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Abstract  
 At the conclusion of the Spring 2009 semester, Andrew Dias and Jeremy Glynn were granted the 

Tong Research and Development award to advance our BME design project, the creation of a low-cost 

spirometer. At the end of the prior semester, we had manufactured a Venturi-type spirometer prototype. From 

June 1, 2009 to August 31, 2009, considerable research and refinements were made to the spirometer. The 

spirometer hardware design was modified to a Fleisch design with the intent of attaining a linear flow-

pressure relationship. Numerous capillary designs were tested in an attempt to achieve this linearity. An 

investigation into fluid mechanics and past designs, including patent research, was performed to provide a 

knowledge base for our design. Considerable thought was put into the design of the spirometerôs 

accompanying software and a detailed set of specifications was drafted. Algorithms that could take a flow-

time curve and calculate the various PFT parameters were tested and evaluated for accuracy against various 

data sources. The I
2
C and USB communications protocols were researched in order to understand both the 

hardware requirements and the firmware programming that would need to be done for our design to 

communicate with a computer via USB. The PIC18F14K50 was determined to be a suitable microcontroller 

for our design and time was devoted to becoming familiar with the MCU as well as investigating the 

firmware programming. Standards were researched to ensure that our design would meet all of the industry 

defined requirements. Through our work this summer, we have learned a considerable amount about the 

design of a spirometer in all the aspects described above and the knowledge gained will provide an excellent 

foundation for our progress during the upcoming academic year. 

Introduction  

Motivation  
A spirometer is a tool that can be used to measure respiratory volume and flow rate. This information 

is commonly used to diagnose chronic obstructive pulmonary disease, or COPD. According to the American 

Thoracic Societyôs Standardisation of Spirometry, the readings given by spirometers play an essential role in 

monitoring and assessing general pulmonary function in the same way that blood pressure is used to monitor 

cardiac health.
1
 According to the American Association for Respiratory Care, COPD is currently the fourth 

greatest cause of death worldwide, and over 600 million have been diagnosed with the disease.
2
 

Unfortunately, health care providers in developing countries are unable to purchase spirometers because they 

frequently costs over $1000. As a result, millions of people with COPD are not effectively monitored or 

treated.   

Spirometry is also essential in the diagnosis and treatment of asthma, a chronic respiratory disease 

that, according to the World Health Organization affects an estimated 300 million people worldwide. The 

severity of asthma is especially prominent in low and lower-middle income countries, where approximately 

80% of asthma fatalities occur.
3
 This disproportionate amount of deaths in these countries is in no small part 

due to the lack of essential diagnostic and monitoring equipment available in these countries. The provision 

of spirometric equipment at a price affordable to physicians practicing in low and lower-middle income 

countries will help address problems of under-diagnosis and under-treatment and raise the quality of care for 

millions of people with chronic respiratory disease. A team from IIT-Bombay has attempted to provide a 

low-cost spirometer to address this problem.
4
 However, this device uses expensive technology, such as 

Bluetooth capability, that unnecessarily increases the cost of the device. The combination of a high and 

increasing prevalence of chronic respiratory diseases and the current absence of competing alternatives 

creates a massive demand for low-cost spirometry equipment. 
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Background  

Spirometr ic Maneuver 
Prior to performing the spirometric maneuver, the spirometer must be properly calibrated and the user 

must understand the procedure and purpose of the maneuver. The procedure may have to be postponed if the 

physician feels that the patient cannot perform the maneuver due to a temporary condition such as illness or 

the recent use of inhaled medication
5
.  To perform a forced expiratory spirometric maneuver, the user must 

exhale as forcefully as possible into the spirometer for at least six seconds with no hesitation, coughs, sub-

maximal effort, or leakage
2,5

. Air flow through the spirometer is recorded at 100 Hz, and three acceptable 

maneuvers must be obtained with the user to rest between maneuvers. 

Spirogram and Interpretation  
The results of the maneuver are displayed graphically as a Volume-Time or Flow-Volume curve called a 

spirogram.  Air volume should be corrected to account for ambient temperature and pressure, and for patient 

sex, age, height, and weight
5
.  Corrections based on race are also standard

6
.  Using the flow data and 

spirogram, the following values can be calculated for each patient: 

 

¶ Peak expiratory flow (PEF) ï the maximum air flow in liters per second the user is able to attain in a 

maneuver 

¶ Forced vital capacity (FVC) ï the total air volume in liters the user is able to exhale in a maneuver 

¶ Forced expiratory volume t (FEVt) ï the air volume expired at time t 

¶ FEV1/FVC  - A useful ratio in assessing pulmonary function.  

 

These values can be used to make preliminary diagnosis of lung obstructions or restrictions and further tests 

can be recommended.  Example of diagnoses based on spirometry values are shown in Table 1.  

 

LUNG DISEASES AND SPIROMETRY RESULTS 

Interpretation   FEV1/FVC   FVC   FEV1 
Normal person   normal   normal   normal  

Airway obstruction  low    normal or low   low  

Lung Restriction   normal   low    low  

Combination of   low    low    low  

Obstruction/Restriction  
 

Table 1: Diagnosis of airway obstruction or restriction based on spirometry parameters
5
. 

 

Commercial Spirometers and Related Developments 
Most diagnostic spirometers on the market cost over a thousand dollars. This amount of money is too 

large for an emerging country clinic to invest in, even if the investment will eventually be paid back. Some 

manufacturers of commercial spirometers include SDI Diagnostic, MicroDirect, and Welch Allyn. SDI 

Diagnostic manufactures six different spirometers ranging from $995 to $2395 
7,8

. The Spirolab II is a top of 

the line spirometer that costs $2395 and the Astra 300 is a middle of the line spirometer that costs $1429 

(Figure 2). SDI Diagnostic advertises high-tech features like a touch screen, Bluetooth, and a bidirectional 

turbine with a rotary sensor, and a sturdy carrying case. All of these features drive up the cost of their 

spirometers.  
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Figure 1: The SDI Diagnostics Spirolab II (left) and SDI Diagnostics Astra 300 TouchScreen Spirometer (right).

8
  

 

MicroDirect spirometers are somewhat more affordable than SDI Diagnostic spirometers with the 

SpiroUSB costing $1419.55 and the spiroãCompact portable spirometer costing $195 (Figure 3).
9,10

  

However, the compact spirometer only measures FEV1, so it is not useful in most medical diagnoses. These 

spirometers are also above the range of $50.  

 

 
Figure 2: The Microdirect SpiroUSB (left) and spiroãCompact (right) spirometers.

9,10
 

 

 

The Welch Allyn SpiroPerfect spirometer (Figure 3) features single use mouthpieces, incentive 

graphics, and automatic interpretation and analysis. This spirometer seems perfect, except for its cost of 

$2000 with a calibration syringe and $1660 without one.
7,11

  

 
Figure 3: The Welch Allyn SpiroPerfectTM with calibration syringe.

10
  

 

Overall, all spirometers on the market are far too expensive for use in emerging nations where a high 

cost of investment is a huge deterrent from buying them. Cheaper spirometers are simply not accurate or 

versatile enough to be used in clinical settings, and with high incidences of COPD in the developing world, 

the lack of a reliable, affordable spirometer is unacceptable. 

