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Chapter 1: Introduction and Justification

The expected maximum daily workloads of employees play an targarle in
many industries. As the success of a company depends gredtly productivity of
its employees, it is important to understand how the energy rewnis of daily
tasks affect an employee’s work output. To answer this questiorcamnmeasure
specific physiological response to various work loads. Indeed,efagonships
between the physical strain endured by employees and theghsyisess applied at
discrete work loads lead to the predications and characterizafipmsductivity that
are of interest to management (Maxfield, 1971).

In occupations where employees are exposed to airborne contamitients
physiological relationship of interest is that between ragpy response and work
rate. Flow meters can be used to assess this relationshigdsunmg ventilation
rates and volumes. Moreover, as these occupations typically réeinesage of
respirator masks to protect the individual from contaminant exposore,nfleters
can be used to evaluate the design of respirator masks and céediooafiridges.
Respirator mask design plays a role in the overall efficadyunfan safety programs
that mandate their use. Respirator masks may be used aadizl&30% of the time
even when their use in a work environment is compulsory (Harpér £981). They
are often rejected due to difficulty in breathing from the addedtbing resistance,
user discomfort, physiological effects, and the accumulation oftsmsde the mask
(Johnson et al., 1997).

The focus of this study is to provide a novel prototype for a flowentaat

accurately measures and logs the average inspiratory flow,(Vdnd Peak



Inspiratory Flow (PIF) of subjects wearing a U.S. Army M40AEpirator mask
during exercise. The objectives are to utilize the prototypek flaes meter to
measure the maximum tolerable workload of a user weanmgsk, characterize the
respiratory health of users, gauge respirator mask comfattdatermine cartridge
life cycles.

Previous assessment of these variables were limited to laotasting due
to non-portable flow meter designs and were insufficient to cleizet the
respiratory performance of workeirs situ. Respiratory performance values obtained
in artificial laboratory conditions may vary considerably frootual performance in
the work environment. The design of an accurate portable flow métgates the
difficulty of obtaining representative measurements and faetitthe assessment of

personnel respiratory requirements.



Chapter 2: Objectives and Requirements

2-1. Main Objectives

The goal of this research was to provide a means to measuréthedPV byq
values of a subject wearing a respirator mask (M40A1l) and carlien ddnister
(C2A1) while exercising. This objective can be divided into thragnrcomponents,
each of which is summarized below.

2-1-1. Flow Meter Design

Design a safe and portable miniature measurement device thattetc
measures inspiratory peak and average inhalation values of a swbprttg an
M40A1 respirator mask with a C2A1 filter cartridgelhe flow meter must not
compromise the protection afforded to the user by the filteridge nor place the
user in undue physical or respiratory stress.

2-1-2. Data Acquisition System

With the aide of a programming language, provide a data acquisystens
that obtains and stores flow measurement values. Particllagsvaf interest
include Vkyg and PIF values. Furthermore, values should be stored in such a manner
as to allow data manipulation and statistical analysis. Find&lé system should be
designed so that it is easily transportable to field for measemt of real, non-
laboratory, values.

2-1-3. Testing

Assess the accuracy of the novel flow measurement deviceaviitbathing
simulator, Krug’s (Life Science, KRUG International Compangn $\ntonio, TX)

Variable Profile Breathing Simulator (VPBS), used to mirhie hatural breathing of



a human. Additional tests will be conducted with human subjectiaane at high

work loads.

2-2. System Requirements

With these objectives in mind, a list of system requirements oidained.
This list was used to apply the research objectives to therfleter system (flow
meter, respirator mask and data acquisition system). As suoh atleetwo separate
lists of design requirements and design considerations. Design reqnoise are
objectives applied to system components and testing, while desigideratisns
apply to the system as a whole.

2-2-1. Flow Meter Design Requirements

- Measure Vg at low, moderate and high work loads

- Measure PIF at low, moderate and high work loads

- Maintain measurement disturbance and outside noise at a minimum (high
signal to noise ratio)

- Low-voltage requirements — less than 5 volts

- Resistances 3% inhalation resistance of a M40Al (2.73 cmH2€x/L at
1.42 L/s flow rate)

- Compact Design — approximately 1” in length

- Uphold the safety capabilities of the respirator mask and carbon filter

2-2-2. Data Acquisition System Requirements

- Acquire accurate instantaneous measurements of airflow witler@rnacke
of + 1% for 5 to 600 L/min range

- Store data every 5 minutes

- Support data sampling rates0 Hz

- Provide operation time 4 hours

- Allow for calibration of the device

- Allow data to be downloaded to a PC

- Permit data manipulation in PC

2-2-3. Experimental Procedure Requirements
- Calibrate the flow meter — steady state and dynamic calibration

- Perform standard operational tasks while performing exerdigeng
experiment



Chapter 3: Literature Overview

The following sections examine results from literature withi& context of
the study’s objectives. The review was divided into three spetibject areas: basic
fluid flow concepts, existing flow meter technology, and known humapinaory
system characteristics and physiological responses.

3-1. Basic Fluid Flow Concepts

3-1-1. Laminar Flow

At relatively low speeds, when particles of fluid move inigtralines that are
parallel to the length of a tube, the flow is considered lamikbBrder laminar flow,
the Reynolds number is below 2000 and the velocity of the particlée icenter of
the stream flow is higher than those next to pipe walls. The stream lines ietaei
and the velocity profile takes on a parabolic shape. As fluidcfgatmaintain their
path of flow, the surface roughness of the pipe is negligible and\elusses are at a
minimum. Under laminar conditions, the pressure drop across a pipesslered
directly proportional to the flow. The Hagen-Poiseuille relatmsshown in

equation 1 can be used to characterize laminar flow (Johnson, 1999).

Priz

Equation 1: Q=
8ln

Where:Q = Flow rate
P = Pressure difference along the pipe
r = radius of the pipe
n = viscosity of the fluid
| = pipe length



3-1-2. Turbulent Flow

When fluid particles are highly mixed and the Rdgsonumber is greatly
above 4000, the flow is described as turbulent.|\viation results in the formation
of eddies and vortices in the velocity profile. eTtate of energy loss due to friction
between fluid particles, referred to as pipe lasgyreatly increased in turbulent flow.
Another source of energy loss, referred to as nlweses, is increased due to changes
in fluid speed and/or direction. The accumulatedslon fluid energy can be
transformed into heat energy, which is then abgbhyethe fluid or the environment.
In turbulent flow, the pressure drop across the gpapproximately proportional to
the square of the flow (Johnson, 1999).

3-1-3. Transitional Flow

If the Reynolds number is between 2000 and 400® fldw is neither fully
laminar nor fully turbulent. In this type of flo®@pme signs of turbulence can be seen
such as local eddies or vortices. However, thesa turbulences are usually reduced
further downstream. In this transition zone, clttans of the velocity profile and

fluid behavior are non-trivial and may be highlynggex (Johnson,1999).

3-2. Flow Meter Design

In determining the most suitable flow design fasthroject it was necessary
to define the parameters of interest. This sectleacribes the selection process
employed and examines the technologies of exidtowy meters prior to prototype

mask flow meter design.



3-2-1. Flow Meter Selection

Currently, there are thousands of flow meters egiptpvarious technologies
on the market. Choosing the optimal device ornetbgy amidst a vast assortment
of competing products requires identification of thesign features that would make a
flow meter well suited for its intended applicatiarhe appropriate flow meter must
be able to handle the fluid of interest; in thisesacompressible inspiratory air. In
addition, the system must be able to be incorpdriati® the M40A1 mask and C2A1
carbon filter canister for respiratory protectivgstem measurements. This
integration should have minimal impact on safetynfort and ease of use for the
user and should not degrade the accuracy of flosorements. The impact on
accuracy can be assessed by computing the exdemtedalues and then measuring
the values produced by each design configuratidi an optimal configuration is
found for those conditions. Finally, the flow meteust be economically feasible.

3-2-1-1. Selection with Reqgards to Fluid of Intéres

One of the most important considerations in selgcii flow meter is the fluid
type to be measured. The limits of detection fowfmeters depend on a specific
range of fluid properties. Certain flow meters designed to work optimally with
only one fluid type: liquid, gas or vapor. The ploal properties of the fluid must be
considered. The viscosity, density, temperatuik @essure of the fluid can affect
how it is handled. The percentage and form of intigs in the fluid of interest are
additional factors that must be considered. Ines@ases, fluids with contaminants

must be purified before measurement (Miller, 1983).



3-2-1-2. Selection with Reqgards to ExpectationlohConditions

It is also important to have an expectation of floev values that are to be
measured with the flow meter. The accuracy of floveters is typically not
maintained irrespectively of the range of flow \edu Flow meters may need to
provide accurate measurements for a single ratiewf i.e., for a steady state flows;
alternatively, they may be used to measure flowanfing rates, i.e., dynamic flow.
Dynamic flows require robust measurement devices pnoduce accurate readings
when measuring a wide range of flows.

3-2-1-3. Selection with Regards to Conditions sfdtiation

The conditions of installation are critical to &shng accurate flow
measurements. Of primary concern are the sizeireggents of the flow meter.
Some flow meters have large volumes and cannotbiyescaled down for smaller
installation environments. The scaling may aldedfthe material selection of the
flow meter. Some flow meters require upstream ftmmditioning with the addition
of pipe length to allow for contaminant filtraticend removal of turbulent flow
effects. It must be noted that while an increasgipe length may allow for ideal
flow conditions, it may also lead to excessive piylerations. Additionally, the
environmental conditions of the room or the envinemt where the measurements
are taken are critical (Miller, 1996).

3-2-1-4. Selection with Regards to Economics andW§gcturability

Consideration of the financial implications of dgsng, manufacturing, and
using the flow meter must be examined. Typicallghsproducts have initial costs

associated with research and development as weitaghiction. Sustainment costs,



i.e., life cycle costs of using the flow meter ovan extended time, include
maintenance and upgrades and may eventually coenfires bulk of annual costs.
These costs include the labor to design the flowenand the costs of the materials to
design a limited quantity. Estimation of cost regsimaking numerous assumptions
about factors including design quality, labor ratesterial sources, and overhead.
Business cases are used to present these estiooatedand to weigh them against the
benefits anticipated to accrue from the use offitthve meter. In some business cases,
although the accuracy of the design may warranerg precise flow measurement
system, the cost-benefit ratio may be prohibitiveigh. If high accuracy and
reliability can be obtained with a system that reggiminimal upkeep, the flow meter
may be a valuable investment (Miller, 1996).

3-2-2. Mass versus Volumetric Flow Meters

Mass flow meters measure the amount of fluid in psuper hour or
kilograms per second. These measurements areubjscs to fluctuations due to
temperature and pressure oscillations. In contkestimetric flow meters are used
when the desired fluid measurement is neededersliper minute or cubic feet per
hour. For measurements of volumetric flow rata gls, a reference temperature and
pressure is needed, as changes in temperatureessupe, affect the gas’s kinetic
energy and the measured volume. Therefore, tnessurements must be specified
with reference to the sampling environment’s terapge and pressure (Goldstein,
1996). In pulmonary function tests, volumetricwiloneters are used and for this

reason, only volumetric meters are examined hereaft



3-2-3. Reduced Cross-Sectional Area Meters

Decreases in pipe diameter in flow meters witeduced cross-sectional area
are compensated by an increase in the fluid vgl@stdictated by the principle of
conservation of energy. That is, an increase uidflvelocity and consequent
increases in kinetic energy will lead to a correspog decrease in the pressure
across the reduced cross-sectional area. Thaveelsimplicity of reduced cross-
sectional area flow meters, lack of internal molibenponents, and serviceability of
external electrical components has led to theiregfdead usage in various industries
(Hayward, 1979). Venturi tubes, orifice and nozflev meters are the most
common type of reduced cross-sectional area meteae discussed below.

3-2-3-1. Venturi Tube

The classic Venturi tube can be divided into foect®ns: cylindrical inlet,
convergent entrance, throat and divergent outlBbe cylindrical inlet of the flow
meter is specified to be the same size as theube tliameter, thus permitting
seamless integration. The convergent entrancanetkby a gradual decrease in tube
diameter, gives rise to an increase in velocity arakcrease in pressure head. The
throat has a fixed cross-sectional area in whieh welocity will remain constant.
Anywhere from six to eight pressure taps are useestimate the average pressure
midway in the throat. The final section of the Wentube, the divergent outlet, is
characterized by a steady increase in cross-settthameter up to the initial pipe
diameter. In this case, the velocity is gradudigreased and the pressure increases
nearly to the initial inlet pressure. To avoid hilpss in pressure, the transitional

sections of the Venturi tube must be smooth ane lgradual changes. With a cast

10



iron body and a stainless steel throat, this tyfploav meter requires great accuracy
and experience in production. Furthermore, a ltudge is needed for the full

development of flow and increased the accuracy easurements (Doeblin, 1996).
However, a long tube would likely be difficult tategrate within a respirator mask
without impacting user comfort and is incompatii¢h the design specifications for
this project.

3-2-3-2. Orifice

An orifice flow meter is a thin plate with a centh@le that is perpendicular to
the flow. The ratio of the plate thickness to hdiemeter, as well as the placement of
the hole, can vary depending on the exact type edsurement that is desired. A
pressure differential on either side of the plai# allow the user to calculate the
volumetric flow rate (Doeblin, 1996). Its easecohstruction, low cost, and readily
available literature renders it an advantageouws fleeter to design.

The simplicity of the orifice, however, does posvesal drawbacks. The
inherent drawback of this design is that the smedb of the drilled hole can
negatively affect the turbulence of flow. Turbydgannot be tolerated as it will clog
the hole and ultimately cause systemic errors.thH@ysame logic, gases that contain
trace amount of liquids require a filtering or hegtelement to assure accuracy. This
is because wear results in the rounding of shagesdf the hole, leading to
inaccurate measurements. Additionally, directlierathe plate, eddies are formed
and the central flow distribution narrows into ectsen referred to as the vena
contracta The eddies in the vena contracta cause a largdaridgsetic energy and

production of heat, generating a high head losiso,Alue to the inability to measure

11



the vena contracta, a coefficient of dischargealsutated based on the orifice plate
diameter instead. As a result, the coefficiemhigch lower than 1 and usually ranges
around the value of 0.6 implying a reduced effectio free area ratio (Hayward,
1979). The accuracy of the flow meter dependshenstale of pressure difference.
The greater the pressure difference, the more atxihe system. Flows that are
30% less than the maximum allowable flow are ofteaccurate. Furthermore, the
condition of flow that is upstream from the flow teemakes a great difference in the
measurement (Doeblin, 1996). For these reasorssd#vice is not suited to high
environmental and mechanical stressors where sgepirmasks will likely be
required.

3-2-3-3. Nozzle

A nozzle flow meter is another variation on thessla orifice plate that allows
for smooth and controlled contractions. Due tostt®amlined design, the interior
surface is more forgiving of harsh abrasive fluidhese flow meters are particularly
suited to conditions of high temperature and higloeity (Baker, 1988). Another
major advantage to nozzle systems is their relgtiigh operational accuracy. The
accuracy increases as the pressure differentia¢ases; the meter is generally not
recommended for use below 10 inches of differentibhese advantages, however,
are offset by their high cost; the higher the aacyrof the nozzle, the higher the cost.
Moreover, installation and cleaning of the interieroften difficult. Therefore,
nozzles are almost always used with clean fluicst tlequire little flow meter
maintenance. It is not recommended with fluidst thiaild up residue (Hayward,

1979). The low level of accuracy at lower presdiifeerential combined with the

12



high costs makes this flow meter an unlikely chdarethis project.

