3/ is the

maximum output low level ang| is the specified minimum sink current (3ma for Standard and Fast mode,
20 mA for FastPlus)?! After researchingther designs using@, the values of 1.8 kOhm and 4.7 kOhm
resistors seen be standard values for using the bus.4.7 kOhm resistors should function well in our
design and givatransferrate that is acceptably fast for our applicatom will be used in our future PCB
design.

Future Work
In order to use the MSSP moduwdn the PIC microcontroller, we are required to configure a number
of settings on the devicAlthough we made considerable progrestearning thd“C protocol andsettingup
the PIC to communicate with the iLite viZCl, thePIC firmwareis nottotally functional. In the future, we
will refine this code such that the PIC initiates a data transfer from the PIC once signaled from a compute
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The data should be transferred from the iLite to the PIC and then to the computer via USB where it will
eventuallybe used to generate rdathe sprograms in Adobe AIR.

USB

Overview

The Universal Serial Bus (USB) protocol is a widaged communications protocol typically used
for connecting a computer (the host) to a variety of peripherals (devices). The standardized socket, spee
developer support for this bus has made it highilgcessful in the electronics industry. With USB, the host is
able to detect new devices upon connection and configure them to the appropriate settings. Devices can
buspowered, drawingip to 5Vfrom the host devicdJSB has 3 speeds: Low (1.5 Mbit/Byll (12 Mbit/s)
and HighSpeed (480 Mbit/s).

Every device has at least ooenfiguration one of which is active at a time. Each configuration can
have multipleinterfaces each of which represents a specific function of the device. For every interface, the
can be a number @ndpointswhich are the buffers used in data transfers with the host. An endpoint can
only transfer data in one direction aack labeled numeridglfollowed with anIN or anOUT to designate
the data directiorAll of the above characteristics have to be programmed into the microcontroller firmware
in descriptors

Use in Our Design

Our spirometer will be consideredHuman Interface Device (HIDAs such, it will work at Low
speed. The PIC microcontroller will perform all USB functions and contain the configurations necessary ft
USB communicationsThe microcontrollerwill use either Interrupt or Isochronous data transfer to poll data
from the ilite at a regular interval.he power for the spirometer will also be drawn from the USB bus,
eliminatingthe need to connect to an external power supply or use batteries.

Future Work

Currently, our efforts are f oc beaatbthe RICconnec
development board via th&Q output pins on the iLite board. While the PIC is on the development board, w
can write programs in the MPLAB software to set up the function of the microtientiVe have not
investigated PIC programming depth and thus sill need considerable developmentiimg the
descriptors as well as the main function cdde main code for the microcontroller will consist of setting up
the microcontroller fot?C input, adjusting the clock rate to match ourglesio s ci rcui try, @
registers to act as data buffers, and writing the code to the USB oithplitSB framework software
provided by Microchip with the development board will greatlyiaidetting up the descriptors for the
device When the dsign migrates from the development board to a PCB layout, we will also need to
investigate the additional circuitry components (clock crystal, capacitors, resistors, etc.) that are needed.
Regarding the hardware development, we have found that we wdlleneé kOhm pulup resistor for both
the D+ and Ddata lines.

Software z AIR Development

Overview

Adobe Integrate@Runtime (AIR) is an application that allows a user to run software built using
Adobeds Flash or FI ex d e voedboipusimirlex abdd-ladh are geretalty h o
meant to run in a web browser, AIR allows the programs to function as aadtexeddesktop application.
AIR is especially suited for advanced graphics capabilities and has associated software, available for
purchasewhichreduces the amount of raw programming required to design professional looking
applications. Most importantly, AIR is creptatform compatible, allowing for one application to function
identically on various operating systems. AIR is also foedownload and use, as is the basic AIR software
development kit (SDK). However, due to its graphidensive nature, AIR is more demanding of system
resources than lowdevel programming languages such as Java.
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Use in our Design

The software has theemajor goals: 1) Acquire data from a spirometer via USB, graph the data in
reattime, analyze the data, and store it in the specified format. 2) Provide an easy to use instructional toa
used to teach users and technicians proper spirometry technigBgsar®lyzing the data gathered from the
spirometer and using the instructional material, users will be coached to achieve their optimal performanc
on spirometry tests. A doctor or home user will run a local program &udabe AlRJava platform that runs
on any operating systerA detailed description of the software specifications for this design can be found ir
Appendix C:Software Specifications