Recently, so-called ñpocket spirometersò have emerged that can measure FEV1 in addition to peak 

flow. These spirometers are safe to use and have some mathematical checks to verify data quality.   However, 

even though these spirometers are inexpensive, they lack capabilities to display graphical information such as 
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volume-time and flow-volume graphs. As such, they should not be used for diagnostic purposes, but rather as 

a primary screening.
12 

Standards to Meet  
The American Thoracic Society (ATS) maintains a document with standards that a spirometer must 

meet. The International Standards Organization (ISO) maintains a similar document.  This teamôs spirometer 

design makes use of both of these standards, and notable requirements have been included in the Product 

Design Specifications located in the Appendix. 

Design Overview 
Most modern commercial spirometers make use of differential pressure sensors whereby flow and 

volume data can be calculated from the sensorôs voltage output.  The system we propose also uses a pressure 

sensor, and the diagram below illustrates the flow of data:  

 

Component User Spirometer ZMD 31014 

"iLite" chip  

PIC18f13k50 Computer 

What it 

does 

Expires 

through 

spirometer 

Records pressure 

drop 

 

Analog to digital 

conversion, 

digital 

amplification 

 

Converts data 

from I
2
C 

format to 

USB 

 

Displays data 

 

Signal 

Processing 

Turbulent 

air flow 

from 

lungs 

enters 

spirometer 

 

Air is 

laminarized by 

capillary system 

in spirometer. 

HW 24 pressure 

sensor outputs 

DC voltage 

proportional to 

pressure drop 

between leads 

 

Voltage signal is 

sampled at 100 

Hz.  Analog to 

digital conversion 

is performed. 

Offset, span, and  

temperature 

compensation of 

the measured 

signal. 

 

 Mathematical 

algorithms to 

calculate 

volume 

 

Signal 

Units 

Flow: L/s 

 

Voltage: 

millivolts 

 

Computer bus: 

I
2
C, 14 bit digital 

signal 

 

Computer 

bus: USB 

 

 

Picture  

 
 

 

 

 

 

 

 
 

 

 

 
Table 2: Order of data flow in the system 

Problem Statement 
In attempt to increase global access to spirometric equipment, Dr. David Van Sickle of the University 

of Wisconsinôs department of Population Health Sciences is seeking the design of a low-cost, reliable 

spirometer. The project includes the physical design of the spirometer, software development, and designing 

a universal interface. The spirometer should be capable of measuring lung flows and volumes and should be 

usable by patients without the aid of a trained technician. The device should also be able to connect to a 
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computer via USB to display and store the data. As the procedures are performed, a combination of client 

and server software will graphically display flow and volume data, monitor and evaluate the quality of the 

maneuver, and instruct the subject when their performance needs to be corrected. The software should also 

carry out some rudimentary analysis and interpretation using algorithms that are freely available from the 

American Thoracic Society. The entire product should be widely affordable to physicians in developing 

countries and increase the reproducibility of pulmonary function measurements by delivering the 

standardized instruction and coaching across test sites. 

Spirometer Hardware Design  

Fluid Mechanics  
 The following section defines various fluid mechanics principles that were considered in the design of 

our spirometer. Our testing documentation discusses fluid mechanics calculations with the assumption that 

the reader is familiar with these terms. 

Laminar vs. Turbulent Flow  
 Laminar flow is the term used to describe the flow profile of a fluid flowing in parallel layers. In 

contrast, turbulent flow is characterized by chaotic flow and vortices in the fluid. Figure 4 provides a graphic 

representation of these two flow regimes. In order for the differential pressure measured across a resistive 

element to have a linear relationship to the rate of fluid flow, the flow regime must be laminar. In general, a 

fluid tends to maintain laminar flow through a pipe up to some velocity (which is determined by the 

characteristics of the pipe) after which the flow becomes turbulent. If the fluidôs flow is turbulent, the 

differential pressure will be proportional to the square of the flow rate.
13

  

 

 
Figure 4: Laminar (a) vs. turbulent flow

14
 

Pressure Drop 
As a fluid moves through a pipe, the fluid will tend to slow in velocity due to friction from the pipe 

wall. This change in velocity will cause a pressure drop from one point in the pipe to another downstream 

point. The magnitude of the pressure drop depends on numerous flow characteristics such as the fluid 

viscosity, roughness of the pipe, fluid flow rate and the diameter of the pipe. When flow is laminar, all of 

these dependencies can be encompassed into an analogue of Ohmôs law that describes the pressure drop as 

ȹP = FÖR where F is the volumetric flow rate and R is the resistance of the flow area. For a cylindrical pipe, 

Ὑ=
8‘ὒ

“ὶ4
  where µ is the absolute viscosity of the fluid, L is the length of the pipe, and r is the radius of the 

pipe. Because the viscosity of air is so small, it is generally required that the spirometer contains a resistive 

element, such as a screen or capillary system, to increase the resistance of the spirometer so that the pressure 

drop is of a measurable magnitude. However, the device must not employ too great of a flow impedance 

because ATS standards mandate that the resistance of the spirometer must be less than 150 Pa/(LÖs
-1

) so that 

the resistance does not influence a patientôs breathing ability.
1 
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Reynolds Number 
 The dimensionless Reynolds Number (Re) is used to characterize whether the flow conditions will 

produce laminar or turbulent flow. This number can be calculated in numerous ways, though the form most 

used in our design is ὙὩ=
2ὶὠ

’
 where r is the capillary radius, V is the velocity of the fluid, and ɜ is the 

kinematic viscosity of the fluid. To maintain laminar flow, Reynolds number should be kept below 2000.
15

  

Testing Reports  
Throughout the course of the summer, much testing was done to assess various characteristics of the 

physical spirometer design. The following section contains our reports for the testing performed between 

June 1 and August 31, 2009. 

Spirometer Design Tests 
 At the end of the Spring 2009 semester, our team had constructed a spirometer that generated a 

differential pressure based on the Venturi Effect. This model employed a constriction in the spirometer body 

to cause a pressure drop that was related to the square of the flow. However, because of the quadratic 

relationship between flow and pressure, the Venturi spirometer had poor sensitivity at low flow rates. This 

design shortcoming led us to try to fabricate a spirometer that could achieve a linear flow-pressure 

relationship. 

The main goal of the Spirometer Design tests was to determine the ability of the spirometer to achieve 

laminar flow though the resistive element. To test this, we utilized the air supply in the basement of the ECB 

to generate air flow. Because the air from these ports was very uneven across the cross-sectional area of the 

spirometer, we inserted a plenum between the air supply and the spirometer. Our plenum consists of a series 

of capillaries with an obstruction in the center of the cross-section to divert airflow across the entire surface. 

A picture of the plenum can be seen in Figure 5 and Figure 6 shows a schematic of the entire testing system. 