3-2-4. Flow Meters Employing Difference in Pressure for Volumtric
Measurement

3-2-4-1. Drag Plate

Although drag plate flow meters are not typicalhought to be classical
differential pressure flow meters, the basic ppatibehind this flow meter is the use
of the difference in pressure to indirectly calteliow. A drag flow meter contains
a drag plate that is circular and placed perpetatido the flow of the fluid. The
plate is hinged to an externally supported cargilest arm.  The plate experiences
positive pressure on the upstream face and negatégsure on the downstream face
due to small eddies. The plate is then forcethtwe in the direction of the flow.
The arm functions to resist this movement with #ige of a tension wire. Flow
measurements are then made with the signal fromtehsion wire which is
proportional to the square of the volumetric floater of the fluid. This flow meter
does not require an external pressure transdugergaals from the tension wire are a
measure of the pressure difference between thesapstand downstream faces of the
drag plate. Another advantage of this flow mesethie low likelihood of sediment
buildup due to unobstructed fluid flow along it$einor. The flow rate measurement
range can also be adjusted with a change in thgp pledie surface area. However, a
smaller diameter ratio of plate to pipe is neeaedyfeater accuracy, leading to a high
head loss. In addition, the plate and hinge armstgport only a limited range of
fluid forces with typical diameters up to 100mm {Meard, 1979). As it cannot be
used a wide range of fluid flow rates where aca&jrguantitative data is needed, this

flow meter does not meet the project design spatitins.
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3-2-4-2. Rotameter

Another non-classical differential pressure flowtemeis a variable area
rotameter. In this flow meter, a circular floatencased within a transparent pipe.
Fluid flowing within the pipe causes the float tawe from its resting position (a
position indicated when the flow is zero) to a [gatar height. A table can be used to
correlate the height of the float to the volumefitiad flow. The main principle
behind the movement of the float is the equilibriaffiorces acting on it: the pressure
drop across the float corresponds to the forcegratity of the system and the
buoyancy of the float material. Coaxial rotatidntloe float at a particular height is
enabled with surface veins on its body. Theresaneeral advantages to this flow
meter, where its ease of use is one of the forefaosdbrs. Manufacturability and
maintenance of this flow meter is uncomplicatedueng potential expenditures on
repairing and servicing. Indeed, its lack of coegikd internal parts allows the flow
meter to perform at optimal levels for several gealhese advantages come at the
expense of inaccuracy, typically at 3% of the regd{Hayward, 1979). This
precision is further affected when the flow metenot stable, and should not be used
in applications where vibration and pulsation maguw. In addition, the flow meter
only works correctly when it is in the vertical gam, as it must have gravity acting
on it for it to be in equilibrium. This fact reqas design alterations in applications
with a horizontal placement (Baker, 1988) and i$ applicable for this project.
Finally, although visual indications of flow rateagnbe desired in agricultural and
patient biofeedback application, the higher acourat digital readouts are more

desirable for exercise physiology tests and thpgiegtion.
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3-2-4-3. Pneumotachographs

Pneumotachographs utilize the concept of fixediaarifflow meter with a
variable decrease in pressure due to added resstdrhe attainment of laminar flow
conditions is attempted with the usage of smaklngiter tubes. Whereas the pressure
differential is directly proportional to the squané the velocity and therefore the
square of the volumetric flow rate under turbuliéoiv, the pressure drop is directly
proportional to the flow under laminar flow condits. For very low flow rates,
ranging around 0.5 cttmin, the most basic laminar flow meter, a singiitary
tube, can be used (Hayward, 1979). This tube mected to highly responsive
micro-manometer. To enable measurement of slidgtitiher flows, capillaries can
be grouped together in a bundle, thus dividing ftbev by the number of tubes.
Bundles as large as 900 parallel capillary tube® eeen built and are in use (Liptak,
1993). In the bundles, some negligible turbuleiscexperienced at the end of the
capillary tubes. This method can be rather expensior even higher flows, such as
those of approximating peak flow, a honeycomb sehenmused. The honeycomb is
typically composed of stacked layers of sheets witkeries of triangular cross-
sectional areas. There are several advantagdsstdype of flow meter, the most
obvious being the linear flow rate versus pressalaionship over a large range of
flows. They require an approximately constant wsstyoof fluid; fluctuations in
viscosity can upset the linearity of the systemnother major advantage is the
stability of internal components; no shifting pagtast. However, these flow meters
are typically more expensive and are difficult tean. Dust and other debris can

easily clog the capillary tubes. Over an extertgsting regime, the functionality and
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accuracy of the system may be substantially imgame the accumulation of debris
and may hinder its use in specific applicationsyfiad, 1979).

3-2-4-4. A. Fleisch Pneumotachograph

A patrticular type of laminar flow meter is the Felh Pneumotachograph (FP)
designed by Alfred Fleisch that has gained conalderrespect in the academic
community as an accurate flow meter. A cylindricdde with a circular cross-section
houses the flow meter. This flow meter measurew fin terms of proportional
pressure differential measured via ducts acrosereytomb of parallel capillary
tubes. The capillary tubes of nearly triangularssreections are obtained by rolling a
corrugated metal sheet around a central pin oDmrh radius (1981, Zock)Each
capillary tube measures to be 0.8 mm in diametdr3hmm in length. Along the
circumference of the flow meter there are two r@ivsmall holes equally distributed
in the outer tubes. This design option allowstfar flow to be averaged around the
circumference of the honeycomb prior to its pasdagthe pressure measurement
ducts. The honeycomb design allows for laminawflavhile also acting as a
resistance piece. The system’s resistance vages) to or less than 15mm of water,
are not expected to hinder the respiratory systéhe flow and pressure relationship
of the pneumotachographs are linear under capiflavy conditions. When the flow
surpasses these conditions, the relationship isonger linear and deflections in
measurement can be observed. In such small tdbegging due to the vapor
condensations can often cause complications. @éuwmiferential heating element,
consuming 6 volts and 1 ampere of electricity,\adlees this problem (1981, Zock).

Currently there are ten models of the FP availahl¢he market. Each model
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is specifically designed for linear pressure-floelationship under certain flow
conditions. The diameter, length, dead spacewaght of each model are different.
The size of the meter is proportional to its maxmand advisable flow usages. In
total, the ten models are used for flows that raingen 9ml/s to 25L/s. Undergoing
rigorous quality control procedures, each systemravided with calibration values
and reference pressure versus flow data points. e Mpecifically, the pressure
difference between the two ducts leading to thastlacer is related to flow. The
barometric pressure can be neglected as thisaesdtip only concerns the flow and
air viscosity. Each system is further verifiedetasure accurate and equal readings
when used for both inhalation and exhalation. @ligh an interesting prospect, the
FP in its current form is not applicable to usageaiportable flow meter where a
compact design that can be integrated with the M4&id C2AL1.

3-2-4-5. Pitot Tube

Pitot tubes are essentially small tubes that acprassure taps and are
perpendicular to the flow of the fluid. Two difeart values are obtained with pitot
tubes: stagnation or total pressure and staticspresof the free flowing stream. The
stagnation pressure is the pressure required teecbthe kinetic energy of the fluid
into pressure. The static pressure is measurgudssure taps on the outside of the
pitot tube. The difference between the static ures and the stagnation pressure is
referred to as the dynamic pressure and can beumeebby a pressure transducer.
The dynamic pressure can be used to evaluate dleviélocity. Typically, pitot
tubes are used only to obtain the velocity of thedfflow in the centre of the tube

from the dynamic tap. If several dynamic tapsuaed, however, the system of tubes
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can determine the volume flow rate as an averag@eopressure difference in the
taps.

The major issue with pitot tubes is the difficulily attainting accurate
measurements. If the tube is misaligned withviddecity profile, the pressure taps
may Yyield readings of a component of the velocdther than the true value. Thus
over a wide range of flow, the accuracy of pitdids is generally low and not a great
fit for this application (Liptak, 1993).

3-2-5. Rotational Flow Meters

Rotational flow meters contain revolving mechanicamponents that
measure volumetric flow rate of a particular fluithese flow meters are typically
used for liquids. Some alterations must be madédo meters to be suitable in gas
fluid usage. Due to their low density, and therefiow fluid energy, gasses typically
lack the energy to propel rotational meters. Thoees such designs must endeavor to
reduce loss of energy. One of the simplest methodsccomplish this goal is to
decrease energy lost due to friction. This goamianifested in various design
decisions for the rotational flow meters that atemded for gas measurement. There
are two types of meters that are examined: posdigplacement root and turbine
flow meters.

3-2-5-1. Positive Displacement Root Meters

These flow meters have gears roughly in the shdpdeonumber ‘8’. It
displaces a certain quantity of fluid portioned ointolumetric sections and
subsequently counts the number of sections thadligpdaced. It is most accurate in

measurement from approximately 15% to 90% of theimal flow rate. Within this
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range where it is most linear, highly accurate measents of ©6.5% are easily
attained (Hayward, 1979). The peak measureménésare 2riis with pressure of
up to 80bar. As the flow and pressure increasesweight of the system increases.
Thus, these flow meters are rarely used in appbieatrequiring greater than 20bar
pressure. Another drawback is the linearity of phessure versus flow relationship
that can become disturbed by upstream flow condtio The velocity profile is
further disturbed with pulsations. Additionallyhig flow meter can only tolerate
filtered fluids, as any dirt or debris will wearetlyear system and reduce tightness of
seals and reliability of the readings (Hayward, 997With the possibility of reduced
seal capabilities and the high probability of ptitsas affecting flow measurement,
this flow meter is not suited for application instiproject.

3-2-5-2. Turbine Flow meters

In this type of flow meter, a rotary fan is usedpamdicular to the flow of
fluid. The fan is large enough within the pipentaintain seals with the side walls.
The speed at which the fan spins will depend orfltve rate of the fluid. The linear
velocity of the fluid determines the rotational ety of the fan. A sensor is used to
determine the rotational velocity of the fan andstldetermine the flow rate of the
fluid. The blades are either made of magnetic rredter have magnetic inserts. A
magnetic sensor in the pipe wall measures the spietb@ blade crossing a particular
point and outputs appropriate voltage values. ditai pulse rate flow meter can
measure the instantaneous flow rate. Integrahegotulses with respect to time will
attain the total flow of the fluid (Doeblin, 1999 he size of the flow meter affects

the speed of blade movement and therefore the \ahorflow rate measurements.
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Large flow meters have heavier blades and correBpgly lower flow rates
(Hayward, 1979). The turbine’s speed is not nexsdgdinearly proportional with
fluid flow rate. By keeping energy losses at aimium, such as friction and heat
buildup, one can aim for a more linear ratio. Efffect of viscosity and temperature
fluctuations due to friction on the linearity oftimeter is most prominent at low flow
rates. At higher flow rates, in turbulent flowketeffects of viscosity on linearity of
the flow meter are minimal. Manufacturability ofsmall flow meter is rather
difficult, as the geometry and smoothness of thedéd and bearing can have
significant effects on the velocity profile. Fuetimore, there is typically an inertial
lag in the response of the fan. Thus for usage dynamic system where compact
design is required, the turbine flow meter is natesirable system to use (Doeblin,

1990).

3-3. Human Respiratory System Characteristics amgpBnses

The prototype mask flow meter is designed to meathwe human respiratory
system’s reaction to assorted workloads. Of pryncancern is the ability of the flow
meter to correctly capture the complexities ofripiratory cycle during both resting
and more dynamic flow conditions of higher workesat Accordingly, respiratory
cycles and volumes as well as average and peakréitas are examined; in addition,
the effects of additional resistance on the respiyssystem are considered.

3-3-1. Respiratory Cycles

The respiratory system obtains oxygen and elimghasgbon dioxide by a
series of volume and pressure changes in the lmgatigcle. This cycle is divided

into two phases - inspiration and expiration. Theatlon of the two phases in the
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breathing cycle vary and has been deemed to depende workload. At rest, for
example, the inhalation portion is approximatelg émrd of the total breathing cycle
(Johnson, 2006).

During inspiration, muscles in the thorax work tqand the total volume,
decreasing internal pressure and allowing freshoarush into the lungs. There are
two types of inspiratory modes — quiet and foraespiration. In quiet inspiration, the
diaphragm and intercostal muscles work to incre#ise thoracic cavity by
approximately 500mL. Deep or forced inspirationlizés additional muscles to
further increase the thoracic cavity volume andsthllow a greater volume of gas
exchange (Marieb and Hoehn, 2007).

At rest, respiratory muscles relax during expimaticdhereby passively
compressing the thoracic cavity. This relaxatioordases the thoracic volume and
increases the internal pressure, which forces dgmated air out of lungs. Forced
expiration, on the other hand, can be achievedchyedy contracting abdominal wall
muscles (Marieb and Hoehn, 2007).

3-3-2. Respiratory Volumes

In pulmonary function tests, several different terare used to quantify the
exact volume of air in the lungs. The four ternsgdito define respiratory volumes
are tidal, inspiratory reserve, expiratory reseraed residual. These volumes can
then be combined to form the four main lung capeitof total lung, vital,
inspiratory, and functional residual capacity (Méri2007). These values are given

in Table 1.
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Table 1. Respiratory Volumes and Capacities (adapted fromeida2007)

Adult Adult
o Male Female
Term Definition
Average | Average
(mL) (mL)
) Inhalation and exhalation
Tidal Volume _
V) volume with each breath 500 500
during rest
Inspirator
P y forced inhalation volume
Reserve )
after normal tidal volume 3100 1900
Volume i .
inhalation
(IRV)
Expiratory _
forced exhalation volume
Reserve .
after normal tidal volume 1200 700
Volume )
exhalation
(ERV)
Residual Remaining volume of air in
) 1200 1100
Volume (RV) | lungs after forced exhalation
Total Lung .
i Max volume of air in lungs
Capacity L 6000 4200
after forced inspiration
(TLC)
Vital Capacit Max volume of air that can
VO) pacity be exhaled after forced 4800 3100
inspiration
) Max volume of air that can
Inspiratory .
) be inspired after normal 3600 2400
Capacity (IC) o
expiration
Functional o
. Volume of air in lungs after
Residual )
. normal tidal volume 2400 1800
Capacity .
exhalation
(FRC)

3-3-3. Average and Peak Inspiratory Flow

Peak flows occur when the flow rate changes rapidiF is defined as the
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highest inhalation flow rate achieved over a patéictime period.

Typically, PIF values fluctuate around 350 L/mirDuring exercise, PIF
values increase with work rates. More specificdlfs has been measured by several
different laboratories at different levels of VOZx At 80% VO2 max, Jansen et al.
(2005) obtained 9% percentile peak flow of 365 L/min. At 80 to 85% 602 max,
Johnson (2006) attained'9®ercentile of 359 L/min, with one subject peakitgl42
L/min. At 90%V0O2max, peak flow of 321 L/min wasufad in subjects wearing
respiratory protective masks by Berndtssen (2004).

PIF values have been compared to average flowitoagbetter understanding
of its significance. Specifically, the PIF/ M ratio has been examined in subjects
with and without respirator masks during moderatd aeavy workloads. This
allows researchers to determine the difference dmtwwhat the subject typically
experiences (Mlg as compared to strenuous conditions (PIF). &he depends on
the shape of the breathing wave form, with the ésglratio to be expected for a
sinusoidal waveform (Johnson, 1991). Peak flow sratan be estimated by
multiplying = with average flow rate for sinusoidal wave shaji&syne et al., 2006).
Jansen et al. (2005) determined values of 2.5&dd3.inhalation only, with a rise in
variability with increasing work rate and a deceeas ratio at higher work rates.
Moreover, Jansen et al. noted that ratios were a&llgibigher in female subjects than
male subjects. Johnson (2005) noted ratios of f2i8both sexes during the 50% duty
cycle. The assumptions from these methods of méaterg the peak flow rates are
reasonable but not ideal because breathing wavsfatrhigh workloads are similar

to trapezoidal or rectangular shapes rather thamntssoidal forms (Silverman et al.,
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1943; La Fortuna et al., 1984; Kaufman and Hastifg864).

In subjects with healthy respiratory systems, appmately 1% of all
measurements obtained during exercise are PIF valdehnson, 2006). The
relatively short duration of peak flow has allowsaime researchers to challenge its
significance in measurement. Jansen et al. belilegeshort duration of PIF and
therefore small volume of inhaled unfiltered ainder PIF an insignificant metric
(Jansen et al., 2005). Coyne et al. (2006), howesasert the significance of PIF by
noting that the frequency of occurrence of PIFasknown. If the frequency of PIF
occurrence is high, then the volume of inhaledlter®d air may be high enough to
pose a considerable health risk to the user.