Future Work

Development on the AIR platform has not been started. This shoald ibemediate focus of the
team this coming semester. The Java based program currently employed to acquire data from the iLite w
need to be able to send data to AIR. This may be able to be accomplished using the Merapi Project bridg
platform?? Becausano team member is currently familiar in programming AIR applications, this may be an
area of development sent to outside the team to a professional developer. Fortunately, the detailed Softw
Specifications drafted by the team during the summer shoolddgra solid roadmap for a developer to
create a functional and professional looking progiaevisions to the specifications will be made as
necessary to ensure a shared vision of the target product between our team and any outside developmer

PFT Parameter Algorithms

Overview

As described above in the Introduction, the flow data recorded during a maneuver can be used to
calculate a variety of Pulmonary Function Test (PFT) parameters. spidemeters lackethe data
processing cagbility and requiredechnicians to use a pencil and paper method to manually calculate these
values from the Flowolume curve. However, with advancements in microprocessing technology,
spirometers have become advanced enough to calculate all the test parameters automfaivallyes
most used by physicians &f¥C, FEV1, FEV3, FEV6 anBEF Algorithms used to calculate these
parameters were developeda MATLAB programand tested by Varuneshwar Gudisena and Vikram Singh
Bhatnagar during a summer internship at the Unityeo$ Wisconsin.

Algorithm Validation

To validate the algorithms, the raw data curves released in the NHANES IIlI, Series 11 (June 2001
were run through thBIATLAB program. Thesurves found in th&lHANES datasetcompiled by the
National Center for HealtBtatistics (NCHS)are composed of an array listing the change in volume from
the last sample, with the sampling interval at 20. In addition to the curve data, the full dat¢esies all of
thedesiredspirometry test parametefia each curvemakingit a seemingly ideal source for validation.
However, numerous problems arose from using this dataset.

First, a visual inspection of many of the curves in the dataset showed that they were far from an id
spirogram, meani ng (digse pummgsmithe euive) er derdiuhusualty shapedin other
ways. In addition, it appears as thoughdheve data is generally used to construct a voltime curve first,
and then flow data is extrapolated from this generated curve. This seems a verglrounday to calculate
flow-based test parameters since the curve data is essentially given in units of flow. Furthermore, the
methods used to construct the volutimee curve seem to use rectangular integration methods, a very basic
and less accurate methof integration. This conclusion was madier extensive testingy Varuneshwar
Gudisena and Vikram Singh Bhatnagawhich they ran 15 of the curves from the NHANES datasets
through theiMATLAB program. The results of their testing showteeir algorithms produced parameter
values closer to those listed in the dataset when they used a rectangular method rather than more accure
methods, such as trapezoidal integnatAdditionally, it is unclear whether the NHANES curve values had
been Bdy Temperature Atmospheric Pressure (BTPS) corrected.
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Future Work
Due to the numerous ambiguities of the NHANES dataset, as well as the age of the data and

technobgy used to collect,itve have decided to search for other methods to validate ouGdataeof
additional spirometry curves to test the algorithms include the SQL dataset from the University of
Washington provided by Dennis Bygss, as well as the methods described in Annex C of ISO 26782.
Hopefully, when the algorithms are applied tosthelatasets, the results will much more closely resemble the
accepted PFT value®@nce the algorithms in tHdATLAB program have been sufficiently validated, they

will have to be implemented into our software to allow for the seamless calculation aag disihle PFT
values.

Timeline of Design Progress

In the spring and summer of 2009, we developed a prototype that comes close to alzhmenarg
flow (Figurel1l). Inthe next two semesters, we will perform additional testing to ensure that the design
gives accurate and precise values, and that software corrects data appropriately. By May, 2010, we wou
like to be able to magzroduce a lowcost spirometer.

Spring 2009 Developed reliable prototype that gives accurate and precise
readings for a given flow rated volume.

Performed extensive pressure vs. flow testing. Refined design
improve linearity of pressure vs. flow for operation at low flows
Worked on developing opesource software to analyze and
display data.