 

 

 

 

 

 
Figure 5: A view of the capillaries and central obstruction in the plenum 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6: Diagram of equipment used for flow testing 
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Spirometer Design Test 1 ɀ Assessing Design Options 
After researching current industry standards, three models were envisioned that could theoretically 

accomplish a linear flow-pressure relationship. The first was a Fleisch-type spirometer that possesses a 

system of capillaries inside the spirometer body (see Figure 7). The capillaries act to facilitate laminar flow 

by greatly decreasing the radius of pipe that the fluid flows through. In addition, the system of capillaries also 

adds a resistive element to the spirometer to generate a measureable differential pressure. This system is 

currently used in the Vitalograph Pneumotrac and the Burdick Presto spirometers. 

 

 
Figures 7 and 8: Examples of Fleisch (L) and Lilly spirometers.

16 
The pressure drop is measured across the resistive element, 

being either the capillary tubes or the fine screen mesh. 

 

 A second design alternative was the Lilly-type spirometer. Instead of using a series of capillaries like 

the Fleisch spirometer, the Lilly design utilizes a fine screen as a resistive element capable of creating 

laminar air flow. The typical Lilly design features a flange or bell shape as seen in Figure 8. By expanding 

the diameter of the spirometer where the screen is located, the design allows air to move at a much slower 

velocity through the screen to encourage laminar flow. The Lilly design is currently used by the Jaeger and 

Hans Rudolf spirometer systems. However, this bell shape is difficult to manufacture and make into a 

portable device. For this reason, our third design alternative consisted of a Lilly-type spirometer that held a 

constant diameter throughout the entire length of the spirometer.  

To assess the characteristics of the various design options, we manufactured one of each of the designs and 

tested their performance on two characteristics: 1) Ability to generate laminar flow (indicated by a linear 

flow-pressure relationship) and 2) The responsiveness of the model, indicated by the magnitude of the 

pressure drop through the spirometer. 

These three models were also compared to the most advanced version of the Venturi-type spirometer 

we manufactured. 

 

Procedure: 

¶ Spirometers were connected to the Freescale MPX2010 sensor. 

¶ An air supply located in the ECB basement was connected to a plenum to create even flow across the 

cross-sectional area of the spirometer. 

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

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

¶ Output from the iLite signal conditioner was recorded at constant air velocities approximately every 1.5 

m/s, starting at 3 m/s 

¶ For each spirometer, the data recorded at each velocity was averaged, and the standard deviation of the 

output was calculated 

¶ Air velocity was converted to volumetric flow rate based on the cross-sectional area at the end of the 

spirometer and graphed against the average output 
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Results and Comparison of Spirometers 

 The ZMD 31014 signal conditioner, commonly referred to as the ñiLiteò, has an output directly 

proportional to the sensor voltage output, which is proportional to the differential pressure across the 

spirometer. Therefore, the nature (being either linear or quadratic) of the charts depicting the iLite output vs. 

flow would be representative of the flow-pressure relationship. Such charts for this set of tests can be found 

in the Design Test 1 section of the Appendix. 

 The new Venturi model that we manufactured to meet ATS standards maintained the expected 

quadratic relationship between flow and pressure. Venturi models use turbulent airflow and a constriction to 

generate differential pressure; thus, this was the expected result. 

 Our manufactured Fleisch model utilized a system of capillaries made of small straws, each 

approximately 3 mm in diameter, to create laminar flow. From the chart (Figure B2), the model appeared 

successful in generating a linear relationship between flow and pressure. However, the chart had a small 

number of data points as well as a very small output span from the iLite. Testing with a more sensitive sensor 

showed that the model was actually unable to generate a truly linear flow-pressure relationship. 

 The Lilly model featured a bell shape and mesh screen to slow the air flow and generate laminar flow. 

This model showed the least response between flow rates of all the models. In fact, although the standard 

deviation of each flow rate was not significantly higher than other models, it was still generally larger than 

the difference between measurements. Thus, although the model appeared successful in generating a liner 

relationship between flow and pressure, it will need to be significantly refined to produce an output of 

sufficient magnitude. 

 The Brentwood Midmark mouthpiece was similar to the Fleisch model we created with the addition 

of a constriction in conjunction with the capillary system to increase the air velocity through the capillaries. 

This model showed the greatest response between air flows; however, it also appeared to have a quadratic 

relationship between flow and pressure. Although the model does utilize a constriction, we still expected a 

linear relationship because the differential pressure is taken at two points that have the same radius. Thus, the 

only effect the constriction should have is to increase air velocity through the capillaries to increase the 

pressure drop. It is likely that the Brentwood Midmark mouthpiece performed similarly to our manufactured 

spirometer in the manner in which it created a more linear relationship than the Venturi model, but because it 

was not able to facilitate true laminar flow, the flow-pressure curve retained its quadratic nature. 

 A summary of the spirometer testing results are included in Table 3. The slope of the linear 

relationship is listed as a means of quantifying the spirometerôs responsiveness. A larger slope indicates a 

larger change in output signal per change in flow. In general, a larger slope is better as it means our 

spirometer will be more accurate. However, a larger slope likely means that the spirometer has a large flow 

impedance to cause a larger differential pressure. The relationship between resistance and responsiveness is 

something we will have to carefully balance. 

 

Model Linear or 

Quadratic 

Flow range 

(L/s) 

Output range (%) Slope of linear 

relationship 

Venturi  Quadratic 0-6.42 6.080-6.551 Not linear 

Lilly  Linear 0-5.94 6.128-6.227 .0161 

Fleisch Linear 0-5.63 5.999-6.387 .0677 

Midmark 

mouthpiece 

Quadratic 0-6.93 6.099-7.086 .1486 

Table 3: Summary of Spirometer Body testing 

 

Following the conclusion of this round of testing, we constructed a design matrix to evaluate the different 

spirometer configurations. This design matrix can be seen in Table 4. The results of this evaluation showed 

the Fleisch model to be the most promising spirometer option, and we chose it to be the focus of our design 

efforts. 
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Categories Weight Fleisch Lilly with bell  Lilly without bell  

Low resistance 25 15 20 18 

Material cost 5 4 3 4 

Ease of cleaning 20 18 10 15 

Ease of manufacture 15 12 7 12 

Pressure vs. flow linearity 

(R
2
 value in Excel) 

35 25 30 20 

     Total 100 74 70 69 

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

 

Even though the Fleisch spirometer had the highest relative resistance, the pressure vs flow linearity 

combined with the ease of manufacture made it the best design option. 

 

Discussion  

As noted in the results, the manufactured Fleisch spirometer model which we tested was unable to 

facilitate laminar air flow. To examine why the air flow remained turbulent, we calculated the Reynolds 

number for this spirometer model. To maintain laminar flow, Reynolds number should be kept below 2000. 

From our calculations, we have determined that human breath (modeled as air at 37
o
C and saturated) has a 

kinematic viscosity of 1.68 × 10
-5

. The velocity of the fluid is determined by the volumetric flow rate and the 

cross-sectional area of the spirometer body. With our 1ò spirometer body, the velocity through the spirometer 

at 14 L/s (the maximum flow our spirometer must accommodate to meet ATS standards) is 27.63 m/s. Using 

this value for V and solving for the value of r that will keep Re < 2000, we find that r < 0.607 mm. This 

spirometer uses capillaries that are 3 mm in diameter. Thus, this design needed to be modified to incorporate 

capillaries with smaller radii to ensure laminar flow and a linear flow-pressure relationship. 