Johnson et al2006) highlighted yet other reasons for the sigaiice of the
measurement of peak flow on filter protection. rk¥n’'s position was that the
subject should be an integral part of the maskesyst PIF experienced during hard
work affects respiratory work, flow wave shape, ateleloped muscle pressure.
Indeed, high PIF can lead to an increase in presand thereby an increase in the
work rate of the user’s respiratory system. Theszofs, in turn, affect the user’s
comfort. Based on a survey, subjects who are ufurteble and have difficulty
breathing are more likely to not wear masks, rdgasdof hazardous conditions.
Therefore, human needs cannot be dismissed in fa#vpracticality in mask design.
Furthermore, designing a flow meter that accuratelgasures the peak flow is
imperative in mask design and respiratory rese@chnson, 2006).

An ideal instrument is one that not only measuhesriormal values, but also

the minimum and maximum values as well. In theadSlow meters, the maximum
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value corresponds to the peak flow. As such, liofes that peak flows should
inherently be measured to give users the full ranfy@alues experienced during
work.

3-3-4. Inspiratory Resistance

The effect of resistance on work performance isitecal factor that must be
considered in respiratory protective systems. fragecrease in work time and
misuse or lack of usage of the respirator masksuia@ng the negative consequences
associated with the high resistance values.

Johnson et al. (1999) tested six men and womeneeeithe ages of 18 to 34
with an M17 full face piece mask. Each subject wested with six discrete
resistance levels at a flow rate of 85L/m at 8@%60 of their VO2 max. At a very
high level of significance, they observed that parfance time decreased linearly as
resistance level increased.

When the resistance is increased, the inhalatiow ftharacteristics change
from laminar to more turbulent flow. With this citge, the percentage of expiration
in the breath cycle is reduced. Furthermore, asetthalation percentage decreases
due to an increase in work load, the total worketidecreases. Ultimately, any
increase in inspiratory resistance leads to turiiutespiratory flow, a decrease in the
percentage of expiration, and a decrease in wartkqmeance (Johnson et al., 1973).

Inspiratory resistance must be translated into gmegjoals, by aiming to
maintain as low a total resistance value as feasifilhe respirator mask and carbon
filter cartridge alone, with a resistance levelapfproximately 2.73 cmH20.sec/L,

accounts for a 25% decrease in performance (Johd889). Any great addition to
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resistance will greatly hinder workers and is uiraéde.

The design goal of decreasing resistance as sadgbpssible has been argued
by Deno et al(1981) and Babb et .a{1989), who were unable to properly test the
relationship between inspiratory resistance anckvparformance. They concluded
that inspiratory resistance has minimal to no $igamt effect on performance times.
This conclusion, however, cannot be upheld in aegdncontext as subjects were
tested outside of work rate that would induce magpry stress, the respiratory
sensitivity range. When the performance time rarigan five to fifteen minutes, the
work is most sensitive to respiratory stress. ey higher workloads are sensitive
to cardiovascular stress, while lower ones areitemso thermal stress (Johnson and
Cummings, 1975). Therefore, unless subjects aderunork loads that approach 80-
85% of their VO2 max, they will note little variat in their overall work function

due to increase in inspiratory resistance (Cagétti.,1998).
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Chapter 4: Methods

The methods of this project can be divided into main components, each of
which is targeted toward the realization of thevpmesly discussed objectives
(chapter 2). Methods detailing the system developmecluding final Mask Flow
Meter (MFM) design and data acquisition system, iditaah to experimental tests

which verified the accuracy of the MFM system aresprged in this section.

4-1. System Development

4-1-1. Flow Meter Design

The final MFM design was a pressure differential metéh a wire mesh
screen used as the resistance piece for a compaignd(engineering drawings in
Appendix A).

Implementation of a compact design was made passibtough the
employment of two aluminum mesh screens adhereethieg to form the resistive
element in the MFM. The usage of the two mesh ssrees derived after several
iterative tests indicated their specific advantagemaintaining resistance small
enough to not hinder the natural breathing cycldendt the same time producing a
pressure difference detectable by the pressureduaer (results in section 4-1-1-1).

Ports were used to allow for the attachment ofesgure transducer (5 INCH
D-4V, manufactured by All sensors, Morgan Hill, C#) the main body of MFM.
The inlets to the pressure transducer were positicguch that one inlet was placed
on either side of the mesh screen to measure #ssyme difference across the screen.

A modular design was chosen so that all internahpanents can be easily

replaced and or upgraded, thus easing any needetemance (Figure 1). There are
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six internal components: 2 inner tubes, 1 mesh itmogiming, 1 mesh resistance, 1
mesh locking ring, and 1 gasket. Two inner tubesused as spacers for the pressure
transducer ports. With four small holes placed@glthe circumference of the inner
tubes, an average of the flow was obtained by tlesspre transducer. The mesh
resistance piece was held in place with a mesh tmguand locking ring. Finally, a
single gasket was used to ensure tight seals.hésespirator mask is fitted with its
own rubber gasket, an additional gasket is notiredufor the MFM — respirator

mask connection.

Pressure Transducer
Ports

foner Tube 1 I fonsing.|

Inner Tube 2

Pressure Transducer
Attachment Foints

Figure 1. Final form of Prototype Mask Flow MetdthwSeven Components

For the simplest design, the MFM should be extetoathe mask and
connected to one of the M40A1 respirator mask irtwedabutlets. In this way, there
is no need for additional cutouts or alterationshi® respirator mask and the flow of

inhaled air must pass through the MFM. Two loaadiavere identified that met these
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conditions: outside the C2A1 filter canister onieen the canister and the respirator
mask. Concerns about measuring laminar flow witbceeen were addressed by
placing the flow meter in between the C2A1 filtantster and the M40AL1 respirator
mask. In this way, the reduced diameter of thanokl flow due to the carbon
particles embedded in the C2A1 can reduce the presef eddies and vortices and
therefore decrease the Reynolds number. An additadvantage of this placement
is the low probability of having the mesh screeogged as the C2A1 will filter
debris and particulates.

In the final design, the MFM body was connecteddthlihe respirator mask
and carbon filter canister with unique Nationaltitage for Occupational Safety and
Health (NIOSH) threads (Appendix A). On the sidmmecting the MFM to the
mask, male threads were utilized. The filter safethe MFM required female
threads. Determination of the number of threadsgmted an issue as it affects the
stability of the flow meter. On the one hand, ghhihnumber of threads decreases the
probability that the MFM will loosen during operai®where the mask and carbon
filter canister are subject to the highest stressl$. Numerous threads, on the other
hand, unnecessarily elongate the body of the fletemand add excessive torque to
the mask. Therefore, the smallest number of tlzre¢hdt would allow for a stable
system was determined. This number was derived @bservations of C2A1 carbon
filter canister connection to the M40. When attagithe C2A1 carbon filter canister
to the M40, only two full threads are used. As Hitglof the carbon filter canister
and respirator mask combination has been demoedtiat its years of usage, the

same number of threads was chosen for the MFM.

29



Another direct advantage to a compact design de@ease in the overall
weight of the MFM. The weight of the MFM must bek& a minimum to avoid a
large increase in weight to respiratory protectgeipment worn by users. Although
the thick straps act as the suspension systemhérdspirator mask and hold the
canister when the wearer is stationary, when thaevas running the weight of the
carbon filter canister causes it to jump and pulltle wearer’'s head. Furthermore,
when worn for long periods of time, the frictionusad by straps rubbing on the
wearer’'s head could result in sensitivity around thetal buckles. Friction of the
nose cup and jerky movements of the mask can teddstomfort and even pain for
wearers. For these reasons, it was imperativetlieatlFM adhere to a compact size
and light weight.

4-1-1-1. Screen Mesh Resistance Determination

Meshes with a wide range of porosity values weréviddally inserted into a
tube of a six inch length. The material of theetuas consistent with the material of
the prototype (polyvinyl chloride) as to alleviateaterial frictional differences that
could lead to pipe loss. The tube was then atththa steady state flow source and
the pressure difference was obtained at low flolwes with a pressure transducer.
In addition, the tube alone was connected to atlregasimulator device to serve as a
control. The final mesh resistance choice wasvattethe least resistance needed for
a pressure difference measured by the pressusitreer.

Four varieties of mesh screens were iterativegdus determine the type for
which the optimal balance between the toleratetsteesce and pressure differential

could be achieved. At a steady flow of approxinya®) L/min, the voltage output
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and pressure equivalent of a single pressure tn@esavere measured for each screen

(Table 2).

Table 2. Voltage and Pressure Output from Pres$ua@sducer in Response to

Various Mesh Resistance Values

Pressure Pressure
Mesh Screen Description Transducer | Equivalent
Output (V) | (cmH20)
Control 1.4 -5.43198
High Porosity Fabric Screen — Nylor 1.44 -5.191608
High Porosity Fabric Screen — Cotton 1.45 -5.131515
Stainless Steel Screen* 2.01 -1.766307
2 Stainless Steel Screens* 2.98 4.062714

Note: Stainless Steel Screens were made of 16 waesch, with 0.018 inch wire
diameter.

The control was measured without a screen andesepts the pressure
transducer output with zero resistance. Note €hat is not equal to 0 cmH20
pressure. The negative pressure value is as H oéghe operating pressure of the
pressure transducer which ranges nominally frofn\+ The fabric screens with high
porosity had pressure drop values across the rasténiat were very similar to that of
the control. In these cases, there is essentiallsesistance afforded by the screens
that can allow the pressure transducer to detguessure difference from its two
pressure ports. The fabric screens were thereéggeted for usage in the final MFM.
An improvement in the ability to detect a presdiifference is seen with the use of a
single stainless steel screen mesh. The voltatmibaf one screen, however, was
In thx¢ iberation, two screens were

too low and therefore deemed inadequate.

sewn together with stainless steel threads andtheafrst treatment that produced a
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viable, non-negative pressure output result. Bb ttee upper limit of detection, the
final treatment of low porosity polyester was usadd resulted in excessive
resistance. It should be noted here that the ralgm of the stainless steel threads of
the two screens is crucial to avoiding turbulenc®nce the process of achieving
sewing the two screens is not a manufacturing gpaeare can be taken to achieve a
nearly perfect overlap of the two screens.

From the iterative mesh resistance experimentrébalts indicated that the
combination of two mesh screens yielded the lonesstance that was detectable by
the pressure transducer. Two stainless screeres wged in the final MFM design
due to their low but detectable resistance. Theaisstainless steel screens has an
additional hygiene advantage as it can be cleaptdleden uses. Additionally, when
compared to cloth screens, stainless steel doesbsotb moisture and therefore does
not affect the resistance.

4-1-1-2. Variability in Pressure Transducers

There are two different pressure transducers fsp@®ns in Appendix E)
that were used in experiments; one connected té-fhand deemed the true voltage
and the other connected to the MFM. It was necedeargrify the voltage output of
the two pressure transducers was equivalent favendlow. Large differences in
the outputs of the pressure transducers could trasusystematic errors in flow
measurement.

A comparison of the voltage output from the twosgree transducers (Figure
2) combined with the t-test results in Table 2,eads a statistically insignificant

difference between the two pressure transducditserefore, systematic errors due to
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the pressure transducer output variability weresmered negligible.
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Figure 2. Voltage Output Comparison of the Pres3uamsducers Connected to the
MFM and FP

Table 3 T-Test Results from Two Pressure Transducers Wsdde FP and MFM
Systems

t-Test: Two-Sample Assuming
Unequal Variances
Pressure Pressure
Transducer| Transducer
for MFM for FP
Mean 2.38707 2.38229
Variance 0.00387 0.00386
P(T<=t) two-talil 0.89684
t Critical two-tall 2.22814
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4-1-2. Data Acquisition

A military grade pressure transducer (5-inch-d-4anofactured by All
Sensors, Morgan Hill, CA) used in conjunction witie tMFM will output a voltage
due to the measured pressure difference acrossdhl screen. This voltage must be
converted to a flow value in order for the systembe of use as a portable flow
meter.

The conversion of pressure transducer (specificaticAppendix E) voltage
output to measured flow occurs through a seriesegds (Figure 3). In the first step,
the output of the pressure transducer is sentdata acquisition card. In the second
step, an external data acquisition card, USB60@@cfEcations in Appendix F)
acquires the voltage at 12 bits and outputs precedata in the form of an analog
signal at 12 bits. A third step, occurring witihetaide of a computer program
developed in LabVIEW 7.1 (National Instruments, #usTX), converts the voltage

data to flow data (Appendix D).

Data Manpulation
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Figure 3. Schematic of Information from the Presstnansducer to Flow Output
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4-1-2-1. USB6009

The National Instrument’'s USB6009 is a full speadversal serial bus
interface with eight analog inputs, two analog otgpand 12 ports for digital input or
output. In additional to the ports in the USB6@0B0data acquisition, there are also
two ports for powering external devices (+ 2.5V ardV) as well as 12 ports for
grounding. The particular ports and channels oB&®9 are displayed in Appendix
F. As the pressure transducer has an analog ouplyt the analog ports in the
USB6009 were needed. However, as the system falppey the pressure transducer
was also powered and grounded with the USB6009.ecifigally, the pressure
transducer requires 3.5 V and therefore the +5\ pbtUSB6009 was used. The
pressure transducer was connected via three varésut ports in the USB6009. A
schematic of the pressure transducer pin connect®rshown in Figure 4. The
pressure transducer was connected to the analogutsiof the USB6009 at 12 bits.
The sampling accuracy of the USB6009, and theraf@reystem overall, is at'2 or
0.00024414. For this reason, all measurementbeanade safely at an accuracy of

0.001.

Mountmg Screw (2)

Where:

Fin | - Anslogue Ingut
Pin 2 - Analogue Output
Fin 3 - Ground

Fin4 - Do Mot Connect

Differential Pressure
Port(2)

Figure 4 Pin Layout of Pressure Transducer
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4-1-2-2. Virtual Instrument Program

The virtual instrument (VI) was created with LabWEwhich utilizes various
icons within the block diagram of the program. Timal version of the program’s
block diagram and user interface are available ppekhdix D. The program is
composed of five main phases: (A) initiation, (Batal acquisition, (C) data
manipulation, (D) data output, and (E) terminatidngure 5 depicts the manipulation

of the data within the virtual instrument progranddnighlights the phases.

A B ¢ C C
MFM Pressure
MFM Filtered
Start Program —> Transducer —> Filter —> :
Voltage
Voltage
R / D
M d
Equation —> easure
Flow
D v D
Write Measurement Al Gl Tiwe,
. —> oltage, Pressure
File
Flow
e ¥

Terminate
Acquisition

Figure 5. Program Data Manipulation Process
Note: Program will run continuously unless termathby user.

The data manipulation process occurred by a sefisgb-components within
the program that converted voltage input to meakdlew output. Figure 6
illustrates the operational sequence, user inpats program outputs of each sub-
component in the virtual instrument program. Nibte individual processes in the

block diagrams are labeled to indicate the padicphase goals they accomplish.
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Al

Open
Prograrm

A3 AZ ¥ Ad
Set Phiysical
Fy Cregte Set Range
Channels from Channel Yoltage [nput
LISE 6009 Yalues
AB AS 4 l + AT
Set Sample set Sample Set Sample
Rate Clock tode
AB J'
Al
Start the
1
B2 v
Set sample Acguire Data From
Scan Mode USE 6009
E3 ¥
Collect

Data into Temporary

hWemory Space
2 [0y :
Set Filtration Filter
hode Data
3 i o
: Graph of
Equation —_— Flow Data
D3 D2 i D4
f YWyrite Data: Time,
F:Je Pl —_— MeasUrement b Pressure,
ElE File and Flow

E1 4

Check for Ermrors

J' Yes
Temminate
ACoUisition

Figure 6. Program Operational Sequence Diagram

E2

Note: Program will run continuously unless termataby user.
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4-1-2-2-1. Program Initiation

The program can be initiated by the user openimggfogram file and a
simple click of the run icon (Block Al).

4-1-2-2-2. DAOmx Create Channel (Al — Voltage BARN]

This particular sub-component (Block A2) connetis USB6009 ports used
by the pressure transducer to those that are dalldee program. The user specified
physical channel inputs and outputs in this subgamment acquire the raw data from
the USB6009 (Block A3). In addition, the user cgpecify the maximum and
minimum expected voltage values and thus increlsesystem’s sensitivity to
voltage changes (Block A4).