Summer 2009

Refine design to improve accuracy and religgpfior volume and
flow rate.Verify refinements witiflow and volume accuracy
testing.Test temperature, humidity, and pressure effects
Develop coaching audiovisuals. Completely link patient blowi
to coaching feedbackest effectiveness of coachinging
commercial spirometers vs. our prototype. Prepare design to
meet requirements for clinical testing. Establish human subje
protocol

Fall 2009

Perform esting on human subjects to ensure no adverse humi
effects, or other reliability problems from hamuse. Compare
spirogram from clinical testing with spirometers on the market
Spring 2010 improving spirometer design as necessBerform extensive
clinical testing on humans, both healthy and with lung
obstructions due to asthma or COPD. Prepare to-prassi@

prototype.

Figure 11: Timeline of the past work and future progress of our design.
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In the fall semester, we will also apply for a patent via WARF. Accuracy testing will be performed using a
calibrated Jones syring&hich displays standard flow and volume dateen plunged by the useBy
comparing values the prototype produces, we can revise the design or algorithms.
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APPENDIXA: Product Design Specifications

Low-cost, Opensource Spirometer
Andrew Bremer, Andrewias, Jeremy Glynn, Jeremy Schaefer
Client: David Van Sickle, PhD
Advisor: Professor Mitch Tyler
Last Updated: 7/20/09

Background and Problem Statemerfbpirometers are used to diagnose many pulmonary diseases includin
chronic respiratory diseases th&eat approximately 300 million people. Many of these people do not have
access to a spirometer because current models are expensive and operation requires a trained technicia
administer the procedure. The purpose of this project is to developadbwpirometer usable without the

aid of a trained technician. The project includes the physical design of the spirometer, software developm
to display and analyze results, and designing a universal tool to provide audiovisual coaching on the test:

Client requirements

= =4 -4 -8 _49_9_°2_2
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Interface spirometer with a computer via USB cable
Affordable for use in emerging countries
Handheld and durable
Standardized audio/visual respiration coaching for patient
Easy to disinfect
Minimize calibration
Simple and unived instructions for operation
Graphically display results of FVC maneuver
o FEV
FEV1
FEV1/FEV
FEV6
PEF

FERs9%75%
o Time zero determined by baektrapolation

Monitor and evaluate the quality of the maneuver
Provide feedback to the subject about tperformance after each test
Carry out some rudimentary analysis and interpretation of results

© 0O O0O0Oo

Design requirements

1. Physical and Operational Characteristics
a. Performance requirements

I.  Spirometer: Capable of continually measuring air flows between 0 and 14 L/sec for a
least 15 seconds and recording air volumes of at least 8 L. With a flow of 14 L/s, the
total resistance of the spirometer should be less than 0.15 kPa/L-sec. Deviemavill n
to withstand these pressures and air flows multiple times daily and still be able to
function accurately. Spirometer must still function accurately after it or any
accessories have besubjected to drop testing mandated by IEC 6060dp 115
117. Tre handle must be able to withstand a force equal to 4 times the weight of the
main body of the spirometer. If the spirometer is to be disassembled, markings shoul
be clear to ensure correct reassembly or it shouichpessible to assemble
incorrectly.
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ii.  Sdtware: Should display plots of flow vs. volume and volume vs. time on the laptop
screen preferably in real time, as well as display data numerically. Measurement
display should be accurate to 0.01LIs(for flow). Software should be open source
and capble of runningonLinub ased pl atforms. The pat
smoking status, height and weight must be stored by the computer. In addition,
environmental data such as temperature, humidity, date, testing site and other
information found in Tale 8 of the American Thoracic Society (ATS) standards for
accuracy and repeatability as per AEBS Standardisation of SpirometBp05
update. Data from the measurements should be recorded in the standard format
described in the standards for accuracyrapeatability section ddtandardisation of
Spirometry 2005 update. If data is input in a measure other than the spirometry
standard, the computer should convert the data to the appropriate units. The comput
should monitor and evaluate the qualitylod maneuver and instruct the patient when
changes in the maneuver are necessary. Rudimentary analysis and interpretation
should also be performed. Volurtiee curves should be displayed with the aspect
ratio of 1 L:1 sec, flontime curve should have ai@bf 2 L/sto 1 L.