Spirometer Design Test 2 ɀ Hematocrit Tube Fleisch Evaluation 
 The inability of our prior spirometer, constructed with capillaries of ~3 mm diameter, to achieve 

laminar flow led us to develop a new design that utilized smaller diameter capillaries. To manufacture this 

design, we used hematocrit tubes with a 1.2 mm diameter for the capillaries. According to our previous 

calculations, this design should meet the requirements to keep the Reynolds number < 2000. 

 

Procedure 

¶ Manufactured Fleisch spirometer with 152 hematocrit tubes inside functioning as capillaries. The inner 

diameter of the tubes is 1.2 mm; the outer diameter was not factory specified but has been estimated to 

be 1.8 mm. Thus, the wall thickness is approximately .3 mm. 

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

the body of the spirometer. 

¶ Air from the ECB supply was passed through a plenum to create even flows across the entire cross-

sectional area of the spirometer. The air supply, plenum and spirometer were all connected in an air-

tight manner. 

¶ Air velocity was measured at the spirometer exit point using an anemometer. 

¶ Measurements on the iLite were taken for ~10 sec from 0-12 m/s at 2 m/s intervals, as well as one final 

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

spirometer. 

¶ Data from the iLite was averaged and graphed using Excel. All charts can be found in the section 

Design Test 2 in  Appendix B. 

¶ Using equations obtained in previous tests pressure was calculated from the iLite output, and resistance 

at each flow was calculated. 
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Results 

 To convert the velocity recorded by the anemometer to flow, the velocity was multiplied by the cross-

sectional area of the rear of the spirometer. The section Design Test 2 in Appendix B contains a table relating 

the measured velocity with the corresponding flow rate, as well as other readings and calculations performed 

with that data. 

 The pressure readings from the spirometer exhibited a moderate quadratic character. Although the 

curvature of the trendline does not seem to be as steep as the Venturi model, this is a quantitative judgment.  

From past tests, we know that the sensor has a linear output with response to pressure. Thus, it must be the 

relationship between pressure and flow that is quadratic, indicating that this design did not produce laminar 

air flow. Another conclusion that can be made using information from previous testing is that the air supply 

becomes increasingly ñnoisyò (or less consistent) as the velocity increases. This is indicated by the increasing 

standard deviation of the iLite output as the flow increases..  Figures B21 and B22 show that noise does not 

increase as pressure increases, so the sensor and the iLite are not responsible for this increase in noise; rather, 

it is the inconsistency if the air supply 

 Due to the inability of the design to achieve laminar flow, additional calculations were performed to 

characterize the failure. The equivalent cross-sectional area was estimated by multiplying the cross-sectional 

area of a single capillary wall, multiplying this area by the number of capillaries present in the spirometer, 

and subtracting this ñwall areaò from the total area of the spirometer body. This calculation represents the 

equivalent area that is open for air to flow, which was determined to be 2.92 cm
2
. Porosity was calculated as 

the ratio of this open area to the total spirometer area, and for our design was equal to 0.58. The equivalent 

pipe diameter represents the diameter pipe that produces an equivalent cross-sectional area as the calculated 

open area. This diameter was calculated to be 0.49ò. 

 Resistance is equal to ȹPressure/Flow. Because we can convert the iLite output into pressure for 

every flow measurement, resistance can be easily calculated. The calculated resistance values and a chart 

displaying the linear trendline for the data can be found in the Design Test 2 section of Appendix B. 

 

Discussion 

 Despite using a smaller diameter capillary, this design was still not able to achieve laminar flow. This 

is most likely because of the wall thickness of the hematocrit tubes. The thick walls cause the capillary 

system to have a low porosity, and thus a small equivalent cross-sectional area open for airflow. For this 

design, it is estimated that the porosity of the capillary system is ~0.58, resulting in an equivalent cross-

sectional area of ~0.49ò. Because there is less open area for the air to pass through, the velocity of the air 

increases through the capillaries. This increase in velocity causes the air to remain turbulent despite passing 

through a small diameter. The character of airflow through a tube (laminar vs. turbulent) can be determined 

by finding the Reynolds Number for the flow pattern. The equation for Reynolds Number (Re) through a pipe 

is =
2ὶὠ

’
 , where r is the radius of the pipe, V is the velocity of the fluid and ɜ is the viscosity of the fluid. 

Reynolds Number must be < 2000 to achieve laminar flow. Thus, although decreasing the capillary radius 

lowered the Reynolds Number, the resulting increase in air velocity due to the poor porosity of the capillary 

system caused the Reynolds Number to remain too high for laminar flow. Our initial calculations that 

determined the hematocrit tubes to have an adequate diameter for our design did not take into account the 

effects of the increased velocity. 

 Besides generating a significant increase in air velocity, the low porosity of the hematocrit capillary 

system also yielded large resistance values. ATS standards mandate that a spirometerôs resistance to airflow 

must remain below 150 Pa/LÖs
-1

 for flows up to 14 L/s.
1
 Although our testing apparatus was not able to 

generate flows up to 14 L/s, the resistance increased linearly with flow and was already above 150 Pa/LÖs
-1

 at 

6.08 L/s. Using the trendline generated by Excel, it is estimated that the resistance at 14 L/s would be 

approximately 260.7 Pa/LÖs
-1

. There are two ways to lower the resistance: increase the equivalent cross-

sectional area or decrease the capillary length. Finding a capillary system with thinner walls would increase 

the porosity of the capillary system and considerably increase the cross-sectional area because resistance is 

inversely proportional to r
4
. Utilizing thinner walls would most likely be enough to decrease the resistance to 
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within ATS standards. If this was not sufficient, the capillary system could be manufactured at a smaller 

length, although this is not ideal as a longer system aids in generating laminar flow. 
7 

Spirometer Design Test 3 ɀ Double-Barrel Straw Evaluation 
Because the hematocrit tubes were unable to facilitate laminar flow as capillaries within our 

spirometer, we constructed a new spirometer body with double-barrel coffee straws. These straws have 

thinner walls than the hematocrit tubes and a smaller diameter than the previous straws used. See the pictures 

in the Design Test 3 section of the Appendix for a comparison of the various capillary systems tested thus 

far. These straws consist of two rectangular barrels approximately 1x2 mm in size and were fashioned to a 

capillary system 1.5 cm in length. 

 

Procedure 

¶ Flow testing used an identical test procedure to that described in our testing document for evaluating 

the hematocrit tube spirometer. 

 

Results 

 The first criterion for which we evaluated the functionality of the coffee straws was their ability to 

facilitate laminar flow, indicated by a linear relationship between pressure and flow. Table B2 and Figure 

B10 found in the Design Test 3 section of  Appendix B shows the iLite output recorded at the various flow 

rates. Two trendlines were overlaid on the data on the ñiLite vs. Outputò chart, one with a linear fit and the 

other with a quadratic. As demonstrated by the trendlines on the chart, the Pressure-Flow relationship is still 

quadratic in nature, indicating laminar flow was not achieved with this configuration. 