4-1-2-2-3. DAOmx Timing (Sample Clock).VI

This sub-component (Block A5) is used to set #imading rate and particular
mode of acquiring samples. As specified in theectoye (Chapter 2), the sampling
rate is 50Hz (Block A6). Another input to the sdenplock is the sample modes
(Block A7). In finite sample mode, the user witlexify a number of samples to be
acquired. This particular mode is typically useddystems that are characteristically
static, where a particular number of samples islegdor statistical evaluation. The
sample mode was set to continuous as other samuieswill lead to gaps in the
data acquisition and therefore a misrepresentatidhe dynamic human respiratory
system.

4-1-2-2-4. DAOmx Start Task.VI

This sub-component (Block A8) is needed to assigask name for internal
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processing code used within LabVIEW. This is a preer step to data acquisition.
A task name is assigned to each run of the progmatih this particular sub-
component. The program will not run without a sfped task.

4-1-2-2-5. DAOmx Read (Analog 1-D wim Nchan Nsampé

This sub-component (Block Bl) reads the data aewulires several user
inputs. The first user input (Block B2) is the sdes taken or the number of samples
per input channel. Not to be confused with thedimumber of samples, this input
specifies the number of samples that the progralin‘sgan’ into the buffer. The
input is set to -1 to dictate collection of all tdata simultaneously as opposed to
sequentially. This greatly increases the speedaaiple collection. Moreover, in
cases where samples will be acquired for long thst the speed of sample
collection will decrease if this input is not set-1.

4-1-2-2-6. Collector.VI

Under normal circumstances, the virtual instrumprogram will take the data
and manipulate and store each instantaneous datiaipdividually. This is a useful
option if the individual does not need to visualire raw data as it is being acquired.
The collector (Block B3js used as a temporary storage allowing the indalitb see
all the acquired data in the graphs.

4-1-2-2-7. Filter.VI

A filter (Block C1)is needed to decrease the noise and thereforentease
the signal to noise ratio for accurate reading#e Tilter specified in this program
(Block C2) is a Butterworth filter with a slow roff between the passband and

stopband frequencies, producing a smooth respdredefeequencies. The specified
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cut off frequency is set internally by National thosnents to correlated with the
sampling rate. With the aide of this filter, hagbikes in raw data typically caused
by noise are dampened.

To avoid aliasing the data, there are options ilbéring out the noise
externally with a simple low pass resistor capaatocuit with a cutoff frequency of
25 Hz. For this specific case, however, it is begierform this task internally within
the program and therefore decrease the numbertefnak components that could
potentially decrease the lifecycle of the systena aghole. Ultimately, this decreases
the likelihood of damage to the system from a hasternal environment. This
option was chosen because the number of samplesenity depicted the sinusoidal
waves of the VPBS specified at 30 breaths per rainutigher frequencies at 45
breaths per minute were also tested, and againlataewere displayed correctly.

4-1-2-2-8. Equation.VI

The equation (Block C3) used converted the coltefiteered voltage output
from MFM’s pressure transducer into measured flole equation is presented in
section 5-1. The equation was derived from thelte®f a series of transformative
steps and calibration procedures. Details of mhoms of the transformative and
calibration steps are discussed in section 5-1graphical output of instantaneous
flow versus time is presented to the user on thetfipanel (Block D1).

4-1-2-2-9. Write LabVIEW Measurement File.VI

The different outputs (voltage, pressure and flang collected in a signal
merger and transferred to a Write LabVIEW Measurdnféle sub-component

(Block D2). The merger allows for the data to lmnsolidated and displayed in
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separate columns of an Excel file. There are séweputs to this sub-component,
only two of which were deemed necessary. The ifirthe file name (Block D3) that
allows the user to specify the file name and th#iqdar location where the file will
be saved. The format should be similaCtovoltage_file\ runl.lvnwhere the file is
called “runl” and is saved in the “voltage_file'lder. It should be noted here that
LabVIEW does not properly process spaces and patictumarks. Therefore, the
file name and location should be only in the forsladwn. An added advantage of
using numerical values after the file name suclrasl” is the automated ability of
the virtual instrument program to save additionksf sequentially. There are no
limits to the numbers and multiple digits can bedisNew files are saved under the
same name with an increase in the previous fileremanber, ie., “run2”.

An additional input is the “OK” to write all virtudutton (Block D4). This
button is a binary true or false input button tteat be pressed by the user in the front
panel to logically control whether all data is wait to the file or not. The default
condition of this button is false and only whersipressed will there be a switch to a
true condition. Under the true condition, all theta that is stored in the buffer will
be written to a file at the sample rate specifirethe Sample Clock.VI of 50Hz. This
input is useful in testing situations where ther s first determine whether the data
should be written to a file and subsequently ptieedutton and generate a file with a
complete set of acquired data.

Once the user inputs are made, the output of VlateV/IEW Measurement
File.VI is an Excel file (D5) with four columns dime, voltage, pressure and flow

outputs.
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4-1-2-2-10. Simple Error Handler.VI

This sub-component (E1) is one of the most imporiarthe program as it
determines whether a programmatic error has oaturvéhen an error has occurred,
this sub-component displays the error and provgledance for correcting it. The
complete list of errors is set by National Instrumseand is inherent in the source
code of the LabVIEW 7.1 program.

4-1-2-2-11. Terminate Acquisition Button

The program can be terminated by the user (Blogkbif2lepressing a virtual
stop button on the front panel. This button isreaty true or false input button. The
default condition of this button is off (false catmoh) and only when it is pressed will
there be a switch to an on position (true condjtiolm the on position, the program
will terminate.

4-1-2-2-12. Clear Task.VI

This sub-component (Block E3) is required to warkconjunction with the
Create_Task.VI sub-component so that it can clbear task that was previously
created. Once the task is cleared, the prograhtesminate automatically.

4-1-3 Preliminary Data Acquisition Results

The development of the MFM system was an iteratiesigh process that
required the results from one method for the rafieet of the proceeding step. The
preliminary methods and results utilized for theelepment of the MFM hardware
and software components are discussed in the foitpsections.

The data acquisition system used in this study edad the voltage output of

the pressure transducer connected to the MFM to mezhsilow values. A
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preliminary attempt at accomplishing this goal waade with a Personal Digital
Assistant (PDA) and LabVIEW PDA module. Initialsiign incorporated a PDA that
would enable the user to easily transport the datpiisition system and provide the
same computing and storage capabilities of a coenpult the time of conception,
the state of PDA technology commercially availedohel the novelty of the LabVIEW
PDA module made this attempt unproductive. Attihee, LabVIEW PDA module
was new on the market and had numerous documesse@s including software
requirements, software tools required, supportedicds, creating and sharing
variables, exportation of data from PDA to the cabep and overall program errors
requiring several versions and their updates. Mthe program was implemented on
the PDA, the program was often automatically alibrtieie to either LabVIEW
module source code or PDA processing issues. Gherequirements of this study,
where a minimum operational time of four hours weguired, this system was not
reliable and therefore abandoned.

The present technology of small, portable laptoas presented itself as a
superior option for a portable flow meter systerBy meeting the requirements
specified in Table 4, any small portable laptop banused. It should be noted that
the laptop can be smaller laptops, or mini noteBpskch as the Dell Mini 12. With
the addition of memory and Windows XP operatingesys this mini notebook can

perform at the same level as a laptop and weighstbree pounds.
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Table 4. Minimum Requirements for MFM Computing Sygste

System Characteristic Minimum S.pecifications
Requirement
Processor Speed 1.3 GHz
Operating System Windows XP
Memory 8 GB
Hard Drive 40 GB, 5400 RPM
24WHr Lithium-lon
Battery Option Battery
External Connections uUsSB

4-1-3-1. Preliminary Program Development Results:

The overarching equation used in the program desgrabove was derived
from a series of subordinate steps. As the acgwhthis equation depends heavily
on these subordinate steps, a series of experimeats utilized to assure the
accuracy and precision of each step. The subdedisteps were used in the
computation of measured flow rate from voltage attpf the pressure transducer.
The accuracy of these steps was assessed with catpaanalysis of measured and
true values. The true values in all experimentsewsovided by the FP and the
pressure transducer connected to the FP. One cativgaanalysis evaluated the raw
voltage of the MFM to voltage (section 4-1-3-1-1A. second analysis was used to
transform the measured voltage into pressure (sect1-3-1-2). Finally, the
measured pressure values of the MFM were compartédiaw (section 4-1-3-1-3).

4-1-3-1-1. Raw Measured Voltage to Voltage Compariso

A setup shown in Figure 7 compared the voltageingadfrom the pressure

transducers connected to the MFM and true voltageiged by pressure transducer

44



connected to the FP. A steady state flow source uwsed when recording the
pressure transducers’ outputs to a 26 flow leveisnfzero to approximately 400
L/min. This was possible by acute changes in thlgevposition of the steady state
flow source. At each flow level, readings wereetaltor 30 seconds constituting one
trial. Furthermore, three trials were taken ahdsmw level.

The measured voltage values were compared to tii@ge, and an equation
was derived to relate the two voltages. Consedyehe voltage readings from the

MFM were fit to a nearly linear equation.

Compuler
~16009 LI=E-
& ~|E003
i Pressurs

~, Transducer

Bread Board

-

Pressure
Transducer

F oy
Source Tubing FP Tubing

Figure7. Setup for steady state measurement ofdtmwparing FP to MFM

A total of 4500 data points for each flow level amdotal of 117,000 data
points in total were collected for this proceduiio reduce the data points to a more
manageable format and make the system more staligtrobust, only the mean
values for each flow level were considered. Finadn average of each trial result
was taken and used for analysis. In this way, ahé/ means of the means were
considered. The results for this process are suinetiin Table 5. The methodology

for this process resulted in a series of experialeztors. Initially, the outputs from
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the pressure transducers were used as indicativedfow value. Changes in flow
level, however, were observed to be on the ordetfvoltage output, including

substantial variation in the flow levels of thatsi

Table 5. MFM Measured Voltage to Voltage Comparison

Flow Level MFM Measured Voltage (V) | True Voltage (V)
0 2.282 2.291
1 2.285 2.296
2 2.290 2.301
3 2.296 2.307
4 2.302 2.314
5 2.313 2.319
6 2.328 2.332
7 2.348 2.343
8 2.366 2.351
9 2.376 2.356
10 2.385 2.356
11 2.402 2.367
12 2.405 2.364
13 2.435 2.373
14 2.449 2.383
15 2.469 2.386
16 2.484 2.400
17 2.491 2.402
18 2.509 2.403
19 2.523 2.406
20 2.542 2.412
21 2.555 2.416
22 2.581 2.423
23 2.603 2.429
24 2.627 2.436
25 2.635 2.437
26 2.646 2.437
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To examine this relationship further, the presstaesducer outputs of the FP
and MFM were plotted against each other (FigureMihough it was expected that a

linear regression would best characterize thisticglahip, polynomial curve-fitting

was performed (Figure 9).

y=0.3807x+ 1.4100
R=0.985
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Figure 8. MFM Measured Voltage Compared to True (Fél)age at 26 Flow Levels
from a Continuous Flow Source — Linear Relationgbamined
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Figure 9. MFM Measured Voltage Compared to True (Fél)age at 26 Flow Levels
from a Continuous Flow Source — Polynomial Relagiop Examined
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As Figure 9 demonstrates, a polynomial model bestmbes the relationship
at low and high flows. A higher coefficient of denination (R = 0.9965) was
observed with the polynomial model. From the rssuf this experiment, the
formula used in the MFM program was a third-ordelpommial (equation 2).

Equation 2: Y =2.2753% 17.477X + 45.007X - 36.437

Where: X = voltage from the MFM pressure transd\aégr
Y = True Voltage (V)

4-1-3-1-2. Measured Voltage to Pressure Comparison

A second equation was used to compare the outpisgeoreadings from the
pressure transducers to input pressure values H2€m A syringe, connected to an
inlet port of the pressure transducer, was usedjéot air at different pressures into
the pressure transducer. A manometer was usedhitan actual input pressure.
The MFM pressure transducer was calibrated for 9,04 0.6, 0.8 and 1 cmH20 of
pressure and the pressure-voltage relationshipolwtsned. Three separate samples
were taken for each of the six treatments with garess ranging from 0 to 1 cmH20
pressure (Table 6, as well as Figures 9 and 18 IGw standard deviation indicated

very low variability in the samples of each treatme
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Table 6. Voltage Output from a Single Pressure Jataner due to Applied Pressure
Measured with Manometer

Outputs from Pressure Transducer
. Stand
Applied
ard
Pressure | a1 (v) | Trial2 (V)| Trial3(v) | Average (v) | Deviat
(cmH20) d .
ion
W)
0 2.299 2.303 2.309 2.303| 0.005
0.2 2.337 2.343 2.3309 2.337| 0.006
0.4 2.374 2.375 2.361 2.370| 0.008
0.6 2.413 2.405 2.395 2.404| 0.009
0.8 2.445 2.438 2.435 2.440| 0.005
1 2.475 2.471 2.457 2.468| 0.010

= 60093 - 13 BS
R = 09953
1.2

-~
-~

-
|

225 23 235 24 245 25
VohlagefromPressure Transducer (V)

Pressure From Manometer (e H20)

Figure 10. Comparison of Average Voltage Outpuimfr®ressure Transducer to
Pressure Values
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The pressure — voltage relationship of the pressansducer was determined
from the equation derived in Figure 10. With a vieigh coefficient of determination
(R? = 0.9993), the voltage to pressure transformatibthe pressure transducer was
determined to be linear in keeping with the desimany pressure transducers. In
the program, the output of the voltage reading frim@ pressure transducer was
converted to actual pressure readings using thearimegression model from this
experiment (equation 3).

Equation 3: Y = 6.0093X — 13.845

Where: X = Output from forced MFM voltage valueg (V
Y = Pressure values (cmH20)

4-1-3-1-3. Measured Pressure to Flow Comparison

A third procedure compared the pressure outpulewo Since the FP served
as the flow standard, the pressure-flow calibratie@ues provided by the
manufacturer for the particular FP used (model remB, Phipps and Bird;
Richmond, VA) determined the flow outputs for pregsinputs. The manufacturer’s

FP calibration values are shown in Table 7.

Table 7. Fleisch Pneumotachograph Calibration \&alue

Pressure Flow
(mm H20) (L/s)
1 0.858
4.29
10 8.254
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The comparative equation for the pressure-flowtiatahip was determined
from the calibration values given for the particulP (Type 3) used. Figure 11
demonstrates the linear trend that is a trademiafPe. The following equation was
derived (equation 4).

Equation 4: Y =499.28X

Where: X = Pressure (cmH20)
Y = Flow (L/min)

y =499.28x
2 _
600 R”=0.9992
500 ~ /
400
<
£
< 300
2 .
[
200
100 ~
0 T T T T T
0 0.2 04 0.6 0.8 1 12
Pressure (cmH20)

Figure 11 Pressure-Flow Comparative Curve for the Model Nun3oeP Used

As observed in Figure 11, the flow slope (499.281ib*cmH20) indicates
small changes in pressure for large flow valuehis Tatio dictates the sensitivity of
the FP and consequently the sensitivity necessaé pressure transducer.

4-1-3-2. Overall Accuracy and Calibration

To decrease the error accumulated over the sutadedsteps that converted

51



pressure transducer voltage to flow (sections 41113to 4-1-3-1-3), the overall
accuracy of the system was tested. The dynamimepsoused in this step is one that
can be used in the future for calibrations of theMM$ystem. A breathing simulator
device was chosen to simulate the breathing ofraamusubject. As shown in the
setup (Figure 12), inhaled air passes through a tubere the MFM and FP are
connected in series. The LabVIEW program was abbwo accumulate data for 30
seconds and the flow outputs of the two differeyppes of flow meters were
compared. A formula was derived for the MFM meaddi@v-flow relationship and

incorporated within the program to compensate hgrerrors accumulated.

Comgnties

[ﬁ} LEE.