Safety The spirometer should not pose a choking hazard and should contain no component

that could physically injure the user. Standardized and automated audiovisual instruction ar

coachingin appropriate language and at appropriate literacy lesl@buld esure that the

patient is able to safely perform the test, and if so, safely guide and assist the patient and

provider through the test with a maximum of eight repetitions a8 pPBERS Standardisation

of Spirometry2005 update. The spirometer should aisaffordable disposable mouthpiece

with a minimal lifespan (to minimize the likelihood of reuse) so that communicable diseases

are not spread between users. Mout hpi ece

patient use. 0 toAdniactwith bodilg tisguds dltids or@anses muat be

deemed biocompatible as relevant to their function. Appropriate biocompatibility will be

defined according to the protocol defined in ISO 10298iological Evaluation of Medical

Devices All compaments intended for reuse that come into contact with the patient must be

capable of being cleaned and disinfected or cleaned and sterilized. Instruction manual shou

specify what should be disinfected or cleaned.

Accuracy and Reliability

i.  Spirometer The maximum error for volume readings must be <3% of the reading or

.05 L, whichever is greater. Measurements must be repeatable enough such that wh
measuring a constant flow patterns, all readings fall within 3% or 0.05L of the mean ¢
the readings, whidaver is greater. Linearity error should not exceed 3% when
measured at increments 0.4 to 0.6 L in size for the span of the measurement range.
Accuracy and reliability should be maintained with only initial factsey calibration
in varied temperature arimidity conditions. Mouthpiece should be designed such
that there is no variability in their attachment to the spirometer, which potentially
yields inconsistencies in the length of the spirometer.

ii.  Maneuver Repeatability of the spirometry maneuver dddie graded by the system
established by the ATS and describe&TS/ERS Standardisation of Spiromeg§05
update. Standardized respiration coaching should ensure repeatable pulmonary
measurements.

Life in ServiceThe unit will be used multiple timgeer day for a period of 10 years. Also,
software should be capable of being easily updated to fix bugs and provide additional featut
Shelf Life Unit should be able to withstand various modes of international transportation
Operating Environmen{Theunit should maintain accurate function between 17° and 35° C,
in relative humidity from 30% to 75%, and in ambient pressure 85 to 106 kPa. Exhaled air i
assumed to be at body temperature (37°C) and saturated with water vapor (100% humidity)
The unit m& be operated by a patient without technical training or supervision.
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Ergonomics The spirometer should be comfortable to use with either hand while sitting or
standing. The mouthpiece should be comfortable to use for the duration of a full set af tests
least 10 minutes. Audiovisual coaching tool should accommodate a range of languages anc
literacy.

Size The unit is handheld and easily portable, measuring 10.2 cm (4 in) in length and 3.2 cr
(1.25 in) in diameter.

Weight The maximum weight for the uns 500 grams (1.1 Ib)

Materials The chosen material for initial prototype is nylon with PVC handle. The chosen
materials are abudelerant, easily manufactured on a mass scale, and water and heat resist
to deformity or breaking.

AestheticsApparance, and FinishThe material should look sleek yet not slip when held in
the hands. The user interface should be professional and intuitive. There should be an optic
for entering information in metric or English units. Direction of flow must be martkathe,
address, manufacture trademark, and model identification number or serial number should |
visible on the spirometer. Any markings on the spirometer must remain legible after cleanir
disinfecting, or rubbing. Method of disposal should be labelgpackaging.

2. Production Characteristics
a. Quantity One prototype whose design can be nmassluced and a version of software

b.

required to run the spirometer and display and interpret test results.
Target Product CostLess than $50, preferably around $20

3. Miscellaneous
a. Standards and Specificatiarignit should meet international standards for safety, specifically

o o

those of the World Health Organization (WHO) asedical Device Regulations: Global
overview and guiding principleend should be compatible with a personal computer. Also, all
operation information, such as that printed in manuals, in the motivational coaching softwar:
in operation training softwarend on the spirometer itself, must be conveyed in a universal
fashionformultl i ngual wunderstanding. An el ectr
included with the spirometer.

Environmental impactUse, cleaning, and disposal of consumables shoulel mavmal
environmental impact.