 Resistance of the capillary system was the next characteristic tested for the capillary system. The 

Design Test 3 section of Appendix B contains a plot of the resistance values at the various flow rates. There 

is an approximately linear relationship between resistance and flow, quantified by the trendline shown on the 

chart. Using the trendline, we can estimate the theoretical resistance of the capillaries at 14 L/s to ensure it 

remains below the ATS standard of 150 Pa/(L/s).
1
  Extrapolating from the trendline equation, the resistance 

at 14 L/s would be equal to 3.2845Ö(14L/s) + 15.631 = 61.614 Pa/(L/s), which is well below the ATS 

standard. 

 

Discussion 

 Although this model of coffee straws was not able to generate laminar flow, there is still potential for 

them to be used successfully in a spirometer design. According to the flow meter patent of Eugene 

Tompkins, the minimum length to diameter ratio of the capillaries should be >10 to facilitate laminar flow, 

with greater values (eg. >80) being preferable.
17

  In our model, the length to diameter ratio is approximately 

10, meaning we are at the very lowest end of the recommended length. Thus, by increasing the length of the 

capillaries, we may be able to successfully fabricate a capillary system capable of producing laminar flow. In 

the past, we have been hesitant to lengthen the capillaries because this increases the resistance of the 

spirometer. However, as indicated by the experimentally determined values, the resistance of this system is 

small enough that they could be considerably lengthened and still meet ATS standards. 

 

Future Work  

 The ratio stated by Mr. Tompkins in his patent was determined experimentally; thus it is difficult to 

say exactly how much of an effect this change will have on the air flow. Regardless, it would be beneficial 

for us to determine the effects of capillary length on both laminar flow and the resistance as we have not 

done a quantitative assessment of these relationships. 

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

The inability of our 3 spirometer models to facilitate laminar flow sparked us to investigate two 

different topics. The first purpose of this testing was to quantify the effects of the capillary system length on 

laminar flow. To accomplish this, we built capillary systems 3 cm and 10 cm in length to compare to the 1.5 
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cm system we fabricated previously. Although length is not considered in calculating Reynolds number, Mr. 

Eugene Tompkins stated in his patent that having a longer capillary system would assist in creating a laminar 

flow profile in fluids with a low viscosity. However, because length is not a part of the calculation for 

Reynolds number, we are unsure of the exact relationship between capillary length and laminar flow and thus 

will seek to quantify it experimentally. 

Our designsô apparent inability to generate laminar flow also led us to question the adequacy of our 

test procedure. We assumed that our test protocol would indicate laminar flow by demonstrating a linear 

relationship between the flow rate and the iLite output. However, we wished to verify this fact by testing a 

commercial Fleisch spirometer, the Burdick, Inc. Presto Spirometer. The linearity of the output from a sensor 

connected to the Presto could be used as the ñgold-standardò to which our designs could be compared. The 

Burdick, Inc. Presto Spirometer is 7 cm long and has capillaries with a square 1.0 mm
2
 cross-sectional area.  

This spirometer also has a wire mesh before the capillary system with square holes of dimension 0.8 mm × 

0.8 mm. The total cross-sectional area of the capillary system is 21.4 cm
2
. The orientation of this screen with 

respect to the capillary system does not appear to matter because the screens can rotate. 

Due to a limited availability of some materials, we were unable to connect the same pressure sensor 

for all models tested. However, this did not impact the validity of our tests as we were examining the results 

for linearity, not sensitivity. All of the sensors tested have an output that changes linearly with relation to 

pressure. Therefore, all of the pressure sensors employed are capable of functioning as accurate indicators of 

our spirometerôs pressure-flow relationship. 

 

Procedure 

¶ Flow testing used an identical test procedure to that described in our testing document for the 

hematocrit tube spirometer (described in Design Test 2) The spirometer models and sensors tested were 

as follows: 

¶ 3 cm capillary system using Honeywell 24PC01SMT sensor (surface-mount model, sensitivity 35 

mV/kPa) 

¶ 10 cm capillary system using Honeywell 24PCEFA6D sensor (sensitivity 70 mV/kPa) 

¶ Burdick, Inc. Presto Spirometer using Honeywell 24PCEFA6D sensor 

 

 

 

 

Results 

We examined the ability of the 3 cm and 10 cm capillary systems to facilitate laminar flow compared 

to the Burdick, Inc. Presto Spirometer. iLite output plotted against flow yielded quadratic curves for both 

coffee stirrer capillary systems, although the regression coefficient for linear trendlines was 0.97 for both 

systems.  iLite output plotted against flow yielded a linear relationship for the Presto spirometer with a 

regression coefficient of 0.998. The charts depicting the iLite output vs. flow can be seen in the Design Test 

4 section of the Appendix. 

Using previously acquired equations from the iLite output vs. pressure trendlines (See Pressure and Output 

Correlation test report), flow impedance was calculated using the formula Ὑ =
Ўὖ

Ὂ
.  Resistance vs. flow plots 

for all systems is shown in the section Design Test 4 in the Appendix.  From flows 2 L/s to 7 L/s, calculated 

resistance increases by more than 50% in the coffee stirrer systems. For the Presto spirometer, resistance is 

17.47 with a standard deviation of 0.70 for flows between 1.06 and 7.75 L/s. In all systems, resistance at the 

lowest measured flow was higher than resistance at the next measured flow.   

Flow impedance for the Presto spirometer was much lower than impedance of the coffee stirrer 

spirometers.  Extrapolating a linear increase in resistance yields a flow impedance of 68.8 PaĀs/L at 14 L/s for 

the 3 cm capillary system and a flow impedance of 125.2 PaĀs/L at 14 L/s for the 10 cm capillary system. It is 

important to note that the resistances listed only include the resistance of the capillary systems themselves 

and do not include the resistance of the mouthpiece portion of the spirometer. 
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Discussion 

The fact that quadratic curves are produced by the coffee stirrer capillary systems but not by the 

Presto spirometer suggests that the coffee stirrer capillary systems are not facilitating laminar flow.  This 

result could pose a problem because resistance of the 10 cm capillary system was much higher than that for 

the 3 cm system, though both were experimentally determined to have lower flow impedance than the 

maximum value stipulated by the ATS (150 PaĀs/L).  In order to obtain laminar flow, we would need to 

increase the length of the capillary system, decrease the capillary cross-sectional area, or both.  If the length 

of the capillary system is increased, then the spirometer may have too much flow impedance to meet ATS 

requirements.  

A limitation in the measurement of flow impedance is that flow may not have been calculated 

accurately.  Air velocity was measured at the output of the spirometer and cross-sectional area at this end was 

used to convert the velocity into a flow.  If there is leakage, non-uniform air distribution, or sudden 

turbulence, then the velocities measured may not have been correctly converted to flows by multiplication by 

cross-sectional area. 

Resistance of the coffee stirrer spirometers increased as flow increased for flows over 2 L/s. This 

result indicates that flow is not laminar because ideal laminar conditions would produce constant resistance at 

any flow.  The Presto spirometer is likely ideally laminar at flows between 1 L/s and 8 L/s because flow 

impedance is approximately constant at these flows.  This spirometer should thus be used as a gold-standard 

for obtaining laminar flow using a capillary system. 