P W B00S :,-"fl H\I decured to
. Transducer / '\ 4 MespirisrMasts, Ereathing Simulator

Broad Bossd . .‘ | s Devrce
Prossure 2

Transducer [ el
Tigbing . FP Tighing N #__,"’

o

Figure 12 Breathing Simulator Device Setup with the Two Flg\sters

It was not possible to have several replicatesasheest or to establish the
relationship between the outputs of the two flowter® The VPBS was not
accurately adjusted and outputted values varied shat the maximal amplitude of
the breathing waveform decreased with time. Adstlte VPBS was allowed to
operate for a duration equivalent to three tridB0(seconds) and all data points were

utilized in the formulation process. The followirgsults were obtained.
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Upon inspection, the relationship between the taw imeters was seen to be
linear (Figure 13). This was plausible given timeorporation of a polynomial
relationship in the first transformation step (ifercing the MFM output to be that of
the FP). Indeed with a coefficient of determinatiof 0.9944, a nearly linear
relationship was demonstrated between the two tsitplpon closer examination,
however, the non-linearity at both low (below MFM 2@nin) and high flows (above
MFM 118 L/min) was observed. This non-linearity @bbk due to the FP and/or the

MFM. For this reason, a polynomial relationship wasamined (Figure 14).

ye 41050 42004
R = 0000

Instartanenus Ispiraton y Row Values [Lémin

Irctantaneous Incpiratory Fow Values Meacure wih MEF M [Limin]

Figure 13. Dynamic Subordinate Calibration ResttBM for VPBS — Linear
Relationship Highlighted
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Figure 14. Dynamic Subordinate Calibration ResM&M for VPBS — Polynomial
Relationship Highlighted

A slight increase in the correlation of determimatvalue (+0.002) is seen in
the polynomial relationship, suggesting that altffoa linear formula would suffice,
a slight increase in accuracy was gained usinglynpmial fit. The coefficients of
each term in the polynomial can indicate the rdl¢hat particular factor at a given
point. For example, the 0.00004 coefficient fof ¥hows that the relationship
between the two meters can be described as cultichét the coefficient for X and
constant values dominate the output. Interestjnghjile the offset was reduced, the
span was increased as the relationship was trametbfrom a linear to a polynomial
curve. These factors corroborate the assumptetrthie relationship between the two
meters is generally linear.

The polynomial relationship below was used in fregram as the final
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formula to account for any non-linearity.

Equation 5: Y = 0.00004% 0.006X + 1.3596X - 3.9204

Where: X = MFM Inspiratory flow (L/min)
Y = Inspiratory flow (L/min)

As mentioned previously, this process was used @sality control method
for premeditating any systemic errors in the systébiven that three equations were
used to convert the voltage output of MFM pressunsiucer to a flow
approximating the FP, there is a risk that errasehaccumulated and propagated
through the system. Incorporation of Equationheréfore, is one method that was
used to reduce errors.

The American Thoracic Society (1995) recommendibiclion of the flow
meter system at least daily. If a dynamic calibratprocedure, like the dynamic
procedure described above is not possible, thebraabn with a 3-L syringe is
advised. With a syringe, the injections and withels are completed separately.
Withdrawals from the syringe are equivalent to leHaair, while injections are the
equivalent exhalations. With the syringe connediedhe system, and no flow
applied, the average of the data accumulated ize¢he off-set. To determine the
span, the syringe injects air into the system dred flow values are integrated to
obtain the volume. This volume is then comparetth wie volume of the syringe thus
forming the span. Every six months, different floghould be tested with the volume
syringe. That is, the flow rate should be chanpgetiveen 2 and 12L/s. That is, a
volume of 3 liters must be injected in approximatél 6, and between 2 and 6

seconds. Note that some practice is requiredddyme a constant flow.
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It is also recommended that this calibration pdoce be performed in the
environment where the system is to be utilized.isT& particularly important in
environments where the ambient temperature is aotigt changing where the
syringe is acclimatized to both temperature and idityn (American Thoracic
Society, 1995).

4-2. Experimental Design

The system was validated with a series of test B8Y and human subject
tested at rest and at 85% of their age-predictedrman heart rate.

4-2-1. Simulated Breathing Tests

The VPBS was used to mimic the natural breathing loiman as selected by
various breathing profiles. By selecting a profil@ble 9), the respiratory response
due to various work loads and stresses was sinaulaiéthe advantage of using this
machine is its ability for selecting various breathprofiles without the requirement
of inducing stressful work loads on a human subjégtother advantage is the ability
to repeat tests with a high degree of accuracy.

The operation of a VPBS relies on incremental geanto the volume of a
welded stainless steel bellows. The changes ade by a processor controlled
operation of a lead screw drive system. The uaaraiter the profile, breaths per
minute (BPM) and amplitude to attain the respiratmgditions desired. The profile
is the pattern of changes to the screw drive sygigagrammed into the processor.
The BPM or breaths per minute is altered with aariml potentiometer. Lastly, the
amplitude is the percentage increase in a profgetsulated flow rate at a particular

BPM and was altered from 50% to 100%. This allowalisg of the inspiratory
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volume flow rate to suit a particular need. Thedcsfications of the VPBS are shown
in Tables 8 and 9.

Table 8.VPBS Specifications (Krug’s Life Science, KRUG Imtational Company;
San Antonio, TX)

Maximum Flow Rate 450 liter/min (STP)
Breath Rate 2 to 50 BPM
Maximum Stroke Volume 6.757 liters
Volume Resolution 1.622 ml

Where: Maximum Flow Rate: Maximum flow rate possib
Breath Rate: Maximum rate of inhalation and exiata
Maximum Stroke Volume: Maximum volume displacediejylows

Volume Resolution: Volumetric tolerance of thegdtbellows

Table 9. VPBS Profiles Breathing Characteristigsug's Life Science, KRUG
International Company; San Antonio, TX)

Breath Volume Breaths
_ Volume per
Profile Cycle Flow Rate Per
_ i Breath (L)
Shape (L/min) Minute
1 Sinusoidal 33.3 30 10.5
2 Sinusoidal 100 30 31.8
3 Sinusoidal 300 30 96

Three different profiles, or pre-set breathing elatgristics, were available on
the VPBS. In all experimental setups, VPBS prafilanber 3 was used to provide
the maximum flow rate possible within the normahusioidal breath cycle and
therefore maximum challenge to the MFM system. @ahgplitude was adjusted
between 50% and 100% to adjust the maximal flow.rafAt 50% amplitude for

profile 3, the maximum flow should be approximat&g0 L/min. At 100% of the
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amplitude, the maximum flow should was to be 30@ib/ Attempts were made to
operate the VPBS at 150% of the amplitude of pedil at 450 L/min. The condition
of the machine, however, did not permit such higtvfrates.

4-2-2. Human Subject Tests

4-2-2-1. Subject Recruitment

Ten untrained subjects were chosen based on a taojuagreement of
participation and overall health conditions. A% tAmerican College of Sports
Medicine (8" edition, 2000) states, medical clearance for thvaigiein the age group
of 18 to 40 years is not required. Only particigathat fell within this age group

were chosen (Table 10).

Table 10. Demographic Information for Subject Rgsants

Calculated | Measured | Calculated

Subject Height | Weight Maximum Resting Target
Gender Age

# (cm) (Kg) Heart Rate | Heart Rate | Heart Rate

(beats/min) | (beats/min) | (beats/min)
1 Female 165 65.3 26 194 84 177.5
2 Male 174 68.1 24 196 75 177.85
3 Female 172 65.7 33 187 79 170.8
4 Male 174 79.8 34 186 68 168.3
5 Male 172 83.9 29 191 82 174.65
6 Female 168 56.2 22 198 74 179.4
7 Female 169 73.9 24 196 70 177.1
8 Female 168 49.9 25 195 66 175.65
9 Female 163 66.7 25 195 78 177.45
10 Female | 176.5 74.4 25 195 74 176.85

Note: Calculations for maximum heart rate and tahgart rate are shown in

equations 6 and 7.

Prior to performing any subject testing, the sulgj@eere invited to participate
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in the orientation session. At this time, the salg were given an overview of the
objective and methods of test sessions. They raélseived a written consent form
and a brief medical history document. The writmnsent form (Appendix B)
highlighted the procedures and methods of the.téBte brief medical questionnaire
(Appendix C) was used to gather information on fmes and currently known
medical conditions that might make testing unsafettie subject. Completed forms
were reviewed by the testing coordinator and thgjestis were selected based on
overall health criteria.  In particular, subject®re screened for cardiovascular
problems and respiratory conditions. As no medaaiditions that could imply
health risks were identified in the orientation ssess, all subjects who initially

volunteered were allowed to proceed to testing.

4-2-2-2.Test Set-up

Each subject was recruited for the completion af sgparate procedures on
multiple days: measurement of breathing while at esd during exercise. As such,
there were two separate test setups, each desaritieel sections below.

4-2-2-2-1 Test Set-up — Breathing While at Rest

The purpose of this test was to show the MFM’s aoyiin measurement of
inspiratory flow rates of subjects. As before, B flow was deemed the true flow
and a human subject wearing a respirator mask keagldw source instead of the
VPBS (Figure 12). The respirator mask was wagrrahuman subject sitting on a
chair to allow for a respiratory rate of a sedentadividual. A picture of the setup is

in Figure 15.
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Figure 15. Human Subject Testing of Breathing Whtl&est

4-2-2-2-2 Test Set-up — Breathing During Exercise8%0 Age Predicted
Maximum Heart Rate

The purpose of this test was to show the feagihlittaking measurements of
subject running on a treadmill to determine thelitgbbf the MFM to capture
complex breathing patterns. To demonstrate thgeushthe MFM in a real setting, it
was connected to a C2A1 carbon filter canisterMAOAL respirator mask only. No

FP was used to compare flow rates in this setugu(Eil6).
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Figure 16. Human Subject Testing of BreathingmyiiExercise at 85% Age
Predicted Maximum Heart Rate

4-2-2-3. Testing Procedures

Participants were invited to the laboratory fostiey on two separate
occasions for a sedentary and exercising testaessi To complete a sedentary
breathing test, the test was similar to that inuFeg 6 and 7. Each volunteer was
asked to be seated on a chair for five minutess @alhbwed the subjects to establish a
resting heart rate and dissipate any possible gnrégarding donning a respirator
mask. After five minutes, the subjects were giteeir respirator mask. The test
coordinator helped the subjects in donning the M4G&t insured a snug but

comfortable fit. The LabVIEW program was initiatedd data were collected for
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sixty seconds at fifty Hertz. The data were sawed particular file for analysis with
only the subject number and the testing conditien‘géubjectlsitting”), thus ensuring
privacy.

To measure inspiratory flow characteristics duraxgrcise, volunteers were
asked to return to the laboratory for a secondngsession. The participants were
fitted with a heart rate monitor (Polar Electro ®&§emple, Finland). The monitor
consisted of an electrode band worn around thet @ress a wireless wrist monitor
indicating the heart rate. Resting heart rates849d of their age predicted maximal
heart rates (target heart rate) were determindgk efuations below (equations 6 and
7) were used to calculate the age predicted maxiamuhtarget heart rates.

Equation 6: HRax= 220 — age (Johnson, 1999)
Where: HR max = age predicted maximum heart tsatc/min)

Age = age of human subject (years)

Equation 7:  Target Heart Rate = [(iR HRes)*0.85] + HRest

Where: HR.s:= Resting heart rate (beats/min)

These heart rate values were obtained to elicit désired work rate of
moderate and high levels expected in a real waetting. This particular rate of
exercise was chosen to elicit the highest occuer@hdIFs without overstressing the
subjects.

To reduce cardiovascular stress, participants’ themtes were monitored
through a five minute warm up period. The subjease asked to straddle the belt of
a Quinton (Bothell, WA) motorized treadmill. Thelbwas started and the subjects

were asked to step carefully onto the moving belthe speed and grade of the
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treadmill was then increased gradually to enabéestlibject to reach approximately
50% to 60% of their age predicted maximal heas.raAfter five minutes, the belt
was stopped.

Immediately pursuant to this warm up period, sugj@eere seated and fitted
with a respirator mask, MFM and carbon filter cagnstHoses were not necessary in
this session as inspiratory flow measurements wede only with the MFM. The
MFM was connected to the USB6009 and pressure tnaesdand the program was
initiated. The subject was then allowed to staggjng on the treadmill. The speed
and grade of the treadmill were increased oncdvpeminutes such that the person
reached their target heart rate. Once the tampt nate was attained, the speed and
grade were held constant and data were obtaineggdproximately 60 seconds.
When the target heart rate was reached, the prograsallowed to log data for
roughly 60 seconds. Other reasons for cessati@xmériments could be indications
by the subject such as abnormal and sudden incieakeart rate, difficulty in
breathing and/or paleness. Finally, the experimeould be truncated due to the
volunteer's request to terminate the test. Acrtfss board, the duration of
experiments conducted with subjects were 60 secandsnot terminated due to

voluntary cessation.

4-3. Data Collection and Analysis

The computer program (Appendix D) was initiatedesabjects reached their
unique target heart rates and terminated due te limits (reaching 60 seconds) or
voluntary termination. In this way, the warm uglaecovery periods were not used

in the data. As the main purpose of this projet¢bidetermine the PIF, data from the
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entire 60 second duration of exercise were examirilaceach output Excel file, the
time, pressure and flow values for each subjecteweicorded at the specified
sampling rate along with a time stamp.

As the data were sampled at a rate of 50 Hz, largeunts of data were
obtained for each trial. In some cases, exeraisation was greater than 60 seconds.
In those cases, data taken after the sixty secatt mas removed from analysis.
The methods, described below, were used to anglgzpertinent data.

4-3-1. Breath by Breath Analysis

The method of data analysis was chosen to be sitala novel approach
used by Coyne et al. (2006). In this approach,dda were examined breath by
breath, where a breath is defined as a complet@atbn and exhalation. As the
MFM was connected to the valved inhalation port loé trespirator mask, only
inhalation values were used. The exhalation valuee shown as approximating
zero flow and were removed from analysis. Theaimstneous inspiratory flow rate
data points were analyzed to determine the PIF awelage inspired minute
ventilation value (Vivg).

The beginning and end of each breath were detedmiyea series of IF-
THEN statements in Excel. The results of thes@HEN statements were gauged
for accuracy with visual representations of thetantaneous flow. The PIF was
determined as the highest instantaneous inspirdkony rate data point from each
inhalation period. The \ly was calculated as the average of all instantaneous
inspiratory flow rate data points in a given inhiala period.

The PIF was obtained by obtaining the maximum mtst@eous inspiratory
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flow rate for each breath. The maximum PIF wasctdeulated as the maximum PIF
for each subject experimentation session and thgheasured by averaging the
PIF values.

4-3-2. Statistical Analysis

Statistical analysis was performed on the datadterchine the difference
between the MFM and the industry standard FP. Ia tase, there are two
treatments, MFM and FP, as well as two dependenéhtas, PIF and Vg To
assess the accuracy of the program results frorfathWdEW program for the MFM,
it must be gauged against the FP results. Twasstal tests were used for this
purpose: goodness of fit test and t-test.

4-3-2-1. Goodness of fit test

The goodness of fit test is measured by a coeffictd determination, &
This value is an indication of the agreement ofrtfeasured values to the true values.
In this case, the measured values were from the MRW®the true values from FP.
The coefficient of determination was used to deteenthe amount of variance
between the measured value and true value. This \&best for linear relationships.

4-3-2-1. t-Test

A simple t-test can compare the statistical sigaifice of sample means. A t-
test was chosen as the method of statistical asalyBhis test is particularly well
suited as it can be used even when the samplessiae. Indeed, it can be used for
sample sizes of 10 or less. Furthermore, the gssoms of this test are well suited to
the characteristics of this project. One of thsuagptions of the t-test is that the

errors are normally distributed within each grouginally, the samples can be
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independent or dependent. Independent samplesvareandomly selected sample
groups. Dependent samples, on the other hanajtaer two sample groups that are
matched on the same variable or one sample graipsthested twice (ie. before and
after treatment tests). For this reason, an inddg@nt-test is chosen. As the
difference can be either positive or negative, a-tailed t-test is preferred (Ott and
Longnecker, 2001).
Data analysis was performed using Microsoft Exc&he probability of Type

| error was used to determine if variations betwgnentwo flow meters are due to real
differences or due to random noise. In other waitds is the probability that there is
no difference between the two groups or flow metdiise results were interpreted by
evaluations of the level of significance value redd to as p value. T-tests are often
evaluated at a 5% significance level. That is,gh&alue obtained from the t-test is
compared against a tabled value at p=0.05 to deterits statistical significance.
For p values of 0.05 or less, statistical signiima is present between the two
samples being compared. In this study, p value8.@b or greater are desired to
demonstrate statistical insignificant differencesween the two treatments, the true

flow as measured by the FP and the measured flmw the MFM.
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Chapter 5: Results and Discussion

5-1. Final Data Acquisition System

In the final design, the mask flow meter system posed MFM body, 5-
inch-d-4v pressure sensor, Dell Latitude D505 IpptdSB6009 data acquisition card
and connection wires. The final version of thegpaon used in this study, converted
the raw voltage output from the MFM pressure tranedtm flow with one equation,
equation 9. This equation was derived by mergiegdata from several subordinate
steps. Specifically, measured voltage and flowa deom steady state, breathing
machine at low and high flow levels, as well as haonsubjects at rest were
combined. The overall MFM measured voltage and flelationship was obtained
(Figure 17).

y = 6311.6x° - 48583x” + 125422x - 108240

R =0.9963
450
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Figure 17. Accuracy Assessment of Data Pooled fév@ady State, Variable Profile
Breathing Simulator device (VPBS) and Human Subjesting While at Rest
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From Figure 17, it can be seen that there are thoa-convergent clusters that
fall on a large range of flow obtained from stdtaw conditions. Significantly, the
clusters appear at different sections of the stessatg MFM voltage and flow curve.
This was explained by the difference in the averdge value of each cluster; the
average inspiratory flow of human subject rests§.04 L/min, low flow VPBS is at
34.95 L/min and high flow VPBS is at 64.45 L/min.