Customer Emerging nation healthcare practitioner

Patientrelated concernsDevice mouthpiece should be replaced between uses

Competition Most devices on the market are expensive:

SDI Diagnostics Spriolab II: $2395

SDI Diagnostics Astra 300 Touchscreen Spirometer: $1429

Mi crodirect spiroa Spirometer: $195
MicroDirect Micro Spirometer: $351.55

MicroDirect SpiroUSB (with Spida5 software): $1419.55

The lowest cost spirometer was developed at the Indian Institutelnhdlegy-

Bombay and costs around $80.

= =4 =4 -4 -8 -9
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APPENDIX B Additional Figures and Tables

Design Test 1
Charts depicting iLite Output vs. Flow for various spirometer models

iLite Output vs. Flow for a
Venturi Spirometer
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Figure B1: iLite output in percent vs. flow in L/s for a Venturi spirometer. Error bars are one standard deviation for data sample
at 100 Hz for approximately 20 seconds. The pressure sensor used WaestwaldPX2010 model.

iLite output vs. Flow for Fleisch

Spirometer
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Figure B2: iLite output inpercent vs. flow in L/s for a Fleisch spirometenstructed with capillaries 3 mm in diametérror bars

are one standard deviation for data sampled at 100 Hz for approximately 20 seconds. The pressure sensor usSexkseehe
MPX2010 model.
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Output vs. flow for Brentwood
Midmark mouthpiece, quadratic fit
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Figure B3 iLite output in percent vs. flow in L/s fahe Brentwood Midmark mouthpiecError bars are one standard deviation
for data sampled at 100 Hz for approximately 20 seconustrendline is a quadratic fithe pressure sensor used was the
FreescaldViPX2010 model.

Output vs. flow for a Brentwood

Midmark mouthpiece, linear fit
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Figure B4: iLite output in percent vs. flow in Lfer the Brentwood Midmark mouthpiecError bars are one standard deviation
for data sampled at 100 Hz for approximately 20 secorfustrendline is a linear fit. The pressure senseduvas th&reescale
MPX2010 model.
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iLite output vs. flow for a Fleisch
spirometer with HW24Sensor
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Figure B5: iLite output in percent vs. flow in L/s for a Fleisch spirometer. Error bars are one standard deviation for data sample
100 Hz for approximately 20 seconds.The trendline is a linear fit. The pressg@ sised was the Honeyw24PCEFA6D
model.

Design Test 2

Data collection table and charts for hematocrit Fleisch spirometer

Velocity Flow % Output St. Dev  Pressure Resistance
%

0 0 24.24020548 0.008955 0 N/A

2.1 1.0640847 25.3322265€ 0.039361 89.29456602 83.91678408
4 2.026828 26.51015758 0.133384 185.613985 91.57855771
6.1 3.0909127 28.31402503 0.313523 333.1162264 107.7727709
7.9 4.0029853 29.88001591 0.479299 461.167301 115.2058443
10 5.06707  32.45769481 0.626979 671.9441042 132.6099904
12 6.080484 35.5851932¢ 0.767116 927.6796553 152.5667456
13 6.587191 37.10571792 0.848443 1052.012954 159.7058525

Table B Table showing various data for a Fleisch spirometer constructed from hematocritThlegsressure sensor used was
the HoneywelR4PCEFA6DmModel.

3¢



iLite Output vs. Flow
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Figure B6: iLite output in percent vs. flow in L/s for a Fleisch spirometer constrdoded hematocrit tube<Error bars are one
standard deviation for data sampled at 100 Hz for approximately 20 seconds. The pressure sensor used was the Honeywell
24PCEFA6Dmodel.
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Figure B7: Resistance vs. flow for a Fleisch spirometer constructed fiematocrit tubes.
Resstance was calculated by dividing pressure by flow. Pressure was ohtsingdte trendline equations in figu20.
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Design Test 3
Pictures comparing the doublebarrel coffee stirrers with other previous capillary systems

Figure B8: Comparison obriginal straw prototype (L) with new doublarrel straws (R)For reference, the PVC inner diameter
is 1 inch.

Figure B9: Comparison of hematocrit tube prototype (L) with dottiderel straws (R).
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