All capillary systems produced higher resistance at the lowest flow measured. We calculated a 

resistance of 30.4 PaĀs/L at a flow of 0.46 L/s in the Presto spirometer. However, at a flow of 1 L/s, resistance 

was calculated to be 19.3.  This value is within three standard deviations of the mean resistance, and 

resistances appear to be normally distributed around the mean (Figure 9), suggesting that variation is 

stochastic.  Because error appears to be random, we can treat this spirometer as having constant resistance 

above a flow rate of 1 L/s. 
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Figure 9: Distribution of resistances for flows greater than 1 L/s for the BME 310 spirometer. Data is approximately normally 

distributed. Bins were defined by 1/5 the difference between the maximum and minimum resistance values. 

 

This phenomenon is paralleled by higher resistance at low flows for coffee stirrer spirometers.  For 

the 3 cm capillary system, resistance decreases with flow for flows under 1.57 L/s. For the 10 cm capillary 

system, resistance decreases with flow for flows under 2 L/s.  Because this pattern was observed even in the 

Presto spirometer, which we are treating as the ñgold standard,ò this phenomenon may be regular. 

The reason the team made a design change from a Venturi model to a Fleisch model was that the 

Venturi model gave a quadratic relationship between pressure and flow.  Because of the quadratic 

relationship, pressure measurement at low flows may not be accurate.  It appears that pressure measurement 

at low flows may not be accurate for the Fleisch design as well because of inconsistent resistance 
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measurements at low flows.  Thus, the choice of the Fleisch design should be reconsidered.  However, it is 

possible that velocity measurement was not accurate at the lowest velocities, leading to an inaccurate 

calculation of flow. 

 

Future Work  

In future designs, special consideration should be made for flows at less than 1 L/s.  We will continue 

to search for finer capillary systems so that flow is ideally laminar for flows greater than 1 L/s. This may 

include reevaluating other design options, such as the Lilly-type spirometer. 

Design Test 5 - Port Location Testing 
 Our spirometer functions by measuring the differential pressure across a restive element within the 

body. Therefore, the physical interface between the sensor and the spirometer has an impact on the sensitivity 

of the design. To determine the optimal configuration for the ports connecting the sensor to the spirometer 

body, we ran a series of tests as well as SoidWorks flow modeling. 

 When air flows through the spirometer body, the outer layer of air is slowed by the friction against the 

inner spirometer wall. This is known as the edge effect, and the purpose of testing with the ports inserted into 

the middle of the spirometer was to analyze if our pressure measurements would improve by taking 

measurements away from the edge. The quality of the port arrangement would be judged by the slope of the 

trendline generated by our results. A steeper slope indicates a more sensitive layout, which is preferred for 

our spirometer. 

 

Procedure 

¶ The Fleisch spirometer utilizing small straw (3mm diameter) capillaries was connected to the 

Honeywell 24PCEF6AD sensor and the iLite development board 

¶ 3 port configurations were tested: Both ports on the edge, the front port on the edge and the rear 

inserted into the middle, and both ports inserted into the spirometer. 

¶ The rear port could be inserted 7 mm into the spirometer body, but the front port could only be inserted 

3 mm due to concerns about damaging the spirometer attempting to retract the port. 

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

¶ iLite output data was averaged and plotted in Excel 

¶ Following experimental tests, SolidWorks was used to model the three designs and perform flow 

analysis testing 

¶ Inlet air flows were at 10 L/s with 95% humidity 

¶ 3 tests were run with laminar inlet flow, followed by one with turbulent 

 

Results 

 The charts showing output percent vs. flow are shown in the Port Testing section of Appendix B. 

Immediately, one notices that none of the data fits a linear model; the pressure-flow relationship is quadratic. 

However, the linear trendlines still have relatively high R
2
 values and are useful in quantifying the sensitivity 

of the port configuration. In this case, the sensitivity of the spirometer is defined as the ability to generate the 

largest possible differential pressure at a given flow. From the linear trendlines, slopes that correspond to the 

sensitivity of the design can be obtained. The design with both ports in the middle is in theory the least 

susceptible to edge effects, and thus should be measuring air at the fastest velocity. 

 SolidWorks was also used to model and analyze the models. Each model was tested with air at 95% 

humidity with an inlet flow rate of 10 L/s. The results from the analysis are similar to the results from our 

experimental testing. See Table 1 for the numerical results of the flow analysis. Additionally, the SolidWorks 

flow analysis was capable of illustrating the pressure gradients and flow profiles through the spirometer. 

Examples of these images can also be found in the Port Testing section of the Appendix to visualize of the 

data. 
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Port arrangement Port 1 Pressure Port 2 Pressure ȹP 

Both on Edge 101.785 kPa 101.329 kPa 456.03 Pa 

Rear port inside 101802592 Pa 101225.9641 Pa 576.63 Pa 

Both inside 101756.928 Pa 101245.028 Pa 511.899 Pa 
Table 5: SolidWorks flow analysis results. Port 1 refers to the front port, while port 2 is the rear port. 

 

Discussion 

Experimental Conclusions 

Observing the linear trendlines of the results, the design in which the front port remains at the edge of 

the spirometer while the rear port extends into the middle of the body had the largest slope. A larger slope 

means that as air flow increases, the design produces a larger differential pressure across the ports. It makes 

sense that this design has the largest slope when one considers the flow profile of the air through the 

spirometer. The air traveling at the edge would be the slowest (creating the highest pressure) while the air in 

the middle would be moving the fastest. Thus, this configuration takes the pressure differential between the 

points expected to generate the lowest and highest pressures, thereby creating the largest differential between 

them. Although the difference between the port arrangements was noticeable, it was not large enough that 

any one design should be considered the only possible option. Other factors, such as ease of cleaning and 

likelihood of clogging, should also be considered in the decision. 

 

SolidWorks Flow Modeling 

The SolidWorks model supported our experimental data that the port arrangement with the front port 

at the edge and the rear port inserted into the spirometer produced the greatest pressure differential, and thus 

would provide optimal sensor readings. This design showed that at 10 L/s, it would theoretically generate a 

pressure difference of at least 65 Pa and up to 120 Pa more than other designs. Our pressure sensor has a 

range of 0-1 psi (6.894 kPa) and although a difference of 65 Pa may not seem exceptionally significant, the 

sensorôs signal can be amplified with very low noise up to 192x by the iLite signal conditioner. Thus, it 

makes sense that this design produced a noticeable improvement over the other port arrangements in our 

experimental data. However, this theoretical difference is still not of the magnitude that it should be used as 

the sole consideration in determining the port configuration. 

Sensor Selection Testing 
 There are a large number of differential pressure sensors available for use in our design. 

Characteristics such as the sensitivity, linearity, output type and packaging vary between models. Because the 

sensor is such an integral part of our spirometer, we performed a set of tests to evaluate the functionality of 

numerous pressure sensors. These tests werre performed in conjunction with our preliminary assessment of 

the various types (Lilly, Fleisch, etc.) of spirometers. After completing an evaluation of these models, we 

conducted tests to compare the function of the Honeywell 24PCEFA6D and the Freescale MPX2010 that we 

had been using previously. 