The measured voltage-flow relationship is encorsgasoy the third order
polynomial below (Equation 9). This equation wagdiin the final version of the
virtual instrument program.

Equation 9: Y = 6311.6% 48583% + 125422X - 108240

Where: X = Voltage from the MFM pressure transdi{ug
Y = Flow (L/min)

With a coefficient of determination of 0.9963, tequation was deemed to
accurately depict the MFM voltage-flow relationshiphe large constant coefficients
indicate small changes in the voltage correlatelaige changes in the flow.
Therefore, a very accurate system is needed siessyre transducer errors at a very
small order of magnitude can affect the measureav foutput. The pressure
transducer manufacturer has specified @.86 V accuracy due to temperature
fluctuations,_+0.01 V accuracy for measurements made prior tespre transducer
warm up, and 40.005 V due to positioning. According to the sfieations, the
largest possible alteration from true flow is doethe temperature fluctuation and
should be avoided. Calibration should be compléatetie location where the MFM

will be used to avoid fluctuations in the flow dieetemperature.
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5-2. Simulated Breathing Tests

Following the incorporation of the formula obtaindém the dynamic
calibration into the program, the system was prgpdor testing. The most reliable
method of testing is that of simulated breathingabynachine for which a highly
predictable breathing pattern was established. fieglictable breathing pattern
provides a control and is the key to highlightimgpes, if any, in flow measurements
made by the MFM. The predictable breathing patestablishes a known reference

point against which anomalies may be more easiigatied (Figure 18).
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Figure 18. Sample VPBS Inspiratory Flow as MeasbseBoth MFM and FP
Tests were completed at the lowest and highestilpesow rates by the
Krug VPBS. The V4 (Figure 19) and PIF (Figure 20) were calculatedefach flow

condition. A sample of the instantaneous flow usrsme output is in Appendix H.
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The figures above illustrate that measurementsembigdhe MFM and FP are
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very similar and have very low standard deviatiome variability of measurements
were higher in the MFM (SD = 0.891) than the FP (8[.538) for Vhyg In
measurements of average PIF, however, the FP (8D52) had a higher variability
than the MFM (SD = 0.689).

The accuracy of measurements made by the MFM aagegl with a t-test.
The results indicating the p values and the le¥edtatistical significance are shown
in Table 11. Without exception, the p values iathcthat there is no significant
difference between the MFM and flow values in meagutboth the Vi,4 and
average PIF.

Table 11. Statistical Significance of Average Imgmry Flow and Average Peak
Inspiratory Flow of VPBS at Low and High Flow Rates

T-test P-value Results for T-test P-value
Condition Average Inspiratory Results for
Flow Rate Average PIF
VPBS Low Flow
Trial 1 0.602909 0.055952
VPBS Low Flow
Trial 2 0.202728 0.499695
VPBS Low Flow
Trial 3 0.268263 0.057367
VPBS High Flow
Trial 1 0.207421 0.364375
VPBS High Flow
Trial 2 0.057929 0.138936
VPBS High Flow
Trial 3 0.189835 0.183323

5-3. Subject Tests

Subject testing was the final measure of the lisabf this flow meter. The
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goal of the first set of experiments was to test ditccuracy of the flow meter in

measuring Vi,g and PIF of seated subjects at resting heart (aigsre 21).

nuplratory Aow (L'min)

a 10 20 30 ia a0 &0 10
Ralative Tima (1econds )

Figure 21: Example of Instantaneous Inspiratory dfiead for a Single Study
Participant at Resting Heart Rate

The second set of experiments was used to deterthia Vg and PIF in
subjects at 85% of their age-predicted maximumthease (Figure 22).

The physical demand placed on the individuals weffected in their
respiratory response. Theajrate was increased in all cases at a higher voad. |

PIF, likewise, increased with an increase in waakis
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igure 22: Example of Instantaneous Inspiratory MessuFlow for a Single Study
Participant at 85% of Age Predicted Maximum HeateRes Measured by MFM

Table 12 summarizes the results determined froesethtwo tests. The
complete set of breath by breath data and a saofifilee instantaneous flow versus
time output is available in Appendix .

Across the board, the ¥} values obtained from both flow meters were lower
than expected. The average resting inspiratony flate of all subjects was 8.72
L/min. Although the values were lower than expdctbe average resting flow rate
was higher for females (9.30 L/min) than males §6L9min). At 85% of the age
predicted maximum heart rate, all subjects weraing) and the average flow was

51.03 L/min for all subjects. Again, the femal&2.28 L/min) had a slightly higher

flow rate than the males (47.28 L/min).
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Table 12. Average and Peak Inspiratory Flow of 8ciisjat Resting and 85% of their

age-predicted maximum heart rate as measured haétMEM and FP

At Rest At 85% Age Predicted
Maximum Heart Rate
Average
Average Peak
Average Average Peak | Inspiratory| Inspiratory
Inspiratory Flow| Inspiratory Flow Flow Flow
(L/min) (L/min) (L/min) (L/min)
Measurement MFEM| Flow| MFM Flow MFM Flow
Subject | Gender
1 Female | 9.63 10.33| 21.72| 23.63 66.98 140.7p
2 Male 5.28 5.04 8.47 9.25 56.77 124.7
3 Female | 11.07 | 36.63| 15.05 37.42 56.69 110.77
4 Male 8.65 11.76| 28.62] 29.24 37.8 73.85
5 Male 14.6 15.1 24.8 25.6 81.47 139.9
6 Female | 10.76 | 10.35| 17.56] 18.17 67.8 135.14
7 Female | 8.47 8.91 15.14| 16.72 17.25 36.9
8 Female | 8.56 9.28 18.3 194 55.15 117.84
9 Female | 8.12 8.37 13.65 14.1 42.88 73.66
10 Female | 10.27 | 10.44| 17.65 18.14 63.65 104.0p

It follows that the average PIF values were atswer than expected. At rest,
the average PIF values were 18.58 L/min. Intergktj the values for female
subjects (average PIF = 18.36) was lower than falensubjects (average PIF =
19.24). At 85% of the age predicted maximum hestd, all subjects were running,
and the average flow was 100.86 L/min for all sotgjéfemale subjects’ average PIF
=101.39 L/min; male subjects’ average PIF = 99.28in).

The discrepancies described above in the avdlagerate and PIF may be

the result of inherent variability of breath by &ite data analysis that can arise from
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biological variability and high sampling frequen@ylyers et al., 1990). However, it
may possibly be attributed to systematic erroris Tiscrepancy was examined by
analyzing the two parameters using a t-test farmg€onditions only (Table 13).

Table 13. Statistical Significance for Average insfory Flow and Average Peak
Inspiratory Flow Rate of Subjects at Rest

p value from t-test
Average
Inspiratory | Average
Subjects Flow PIF

1 0.3676 1.08E-08
2 0.586 0.50429
3 0.3788 0.8432
4 0.1568 0.9168
5 0.4158 0.185
6 0.4919 0.596
7 0.09803 | 0.000241L
8 0.340066 | 0.40346p
9 0.305877 | 0.120451
10 0.746049 0.5365

With the exception of two cases, subjects 1 andll7results indicated that
there were no statistically significant differendesnd in the measurement of 3
and average PIF. The average p value fQugp = 0.386) and average PIF (p =
0.385) indicate there was essentially no differencehe ability of the MFM to
measure Vi, and average PIF. This result was consistent thighVPBS tests; at
low flow rates, the MFM meter may be considered@sirate as the FP.

At higher flow rates, it was not possible to penica t-test as the FP was not

connected to the respirator mask. Therefore,dtie of maximum PIF to \44rate
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was used as an alternative metric to assess thweaagcof the MFM at higher work
rates (Table 14).

Table 14. Maximum PIF and Maximum PIF to Averagepirstory Flow Rate
Average for subjects at 85% Age Predicted MaximurartHHeate Work Load

85% Age Predicted Maximum Heart
Rate
(Maximum PIF/
_ Maximum PIF Average
Subjects . .
(L/min) Inspiratory Flow
Rate) Ratio
1 254.03 3.793
2 136.07 2.397
3 230.9 4.07
4 153.91 4.072
5 172.79 2.12
6 166.36 2.454
I 40.51 2.348
8 218.03 3.953
9 90.95 2.121
10 122.24 1.921
Average: 147.76 2.882

The average maximum PIF value was 147.76 L/mith wie highest value
from subject 1. Observations from the flow ratéuea of subject 1 revealed a sharp
increase in inspiratory flow. Post experimentahoments from the subject revealed
that the subject felt uncomfortable at this timel areeded a higher inhalation to
overcome fear of receiving insufficient oxygen. bfgat 7, on the other hand, had an
astonishingly low PIF compared to all others. Rogierimental comments from the

subjects revealed that the subject is a SCUBA diwel has trained herself to have
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low flow rates and therefore consume less oxygen.

The average ratio of maximum PIF andyyivas 2.882. This value correlates
with literature findings in which the average ratb PIF to Vhyq typically ranges
from 2.5 to 3.8 with values decreasing at higherkwates (Jansen, Anderson and
Cassidy et al., 2005 and Johnson, 2005). Fromlaweratio, it was reasonably
concluded that the subjects were under respiratvess on average despite the low
Vlayg at the higher work rate. Furthermore, it is polesto presume the MFM to be

accurate in measuring the maximum PIF ang\dt higher work loads.
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Chapter 6: Conclusions and Future Considerations

The main goal of this study was to provide a mdansmeasure the PIF and
Vlavg Of @ subject wearing an M40A1 respirator mask aRdCcarbon filter canister.
The objectives numerated below were successfulylléd with a portable flow
meter system comprised MFM body, an All Sensors’dbHd-4v pressure sensor,
Dell Latitude D505 laptop, National Instrument’s BEDO09 data acquisition card and
10 pin connection wires. The MFM successfully:

1) Provided a safe and portable miniature measemenhevice that accurately
measured the VJy and the PIF without compromising the integritytbé system
seals or placing undue stress upon the user.

2) Provided a data acquisition system that obtharel stored PIF and )}in
such a manner as to allow data manipulation fdistitzal analysis.

3) Ensured measurement accuracy of the flow nsstgtem with laboratory
experiments including steady state flow, VPBS at émd high flow rates, as well as
human subject testing at rest and at 85% of agéiqteel maximum heart rate.

The MFM body was connected to the M40Al respiratoskmand C2A1
carbon filter canister with unique NIOSH threada/ith a Microsoft Excel format,
manipulation and statistical analysis of the systlata output was possible. Indeed,
across the board, a high degree of accuracy @02% was revealed in a breath by

breath comparison of the measured,yand PIF data and true flow values.

6-1. Future Consideration

Overall this study was successful in attainingoitgective. In the process of

achieving the goals, two avenues were identified tould be taken to explore the
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results of this project to the fullest extent pbksi The first is further examination of
processes and results discussed in this projeloe s€cond is further examination of

applications of usage of this system. Each isudised below.
6-1-1. Examination of Current Methods and Results

First, calibration setups can be re-examined faasueement variations due to
the effect of carbon filter and pressure transdytacement, as well as accuracy of
VPBS utilized. Second, human subject experimetdgd can be supplemented with
tests at 85% of VO2 max exercise levels to verliatt85% of age predicted
maximum heart rate properly elicited respiratomgss in subjects. As the current
method tested 7 female subjects, and 3 male ssbjadmnore even distribution of
female and male subjects can be tested to avoidegeskewed results. Additionally,
the setup used for seated subject testing can lofietbfor use in exercise testing
such that both meters are used at the higher veardtsl The validity of the system
can be investigated in a real world setting, oetsitithe laboratory. The system was
designed to be portable, and it is best to tessysgem in the setting for which it was
intended. Finally, given the technology level dbA%s and or small notebook

computers, the program can be transferred to deanfiabtprint or handheld system.
6-1-2. Examination of Applications

Aside from usage of this system for determinatiérthe respiratory stress
associated with certain tasks, this system can $&d uo disentangle several
misconceptions regarding the influx of contaminahist concerns respirator users.
These concerns fall into two categories. The timsicern is the filtering capacity of

carbon filter canister during usage. By correlgtime occurrence of PIF and accurate
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VlagOf certain tasks, one can determine the exact wlafair passing through the
carbon filter canister over a period of interesd #mus determine the true lifecycle of
the canister. The second concern is the sealipgbdéies of respirator masks. This
system can be to determine the presence of leakagspirator masks. With slight
modifications, this system can be used in bothirthalation and exhalation ports of
M40 respirator mask. With preliminary studies teedmine the difference between
the inspiratory and expiratory average flow volumestantaneous leakage can be

identified.

6-2. Conclusions

A flow meter system was devised such that it Batighe study goals. The
system comprised a portable, pressure-differemtisd mesh resistance flow meter
attached by NIOSH threads between the M40AL1 regpinask and C2A1 cartridge.
Voltage output from a pressure transducer connectede flow meter was used to
derive the instantaneous flow through a seriesatd transformative steps in a virtual

instruments program.
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Appendix A — Engineering Drawings
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Appendix B — Research Protocol

The Detection of Inhalation Flow Using Respiratory Protective Masks
Abstract: A key step in the proper design of respiratorsyels as in the regulation of
occupational safety, is the determination of intiafa during exercise. A non-
invasive portable meter that detects average aa#l jpdalation is valuable step in
obtaining this overall goal. This meter will béaghed externally to a military style
respirator mask (M-40A1). A study is being devebbpethe University of Maryland,
College Park that is working to achieve this goRkesults from such a study can be
used to determine the effectiveness of respiratorgrotecting individuals during
high intensity labor conditions.

Purpose: This project is intended to determine peak andames inhalation values
during exercise at a moderate exercise intensit§00fb VOmax EXercise at this
intensity will be completed once in a controllebdeatory environment, and a final
time outside under moderate environmental condition

1. Subject Selection:
a) Who will be the subjects, how will you persudldem to participate, and how
many do you expect to participate? If you planativertise for subjects,
please include a copy of the advertisement.

We plan to recruit 10 participants from the Unsrgr of Maryland, College
Park. A portion of this sample will be drawn frandatabase stored in the
Human Performance Laboratory located in the Biaahi Resources
Engineering Department. Additional subjects wélselected through day-to-

day interaction within the campus community.

b) Will the subjects be selected for any specifiaracteristics (e.g. age, sex, race,
ethnic origin, religion, or any social or econonhigaalifications)?

We will be selecting subjects between the agd8ef0 years.

c) State why the selection will be made on the baste@bases given in 2(b)?
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The selection criteria stipulated in 2(b) refleatslesire to recruit individuals
who are at minimal risk while taking part in vigos physical activities.
Vigorous exercise may induce life-threatening aardscular responses in
older populations with known cardiovascular dissaskerefore, this group
may not be ideal for this project. The Americanl€ye of Sports Medicine
(ACSM) in the Guidelines for Exercise Testing and<eription (& edition),
states that vigorous physical exercise is apprprir asymptomatic
individuals between the ages of 18-40 years, aadrntedical clearance is not
required for this group prior to initiating a vigs exercise program. This
project will not provide medical clearance for estive participants, and as
a result, it is important to select individuals €dgl8-40 years) who do not
require medical clearance and are at minimal rsskchrdiovascular events
while performing vigorous exercise.

2. Describe precisely what will be done to the subject.

Orientation

All participants will be asked to report for a omedr orientation session. An
investigator will be present at this session tol@rpthe test procedures and methods
applicable to this project. Volunteers will be yided with a written informed
consent document outlining these procedures andaudgt Participants will be asked
to read and sign this document before being allowadke part in this study.

Volunteers will be asked to complete several quastires. The first questionnaire
will be a brief medical history document designedbtovide investigators with the
individual's present and past health backgroundetested to the study. Next, the
subject will be administered a Physical Activityd@leness Questionnaire (PAR-Q) to
determine whether exercise is appropriate at tme without first seeking medical
clearance. The American College of Sports Medidméhe Guidelines for Exercise
Testing and Prescription, suggests administerirgy dghestionnaire to asymptomatic
individuals prior to instituting vigorous exercipeograms. The medical history and
physical activity questionnaires will be used agesning tools to exclude individuals
who are at risk for cardiovascular events when qoaring vigorous physical
activities. The Spielberger State-Trait Anxietyvéntory will be the final
guestionnaire administered to volunteers, providnwgstigators with information on
the individual's present and general anxiety digs These questions provide
feedback on anxiety and are not intended to diagaag psychological state.
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All participants will be provided the opportunity have any questions regarding this
study answered at this time or throughout the duraif the remaining test sessions.

Maximal Aerobic Capacity

All participants will undergo a maximal oxygen cangtion assessment using a
Quinton motorized treadmill. First, participantdlvee allowed to warm-up on the
treadmill for approximately 5 minutes at 50-60% lok or her age-predicted
maximum heart rate, followed immediately by a bs#ktching period. Next, the
volunteer will be seated and fitted with a Hans &pld breathing mask for the
collection of expiratory air. The test will begmith the treadmill speed and grade
gradually ramped to the desired work rate (50-6@% @redicted maximum heart rate
response) with this moment signifying the initighge and lasting approximately 3
minutes. At the completion of this stage, a newkwate will be selected and the
participant will be required to work at this inté@gsfor another 3 minutes. Work
rates will be modified every third minute duringetimaximal aerobic assessment
period. The session will be terminated If the ijogyant fails to display a sufficient
rise in oxygen consumption rate (<150 ml/min) torespond to the new work rate, If
the individual reaches his or her age-predictedimalxheart rate, If the individual
displays a response that contraindicates contirassgéssment (e.g. irregular EKG
tracings), or If the participant requests that $ession be terminated. The maximal
aerobic assessment will last approximately 9-15uteis

A noninvasive Polar heart rate monitor will be usedassess heart rate responses
during the session.

Test Conditions

Participants will be asked to report to the lalR2aseparate days to exercise once on a
Quinton motorized treadmill at 80% of their maxinagrobic capacity as determined
by VOmax On the second day, the subject will exerciseoaighly this same
intensity outdoors, on Ludwig Field/Kehoe TrackesT sessions may or may not be
completed on consecutive days, as based on swhjaitability. Due to the weather
conditions, it may be necessary to run some otdbkts on consecutive days. All of
the test will be done with the subject wearing #tamy-style respiratory mask with
an external flow meter attached. All tests will tom in the same manner, the only
difference being that in one test the subjecta®ars on a treadmill, or outdoors on a
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racetrack.

Test sessions will include warm-up or stretchingriqus directly prior to
commencement of the exercise. This is to ensuae tthe subject is adequately
prepared to exercise for a period without the agknuscle injury or cardiovascular
abnormalities.

After arriving in the Human Performance Lab, sutgesill be asked to start walking
on a treadmill for roughly five minutes as warm-uplext they will be asked to
stretch their muscles for 5-10 minutes in an attetopgensure that all their muscles
are properly stretched and that they are readgxercise. The subjects will then be
fitted with a M40 military-style negative pressuespiratory mask with the attached
external flow meter that has been adjusted fordstah conditions (contains the
standard filter). The indoor testing conditionvidé run on a treadmill at 0% grade
until volitional fatigue; only the speed of theadmill belt will be adjusted to elicit
the specific work rate desired. The grade will leédhconstant during the exercise
tests for enhanced comparison and result intetpyeta The speed of the treadmill
will be set to the appropriate level to elicit thygecified work rate, and the treadmill
will be turned on while the subject is standing rotlee belt. Once outdoors, the
subject will be asked to maintain a particular spleased on previously obtained data
from their VO2max. Data logging and timing of tiest will initiate once the subject
starts moving on belt, or on outdoor racing tra¥hen the subject is no longer able
to proceed with the test as based on his or higumatevel, data logging will stop, the
treadmill will be slowed before coming to a stopgdhe time duration of the test will
be recorded. When outdoors, the subject can valiljmstop moving as they please.
It is important to note that for all exercise testshort five minute cool-down period
will follow completion of the test to ensure sulijjesafety and return to physical
control.

A Polar heart rate monitor will be used to proviteart rate responses during the
exercise sessions. Rating of Perceived Exertiah Breathing Apparatus Comfort
scales will be taken periodically during each testprovide investigators with
subjective feedback regarding the independent biasa(e.g. exercise intensity and
subject-perceived mask comfort). Tests will be atapproximately the same time of
day in an attempt to ensure that physiological ¢ are constant and any diurnal
cycles are not influencing the results obtainedl. othe procedures listed above will
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be employed for all exercise test sessions, nam@klyespiratory mask conditions
(with or without) and at all exercise intensities.

At 80% VOymax €xercise intensities, it is anticipated that esercwill last
approximately 15-20 minutes. A single test cownditiincluding the preparation time
will last up to approximately 30-45 minutes; theref this project will necessitate
that individuals commit roughly 2 hours to fulfithe requirements (1 orientation
session with a maximal aerobic capacity test ands® conditions) outlined in this
study. Participants are free to withdraw from tipioject at anytime without
incurring a penalty. This request may be expresseuth investigator through verbal
or written communication.

3. Risks and Benefits: Are there any risks to the subjes? If so, what are these
risks? What potential benefits will accrue to justify taking these 1sks?

Risks

Vigorous physical exercise may produce undesiredi@aascular responses in at-risk
populations, leading to possibly life-threateningations. The medical history and
physical activity questionnaires will be used agening tools to exclude this at-risk
group. An Automated External Defibrillator (AED)liAbe available for use should a
cardiovascular incident arise during test sessiomsvestigators are trained and
certified in the use of the AED.

Benefits
Participants will not receive monetary benefitsnirdaking part in this study;
however, individuals will be provided with test wds upon completion of this
project.

Confidentiality

All participants will be assigned an identificatiommber and will be referred to by
this descriptor in any presentation or publicatajrtest findings. All files will be
stored and maintained in the assistant investigatdfice with access permitted to
only those individuals directly responsible for talection and analysis of test data.
Information and Consent Form

An investigator will meet with each participant ¢aplain the test procedures and
methods applicable to this project prior to thet date. The participant will be
provided with a written informed consent documeutlining these procedures and
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methods. Volunteers will be asked to read and #igsm document before being
allowed to participate in the investigation.

Conflict of Interest

Investigators do not have a conflict of interesthiis project.

HIPPA Compliance

This investigation will not be using protected Hleainformation. Identification
numbers will be assigned to help ensure the paiamonymity. Investigators plan
to adhere to the guidelines outlined by the Unitersf Maryland at College Park
regarding any sensitive information.

Research Outside of the United States

a) Did the investigators previously conduct reseanmththie country where the
research will take place? Briefly describe theektigators’ knowledge and
experience working with the study population.

Not applicable. All research is taking place ia thnited States.

b) Are there any regulations, rules or policies fomlam subjects research in the
country where the research will take place? Ifease describe and explain
how you will comply with the local human subjecbfaction requirements.

Not applicable. All research is taking place ia thnited States.

c) Do you anticipate any risks to the research pp#ids in the country where the
research will take place, taking into account thepydation involved, the
geographic location, and the culture? If so, medsscribe. Risks could
include physical, psychological, social or economsks. Do you anticipate
that subjects who participate in this research beéliplaced at risk of criminal or
civil liability? If so, please describe.

Not applicable. All research is taking place ia thnited States.
Research Involving Prisoners

Not applicable. All research is being done usingjects from the University of
Maryland population and will not include prisoners.
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Appendix C — Physical Activity Readiness Questionrnee

PAR-Q is designed to help you help yourself. Mdmalth benefits are associated with regular
exercise, and the completion of PAR-Q is a sendilde step to take If you are planning to increase

the amount of physical activity in your life.

For most people, physical activity should not pasg problems or hazard. PAR-Q has been designed
to identify the small number of adults for whom pieal activity might be inappropriate or those who

should have medical advise concerning the typeifity most suitable for them.

Common sense is your best guide in answering tf@seguestions. Please read the carefully and

checkYES or NO opposite the question If it applies to you. I§yplease explain.

YES NO

1. Has your doctor ever said you have heart testbl

Yes,

2. Do you frequently have pains iaryfeeart and chest?

Yes,

3. Do you often feel fain or havdlsp# severe dizziness?

Yes,

4. Has a doctor ever said your bfwedsure was too high?

Yes,

5. Has your doctor ever told you tloat have a bone or joint problem(s),
such as arthritis that has been aggravated bgisge or might be made
worse with exercise?

Yes,

6. Isthere a good physical reasotnmentioned here, why you should not
follow an activity program even If you wanted to?

Yes,

7. Are you over age &fd not accustomed to vigorous exercise?

Yes,

8. Do you suffer from any problemsheflower back, i.e., chronic pain, or
numbness?

Yes,
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9. Are you currently taking any matans? If YES, please specify.

Yes,

10. Do you currently have a disgbdita communicable disease? If YES,
Please specify,

Yes,

If you answered NO to all questions above, it gigegeneral indication that you may participate in
physical and aerobic fitness activities and/orefim evaluation testing. The fact that you answii@d
to the above questions, is no guarantee that yduhave a normal response to exercise. If you
answered Yes to any of the above questions, thammay need written permission from a physician
before participating in physical and aerobic fimegtivities and/or fitness evaluation testing e t

Deneka Fitness Center.

Print Name Signature Date
Please Note: If you contract a communicable disease, it isryesponsibility to inform the staff of the

Clarkson University Fithess Center of this conditamnd your membership may be suspended until this

condition is cured or in a state of remission.
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Appendix D — Program Code
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Block Diagram
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Appendix E — Pressure Sensor Specifications Sheet

Amplified Low Pressure Sensors
I mhar {04 In H20) to 30 In HX) Prossume Sensos

Features

= 0 to 1 mbar to O to 30 In H2O Pressure Ranges
= Ratiometric 4V Outpist

s
= Temperatene Compensated E‘
+ Calibrated Zero and Span o
@
v
Applications
=
2 Y B
= Medical Instnimentation ]
= Emvirenmental Conirols
= HVAC
=]
" _— b
General Description "
The Amplified lne of low pressur semsors is based upon a proprictary lechnology to reduce all output offset or 5
common made emors, This model provides a ratiometric 4=valt ouput with supenor owtput offset characteristics. :
3
Oitput offset emors due to change in temperature, stability to wamm-up, stability to long time period, and position a
sensitivity are all significantly reduced when compared o comventional compensation methads. In addition the
sensor ulilizes a silicon, micromachined, stress concentration enhanced strucluie 1o provide a very Hnear oulpit E
-~
Lo measured prssome. I
=
S
These calibrated and femperaiure compensated sensors give an accurde and slable owtput over a wide >
lemperature mnge. This seres is infended lor wse with non-corresive, non-ionic working [wids such as air, dry
gases and the like =
m
&
The ouwtpst of the device is mtiometric o the supply voltage over & supply voltage range of 4.5 #o 5.5 volis, £
2
="
=
Physical Dimensions =
o
-
5]
025 Pin Sze 010 Typicsd §
& 0.010 % 0 20 _-| |.-_(.25.‘I 8
s {025 w0 50y ]
0174 o 190 P aflz)s pin 1 Veupply w
I {4410 48) -] iy
1 1 pin 2 Cemmson &
I 1]
pind: Viuripui ]
i)
108 | I pim e ilae ol connect r.-::
{27 T o
| L] o
(18 Eh
a.48 0.5
{123 FREN]
NOTES
1} Dimensions in nches: imiliime tes| {218
110
1279

| 6295 Sau
AL

All Sensors
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Pressure Sensor Ratings Envirenmental Specifications

Supply Supply Viltiee VS #4510 +55 Vide Temperature Ranges

Common-niode jiressan =10 to +10 psig Comipensatal SwsrC

Lesud Temperature, mas 2 Operting 25 08P C

fealdering 24 see.) St -0t 125° ¢
Humidity Limits 0 to 95% RH

{non condensing)
Standard Pressure Ranges

Part Nuniher Operiting Prissure Monwinal Spim Proal Pressire Bt Pressiine

300 In H2O

0 - 20 In H2O

30 [NCH-G-4V 0 - 30 In H20 800 In H20

Performance Characteristics for: | MBAR-D4V

Parameter wore | Wi sm Naminal Miaxinanm Units

Linearity, by steresis eror, pom 4 0.0s 0.2% Bafs

Amplified Low Pressure Sensors
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Appendix F — USB6009 Specifications Sheet

Low-Cost, Bus-Powered Multifunction DAQ for USB -
12- or 14-Bit, up to 48 kS/s, 8 Analog Inputs
[

NI USB-6008, NI USB-6009

» Banalog inputs at 12 or 14 bits, Recommended Software
up to 4B k55 * LabVIEW

2 analog outputs at 12 bits, = |abVIEW SignalEx press
software-tim ed o labWindows®/Cvl
-

* 12TTL/GMOS digital 1/0 lines Miasurament Studio
= 32-bit, 5 MHz counter .
* Digital tiggering Other Compatible Software
* Bus-powerad » C# Visual Basic NET
* -yoar warranty o ANSICLCH
Operating Systems Measurem_em Semices
» Windows Vista 32- and 64-itXPonn  Software (inclu ded)
N E Al # NI-DAOQmx driver software
» Linux® = [ykasuement & Automatign

i | Explarer configuration utility

1

: K::j:: EJIEE:MB * LabIEW SignalEx press LE

I¥ou need to download NI-DAQms:
Bas e for these operating syst ems.

hput M input Ouput Oupn  Dupw  Digial

Analeg Resolution  Sampling Rate  Range Analog Resolution Rate Range o 32-Bit
Product  Bus Inputs! (bits) (ks vl Dutputs (bits) {Hel W Lines Courter  Trigger
USBEO0D  USE  BSEMDI 14 a8 + to£20 12 150 (N33 12 1 Digital
USBGI08  USE  BEEMODI 12 10 +1 10420 12 150 Okb 12 1 Digital

VE = sirgle ended, [ = differedlial  Solware-tined

QOverview and Applications

With recent bandwidth improvem ents and rew innovations from
Mational Instruments, LEE has evolved into a core bus of choice for
measurement applications. The NI LISB-6008 and LISB-E009 are low-
costentry points to NI flagship data acquisition (DAQ) devices. With
plug-anckplay USE connectivity, these modules are simple enough for
fquick measurements but versatile enough for more complex
measurement applications.

The USB-B008 and US B-6009 are ideal for a number of applications
whemr low cost, small form factor, and simplicity are essential.
Examples include:

+ Data logging — quick and easyervironmental or voltage data logging
+ Academic b uze — student owrership of DAQ hardware for
campletely interactive lab-tased courses (Academic pricing available.