 

Procedure 

¶ The MPX2010 and the 24PCEFA6D were both tested on our manufactured Fleisch prototype using an 

identical procedure. 

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

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

¶ The data recorded at each velocity was averaged, and the standard deviation of the output was 

calculated 

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

 

Comparison of Sensors 

The sensor that we had used for testing in Spring 2009 was the Freescale MPX2010DP. However, we 

were interested to see if another sensor manufactured by Honeywell would provide a larger output signal. To 
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make a quantitative comparison, we attached the Honeywell sensor to our Fleisch spirometer and measured 

the output signal to see if there was a noticeable difference in the magnitude of the output. 

 Testing with the same protocol described above, the Honeywell 24PCEFA6D sensor produced a 

similar linear relationship between output and flow as the Freescale sensor, but with a larger slope. See the 

Sensor Comparison section of Appendix B for charts depicting the iLite output signal vs. flow for both 

sensor models. This increase in slope indicates that the Honeywell sensor does indeed generate a stronger 

output signal at small differential pressures and we may wish to pursue using this sensor in our future 

prototypes. However, this sensor is more expensive, and because a major design objective is to maintain a 

very low cost,  careful consideration of our sensor choice was necessary. In addition, there was also a larger 

standard deviation associated with the Honeywell sensor data. In past tasting, the standard deviation of the 

measurements was generally due to the noisiness of the signal and was not the fault of the sensor. If the 

Honeywell sensor is indeed significantly more sensitive than the Freescale sensor, it is possible that we could 

reduce the amplification of the signal. Reducing the gain, as well as transferring our design onto a PC board 

layout, would both significantly decrease the noise in the signal and decrease the standard deviation of the 

measurements. Table 6 compares the test results and operating characteristics of the Freescale MPX2010DP 

and the Honeywell 24PCEFA6D. 

 

Sensor Output 

Range 

Largest 

St. Dev. 

Slope of 

Relationship 

Theoretical 

Output Slope 

Cost 

MPX2010DP 5.999-6.387 .0574 .0677 17mV/psi $7.65 (qty>100) 

24PCEFA6D 18.083-20.286 .3205 .4591 70 mV/psi $12.31 (qty>200) 
Table 6: Comparison of the Freescale MPX2010DP and the Honeywell 24PCEFA6D pressure sensors 

 

Discussion 

 The Honeywell sensor was capable of producing a signal with a much higher magnitude that will 

therefore be less susceptible to noise and have greater low-flow sensitivity. In our opinion, all of these 

strengths justify the additional $5 cost per sensor over the MPX2010.  

 Unfortunately, after testing was concluded, we became aware that this exact sensor configuration is 

not available in a surface mount package. Honeywell does produce a very similar model, the 24PC01SMT, 

which will hopefully suffice for our transition to PCB layout. The characteristics of the 3 sensors are listed 

below. 

 

Sensor Theoretical 

Output Slope 

Cost Packaging 

MPX2010DP 17 mV/psi $7.65 (qty>100) Through-hole 

24PCEFA6D 70 mV/psi $12.31 (qty>200) Through-hole 

24PC01SMT 45 mV/psi $9.16 (qty>200) Surface mount 
Table 7: Comparison of sensor characteristics 

 

As seen from Table 7, the sensitivity of the surface mount sensor is lower than the one used for these tests. 

However, it is still nearly three times as sensitive as the MPX 2010, and lower cost than the 24PCEFA6D. 

 To analyze the functionality of each of these sensors in our future design, we composed a design 

matrix to quantify the decision. Table 8 shows this matrix, which results in the 24PC01SMT sensor as being 

the best choice.  
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Criteria  Weight MPX2010 24PCEFA6D Surface 

Mount  

Cost 30 25 15 20 

Sensitivity 

(mV/psi) 

30 10 25 20 

Pressure Range 15 5 15 10 

Linearity  15 9 9 12 

Physical Design 10 9 3 9 

TOTAL  100 58 67 71 

Table 8: Sensor design matrix. 

 

The criteria for the matrix are defined as follows: 

 

Cost ï The relative amount each sensor costs to purchase in bulk 

Sensitivity ï The magnitude of the signal produced by a change in pressure. The sensitivities of the sensors 

are listed in Table 7 above. 

Pressure Range ï How well the sensorôs recommended pressure range fits typical pressures we will be 

measuring 

Linearity ï the sensorôs ability to produce a linear voltage output with respect to pressure 

Physical design ï The sensorôs ability to be surface mounted, as well as port configuration. 

 

In accordance with the design matrix, we will pursue using the Honeywell 24PC01SMT in future designs. 

Pressure and Output Correlation  
 Data shown in a majority of the testing the charts is graphed as iLite output vs. flow. The output from 

the iLite is directly proportional to the differential output given by the pressure sensors, which is in turn 

proportional with the differential pressure across the capillaries in our spirometer. Thus, iLite output is 

directly proportional to the pressure across the capillaries. However, the iLite output has units of percent in 

relation to the maximum output value. This percent output is useful in calibrating the spirometer as well as 

interpreting the actual 14-bit number that the iLite would output via I
2
C to a microcontroller. However, the 

percent output had no function in calculating physical properties of the spirometer because the exact 

conversion from this output to pressure was unknown. To correlate the percent output value with an actual 

physical pressure, we performed a series of testing using equipment generously borrowed to us from Prof. 

Naomi Chesler and a group of her assisting graduate students. 

 

Procedure 

¶ Used a Halstrup Walcher Kal 84 from Prof. Cheslerôs lab that could deliver a fixed, known pressure 

through a tube. 

¶ This tube was connected to the positive port of the Honeywell 24PC01SMT pressure sensor, the 

negative port was taped shut at atmospheric pressure 

¶ Using the equipment, pressure was increased at fixed intervals of either 50 or 100 Pa, depending on the 

test and relevance to the spirometerôs expected pressure range. 

¶ At each interval, data was recorded from the iLite for >10 seconds at a sample rate of 100 Hz. 

¶ The iLite was set to a gain of 192, A/D offset was -1/15, +15/16. 

¶ Data collected at each pressure was averaged and the standard deviation was calculated. 

¶ Tests were performed on two sensors that were identical in model, but differed in their connection to 

the iLite. 

¶ Due to the considerable time that passed while taking the first set of measurements, 3 measurements 

were also taken while reducing the pressure back to 0. 

¶ All data was stored in an Excel workbook and graphed. Trendlines for each test were calculated and 

inserted onto the charts. 
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Results 

 The averaged output values and graphs can be found in the Pressure Correlation section of Appendix 

B. Each chart contains data collected with an individual sensor. Both sensors were the Honeywell 

24PC01SMT, though they were connected to the iLite in two different fashions.  

The first set of data, labeled ñExternal Connectionò in the Pressure Correlation section of Appendix B, was 

collected with a sensor connected to the iLite using external wires attached to the Bridge Positive, Bridge 

Negative, Bridge Sink and Source Voltage connections on the development board. This is the common setup 

that has been used in all of our previous tests. However, this setup is exceptionally prone to noise as there is a 

considerable length of poorly insulated external wiring between the sensor and the iLite. Furthermore, the 

connections on the development board itself can be easily dislodged or moved, causing variance in the data. 