Visit ni.com/academic for details)

* OEM applications as /0 for embedded systems

Recommended Software

National Instruments measurement services software, built around
NI-DA&Qm driver software, indudes intuitive application programming
interfaces, configuration tools, 1/0 assistants, and other tools
designed to rduce system setup, configuration, and development time.
National Instruments mecommends using the latest version of NI-DAQmx

driver software for application development in NI LabVIEW, LabVIEW
SigralBxpress, LabWind ows/CVI, and Mea surement Studio software.
To obtain the latestversion of NI-D& Qi visit
ni.comysupport/dag/versions.
NI measurement services software speeds up your development with
features including:
+ A quide to create fad and accurate measurements with no
programming using the DAQ Assistant.
+ Automatic code generation to create your application in LabviBW.
+ LabWindows /CVI; LabVIEW SignalBxpress; and C# Visual Studio NET,
ANSI C/CH, orVisual Bask using Measurement Studio.
+ Multithreaded streaming technology for 1,000 times
perfamarnce mprovwements.
* Aytomatic timing, Tiggering, and synchronization routing
to make advanced applications easy.
* More than 3 000 free software downloads available at
ni.com/zone to jump-start your project.
» Software configuration of all digital 1/0 features without
hardware switches/jumpers,
+ 3ingle programming interface for analog input, analog output,
digital 110, and counters an hundreds of multifunction DAQ hardware
devices. M Series devices am compatible with the following versions
{or later) of Ml application software — LabVIEW, LabWindows/CVI, or
Measurement Studio wersions 7. and LabVIEW SignalExpress 2 x.

NATIONAL
INSTRUMENTS
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1/0 Connector

Figure 3 shows the USB-6008/6009 OEM device I/0 connector pinout.
Al signal names are shown in single-ended mode. Differential mode signal
names are in parentheses.

+5V 24|33 || PRIO
D GND 23| P13
P1.2 029 P11
P1.0 28|27|| POT
P0.6 26| 25| POS
PO.4 24 | 23 || P03
P0.2 22 | 24 || PO
PO.O 20|19 (| DGND
LED 18 [ 17| | D+
VBEUS 16 |15 || D—

Al GND 14 | 13 || Al GND
Al4ATO=)f {12 ] 41 || AL O (A1 O+

ALS(ALT=) | 10| 9 || Al 1 (Al 1+
AlLBAI2S) [ B8 | 7 || Al2(Al24)
AITIAIS-Y 8 | 5 || ALZAISH
Al GND 4|3 || ALGND
AD 1 2|1 ADQ

Figure 3. USB-6008/6009 OEM Terminal Assignments

@ National instruments Corparation 3 N USB-6008/6008 OEM User Guide

Appendix G — User Manual
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Calibration Technique:

1. Connect Mask Flow Meter (MFM) (labeled 1) to the M40&&pirator mask
and C2A1 filter.
2. Connect pressure transducer (labeled 2) to MFM battythe screws
provided.

3. Connect blue wire (labeled 3) to pressure traduigethe grey connecter

(labeled 4) ports highlighted.

Secure connector to wire with grey clip providezb@led 5).

Connect wires to USB6009 (labeled 6).

Connect USB6009 to computer via a Universal S&uas (USB) port.

Place M40A1 mask to head form of breathing machanelynamic data

calibration.

Set the parameters of the breathing machine tol®aff3, Amplitude of 100.

9. Turn on the breathing machine and allow the mactarmremain on for five
minutes prior to starting the simulated breathinges.

10. Turn on Computer

11.1f you are using other programs, close all unrelgtiegrams.

12.Select “MFM program” from program list and allow DAEW Program to
operate.

13.If physical channels are different from 0, pleasked physical channel.

14.1f voltage input is different from %V, then set appropriate voltage range.

15.1f sample rate is different from 50Hz, then set pmate.

16.1f sample mode is desired to be different from cardus, then set sample
mode.

17.1f set sample scan mode is different from contirgy@et sample scan mode.

18.1f filtration mode is different from “smoothing” et filtration mode.

19. Set file name path as desired.

20.Click on “run” to initiate the program.

21. Allow data to accumulate for thirty seconds.

22.0Observe data on “Flow” chart.

23.Press “Stop” at anytime to terminate program.

24.0pen Microsoft Excel program.

25.0pen the file of data, saved in the location spatifinder file path name.

26.When the dialogue box opens, select “Finish” amdfille path name will
open. Note: if the number 54728 data points, tirattbn of exercise time
must be saved under different file names to avoiddation of data points.

N o o ks

o
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27.Manipulate the data as needed, noting that theislatared in separate
columns. Relative time is plotted in column oné&winits of seconds.
Voltage is plotted on the second column with uaft¥olts. Flow is plotted
in the second column with units of L/min.

28.Compare the voltage values observed from “standéod’’ to the provided set
of values (labeled calibration data).

29.Plot the standard voltage values, x values, frolbregion procedure against
the “standard” flow values, y values, in an exdwrt.

30.Click on a data point, and select “add trend liastl select a “polynomial”
trend line with an order of 3.

31.Under the options tab, select display equationr@rtc This will be the new
calibration equation.

32.Select the MFM program block diagram. Select “Foahidon and insert the
calibration equation.

33.Save the program file. It is now ready for usage.

34.Calibrate the MFM system per ASTM

35.1f any errors arise at any time, observe the aruonber, and determine the
error code at the National Instruments websitev.ni.com

User Manual Technique:
1. Connect Mask Flow Meter (MFM) (labeled 1) to the M40&&pirator mask
and C2A1 filter.
2. Connect pressure transducer (labeled 2) to MFM battythe screws
provided.
3. Connect blue wire (labeled 3) to pressure traduigethe grey connecter
(labeled 4) ports highlighted.
Secure connector to wire with grey clip providezb@led 5).
Connect wires to USB6009 (labeled 6).
Connect USB6009 to computer via a Universal S&uas (USB) port.
Turn on Computer
If you are using other programs, close all unrelgtegrams.
Select “MFM program” from program list and allow Lali®¥V Program to
operate.
10.If physical channels are different from 0, pleasles physical channel.
11.1f voltage input is different from %V, then set appropriate voltage range.

© © N o s
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12.1f sample rate is different from 50Hz, then set pamate.

13.1f sample mode is desired to be different from cardus, then set sample
mode.

14.1f set sample scan mode is different from contirgy@et sample scan mode.

15.1f filtration mode is different from “smoothing”e$ filtration mode.

16. Set file name path as desired.

17.Click on “run” to initiate the program.

18.0Observe data on “Flow” chart.

19.Press “Stop” at anytime to terminate program.

20.Close LabVIEW program.

21.0pen Microsoft Excel program.

22.0pen the file of data, saved in the location spettifinder file path name.

23.When the dialogue box opens, select “Finish” amdfille path name will
open. Note: if the number 54728 data points, tirattbn of exercise time
must be saved under different file names to avoidcation of data points.

24.Manipulate the data as needed, noting that theislatared in separate
columns. Relative time is plotted in column oifidow is plotted in the
second column.

25.1f any errors arise at any time, observe the aruonber, and determine the
error code at the National Instruments websitev.ni.com
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Appendix H — VPBS Testing at Low and High Flow Rate

Sample VPBS Instantaneous Flow versus Time:

VPBS High Flow - Run 1
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Sample Data:
Breathing Machine RUN1 Breathing Machine RUN1
Low Flow Rate T-test Results for Average Inspiratory Flow
MEM FP t-Test: Two-Sample Assuming Unequal Variances
Breath Vlavg PIF Vlavg PIF
1 36.168 | 65.518 | 33.057 | 65.225 Variable 1 Variable 2
2 34.287 | 65.895 | 35.466 67 Mean 35.651809 35.478962
3 33.502 | 67.051 | 35.596 | 68.776 Variance 1.8387935 1.4362801
4 36.701 | 65.846 | 34.384 | 65.816 Observations 30 30
5 36.998 | 67.831 | 36.846 | 68.776 Hypothesized Mean Difference 0
6 36.9 | 67.718 | 36.579 | 68.184 df 57
7 35.958 | 65.302 | 34.645 | 65.225 t Stat 0.5231333
8 33.725 | 65.307 | 35.081 | 66.408 P(T<=t) one-tail 0.3014546
9 33.919 | 66.069 | 37.195 | 68.184 t Critical one-tail 1.6720289
10 34.399 | 66.112 | 36.253 67 P(T<=t) two-tail 0.6029093
11 35.058 | 65.895 | 35.507 67 t Critical two-tail 2.0024654
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12

38.298 | 66.561 | 35.847 | 66.408

13 36.581 | 64.171 | 35.644 | 64.041 T-test Results for PIF
14 37.181 | 67.658 | 37.443 | 68.776 t-Test: Two-Sample Assuming Unequal Variances
15 34.461 | 67.094 | 35.249 | 68.776
16 33.902 | 65.677 | 35.081 67 Variable 1 Variable 2
17 36.954 | 65.216 | 33.631 | 65.225 Mean 65.846121 66.506959
18 35.574 | 65.067 | 33.827 | 65.816 Variance 1.2838078 2.152102
19 37.543 | 66.104 | 35.212 | 65.816 Observations 30 30
20 36.85 | 66.112 | 36.411 67 Hypothesized Mean Difference 0
21 35.756 | 64.904 | 34.843 | 64.041 df 55
22 36.406 | 67.546 | 37.24 | 68.184 t Stat -1.952696
23 36.311 | 65.017 | 33.008 | 64.633 P(T<=t) one-tail 0.0279761
24 36.059 | 64.783 | 34.747 | 65.225 t Critical one-tail 1.673034
25 35.963 | 66.519 | 35.673 | 66.408 P(T<=t) two-tail 0.0559522
26 35.462 | 64.148 | 37.492 | 65.816 t Critical two-tail 2.0040448
27 35.36 | 66.873 | 36.183 | 67.592
28 33.624 | 65.634 | 36.188 67
29 36.423 | 63.431 | 34.765 | 64.041
30 33.229 | 64.324 | 35.277 | 65.816

average | 35.652 | 65.846 | 35.479 | 66.507

Breathing Machine RUN2
Low Flow Rate
MEM FP
Breath Viavg PIF Vliavg PIF T-test Results for Average Inspiratory Flow
t-Test: Two-Sample Assuming Unequal
1 37.274 | 66.654 | 35.656 | 66.408 Variances
2 34.203 65.68 | 34.207 67
Variable

3 35.121 63.43 | 35.408 | 64.041 Variable 1 2
4 34.53 | 65.635 | 34.744 | 65.816 Mean 35.61133 35.14334
5 35.944 | 66.263 | 35.963 67 Variance 1.930656  1.892498
6 35.353 | 65.75 | 34.952 | 65.816 Observations 29 29
7 35.455 | 65.992 | 34.022 | 65.225 Hypothesized Mean Difference 0
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8 35.984 | 66.783 | 36.326 67 df 56
9 35.166 | 66.108 | 35.925 | 66.408 t Stat 1.288911
10 35.126 | 65.171 | 35.602 | 65.816 P(T<=t) one-tall 0.101364
11 34.908 | 65.635 | 34.436 | 65.816 t Critical one-tail 1.672522
12 35.459 | 66.783 | 34.699 67 P(T<=t) two-tail 0.202728
13 34.62 | 65.287 | 34.807 | 65.816 t Critical two-tail 2.003241
14 33.923 | 61.063 | 32.442 | 61.082
15 34.814 | 64.457 | 31.993 | 63.449 T-test Results for PIF
16 33.753 | 65.964 | 33.264 | 66.408 t-Test: Two-Sample Assuming Unequal Variances
17 36.01 | 65.935 | 36.389 | 66.408
Variable
18 38.377 | 63.925 | 37.873 | 64.041 Variable 1 2
19 39.152 | 66.453 | 37.967 | 66.408 Mean 65.52474  65.77564
20 37.992 | 65.606 36.77 | 65.816 Variance 1.805052  2.150089
21 35.789 | 64.959 | 34.799 | 65.225 Observations 29 29
22 37.101 | 65.663 | 35.912 | 65.816 Hypothesized Mean Difference 0
23 35.371 | 63.741 | 33.677 | 63.449 df 56
24 35.311 | 64.988 | 34.953 | 65.225 t Stat -0.67938
25 36.379 | 67.787 | 35.668 | 68.184 P(T<=t) one-tail 0.249847
26 37.204 | 67.285 | 36.667 | 67.592 t Critical one-tail 1.672522
27 33.49 64.26 | 34.943 | 65.225 P(T<=t) two-tail 0.499695
28 34.454 66.61 34.56 67 t Critical two-tail 2.003241
29 34.465 66.35 | 34.532 67
average | 35.611 | 65.525 | 35.143 | 65.776
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Appendix | — Subject Testing at Rest and at 85% of ge
Predicted Maximum Heart Rate Work Loads

Sample VPBS Instantaneous Flow versus Time:

Subject #1 - At Rest
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Sample Data:

Subject 1 At 85% Maximum Heart

Rate
Breath VI avg PIF
72.1872126 | 155.578153
2 77.7378253 | 152.460845
3 74.813698 | 145.528962
4 73.0688525 | 137.539294
5 71.2072288 | 121.795883
6 71.6079451 122.85178
7 81.7490635 130.91446
8 75.1344699 | 138.235163
9 91.756317 | 183.729311
10 55.9311488 | 154.539099
11 59.1239245 | 179.187195
12 107.761682 | 254.029442
13 63.7480195 135.10169
14 75.3363973 | 138.235163
15 52.4546657 | 111.170653
16 57.498847 133.3584
17 56.0155989 | 131.263848
18 46.651269 | 107.598227
19 55.5888319 | 110.814165
20 55.2941522 | 142.058347
21 51.6263801 | 112.594993
22 54.4241731 | 112.239146
23 59.7348091 | 125.662434
average | 66.9761961 | 140.716811
Subject 1 At Rest
MEM FP
Breath VI avg PIF Vi avg PIF
12.604502 23.05783 | 13.512692 | 25.068351
2 10.764166 20.875121 | 11.561538 | 22.70092
3 11.573586 21.421922 | 12.419015 | 23.292778
4 9.8034781 21.783376 | 10.525008 | 23.68735
5 10.696072 22.139372 | 11.497902 | 24.081921
6 13.717211 22.504547 | 14.721643 | 24.476493
7 8.0448977 21.420201 | 8.6115671 | 23.292778
8 9.9053563 21.419228 | 10.624674 | 23.292778
9 8.5534122 22.507935 | 9.1647546 | 24.476493
10 9.0299149 22.492757 | 9.7218316 | 24.476493
11 10.622809 21.959266 | 11.419142 | 23.884636
12 8.5320633 20.872966 | 9.1398113 | 22.70092
13 7.7657969 20.873204 | 8.3191154 | 22.70092
14 6.7995825 21.422861 | 7.280486 23.297
15 9.9766927 21.414939 | 10.708586 | 23.292778
16 5.6804059 21.417951 | 6.0619052 | 23.294778
average 9.6293716 21.723967 | 10.330604 | 23.626087
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Subject 2 At 85% Maximum Heart

Rate
Breath Viavg PIF
55.353412 121.66938
2 53.839175 114.03458
3 48.095401 114.03458
4 43.566587 109.85796
5 50.386164 125.86688
6 60.140784 136.07012
7 54.013187 123.378
8 60.027938 124.9067
9 63.652406 132.49326
10 68.766208 136.07012
11 62.800452 126.05936
12 60.5704 126.44474
13 53.887085 119.59708
14 55.730754 125.09844
15 55.229074 134.87253
16 60.462639 133.87859
17 56.561132 122.23761
18 57.930139 126.63766
19 56.075429 121.10246
20 57.400152 118.101
21 56.88655 126.44474
22 57.579591 124.52365
average 56.770666 124.69907
Subject 2 At Rest
Prototype Fleisch
Breath VI avg PIF VI avg PIF
1 5.6038943 11.769323 | 5.2031033 | 12.829692
2 5.4551764 5.8250132 | 5.2989642 | 6.3357878
3 5.9998042 8.836987 5.8305494 9.739318
4 5.8977365 7.4712499 | 5.7082806 | 8.1635858
5 6.1589868 10.985016 | 5.7755635 | 11.943145
6 5.0571263 7.4162663 | 4.8384364 | 8.0874803
7 4.3098313 5.6821563 | 4.1302447 | 6.1730807
8 5.7724151 9.7845293 | 5.5079292 | 10.717409
9 6.6734282 13.837132 | 6.2280314 | 15.110677
10 5.8674961 10.607402 | 5.5385177 | 11.58047
11 6.0589098 11.061404 | 5.655326 | 12.009925
12 5.0418496 6.9806263 | 4.8590841 | 7.6317529
13 1.1288369 2.0069262 | 1.1259066 | 2.2568084
14 5.4876899 8.8447832 | 5.2173933 | 9.6470829
15 4.8052615 5.9692219 | 4.623707 | 6.4865527
average 5.2878962 8.4718691 | 5.0360692 | 9.2475179
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