The data graph from this setup contains two data series. The first set of points (graphed in blue) was 

taken beginning at 0 Pa and increasing in 50 Pa increments to 1 kPa. Although we are generally only 

expecting a maximum differential pressure of ~400 Pa using our spirometer design, 1 kPa was chosen as our 

ending value so that we could obtain enough data points to ensure the linearity of the pressure sensor. The 

second set of data is graphed in red on the chart. These were the data points taken starting at 1 kPa and 

stepping the pressure back down to 0. These measurements were taken because we wanted to test the 

consistency of the pressure sensor and make sure that its measurements did not drift over time. Overall, there 

was approximately 20 minutes of elapsed time from when we started recording data at 0 Pa to the time we 

returned to 0 after stepping the pressure back down. Both trendlines are graphed on the chart, but because the 

sensor showed essentially no drift during the course of the measurements the trendlines overlap to a point 

where they are indiscernible. For reference, both equations are shown on the chart and color-coded to match 

the respective data points. The measurements taken at identical pressures when stepping up and stepping 

down are listed in Table 9, as well as the difference between the measurements. 

 

 

Measurement series 0 Pa 300 Pa 650 Pa 

Stepping Up 16.4177  19.6516  23.3648  

Stepping Down 16.4021  19.6677  23.4440  

Difference 0.0156 0.0161 0.0792 
Table 9: Percent output readings at 0, 300 and 650 Pa recorded while stepping up and down in pressure. 

 

While running these tests, ambient noise caused the percent output from the iLite to noticeably 

fluctuate. The standard deviations of measurements taken with this setup ranged from 0.107708 to 0.143197 

with an average of 0.122179. However, these standard deviations are much less than the average percent 

increase seen between pressure increments. When displayed on the graph, the error bars were not visible 

because they were actually smaller than the chartôs data markers. Thus, although the noise was noticeable 

and far from ideal, it did not detract from the accuracy of the data. 

Both trendlines calculated by Excel have identical slope and intercept values. The intercept value of 

16.434 corresponds to the offset of the sensor as a result of environmental factors and will generally change 

in between tests. This is a value that will need to be calibrated by the spirometer before each set of tests is 

performed. However, this calibration will be very simple as it only requires a measurement to be taken at 

zero air flow to determine the offset reading. This calibration will be essentially the same as ñzeroingò a 

scale, pressure meter or other similar device, and can quickly and easily be performed by the user. 

The slope calculated using both trendlines is also identical at 0.0107. This value corresponds to the 

sensitivity of the sensor and should not change from day to day. This value may change slightly over a long 

period of time, in which case the 3-L syringe can be used to correct the software algorithm for processing the 

data. This value could also vary between sensors, though in theory it would be nearly identical as all sensors 

in a product line are intended to be manufactured with the same sensitivity. This slope value is the most 

important data collected from the tests and will allow us to correlate future percent output readings with an 

actual pressure reading. For any future reading, the difference between the observed daily offset value and 
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the percent output at a given flow can be calculated, and then divided by the slope value to convert to 

pressure in Pa.  

Due to the susceptibility of the first testing setup to ambient noise, a second set of tests was run using 

an alternate connection system from the sensor to the iLite, and from the iLite to the development board. In 

this setup, the sensor is soldered to a PCB and connected on the board to the iLite. This assembly is in turn 

connected to the development board using a phone cord. This configuration was assembled by Eric Hoffman 

and Isaac Wiedmann of ZMD during their initial visit to our lab in the spring semester. The setup has never 

been used in previous testing because we were unsure of the characteristics of the sensor as well as the 

software configuration required to use it. However, now that we are familiar with its operation, we will 

attempt to use this setup in all future tests due to its significantly lower susceptibility to ambient noise. In 

fact, the average standard deviation of measurements taken with this setup was 0.02144. This value is 

considerably less than the average standard deviation of the first set of measurements and represents a 

reduction in the effects of ambient noise of 82.5% . The charts depicting the iLite output vs. pressure for this 

setup is found in the ñDirect Connectionò section of the Pressure Correlation section of the Appendix. 

As expected, the offset value of this assembly was different than the first setup and was found to be 

23.791. Though by a smaller amount, the slope of the trendline also varied from the first setup and was 

calculated to be 0.0122. As in the first setup, the slope value will be very valuable as it will allow us to 

convert all future percent readings from the iLite into meaningful pressure values. 

 

Limitations  

 Although the Halstrup Walcher Kal 84 provided by the members of Prof. Cheslerôs lab was very 

useful, the very small differences between our pressure increments were at the lower limit of its accuracy. 

The smallest increment displayed on the equipment was 10 Pa, and it was not uncommon to see a fluctuation 

of 10 or occasionally 20 Pa at each ñfixedò pressure. However, the smallest increment used was 50 Pa, and 

our measurements spanned 1 kPa; thus a fluctuation of 10-20 Pa at any given data point should not cause 

significant deviation overall, and the data should be considered adequately precise. 

 As noted above, the first set of measurements includes data taken after a period of time had elapsed to 

analyze sensor drift. Although the sensor readings were not identical, the marginal differences in the readings 

correspond to pressure differences that are smaller than the level of accuracy of the pressure equipment. 

Therefore, the small differences between the measurements taken at ñidenticalò pressure values may actually 

have been a result of the limited precision of the pressure equipment. Table 10 summarizes the differences 

between the measurements taken while stepping up and down as well as the difference in pressure that 

corresponds to the small variance between the measurements. 

 

 0 Pa 300 Pa 650 Pa 

Difference in Output 

Percent 

0.0156 0.0161 0.0792 

Corresponding 

pressure 

1.458 Pa 1.505 Pa 7.402 Pa 

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

 

Discussion 

An important characteristic of the noise was that it did not increase with increasing pressure. In all of 

our past flow testing, as the differential pressure increased (caused by air flowing through the spirometer) so 

did the standard deviation. We had assumed in the past that the increase in standard deviation was not due to 

poor performance from the pressure sensor, but rather due to fluctuations in the air source that resulted in 

fluctuations in the pressure and caused increased variation in the readings. This made sense to us because the 

air sources used were not well regulated, whereas the sensors were manufactured to be of a relatively high 

quality. Our inferences were confirmed by this set of testing. Because the standard deviations of these 

measurements did not increase with increasing pressure, we can conclude that the air flows used in past 

testing were indeed more variable at higher flows, which resulted in a greater variance in measurements from 
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our pressure sensor. In short, the pressure sensor very accurately measured the differential pressure in the 

spirometer which fluctuated due to an inconsistent air supply. 

For both sensor setups, the trendlines calculated from the data fit a linear model near perfectly with 

R
2
 values of 0.9999 in both cases. This data validates the manufacturerôs claims that the sensors have 

excellent linearity within their target pressure range. In addition, now that we are certain of the sensorôs 

linearity, we can assess the spirometerôs flow-pressure relationship with greater certainty. Any quadratic 

character seen in this relationship can be attributed to the spirometer body not achieving laminar flow. Once 

we are capable of producing a spirometer body that can achieve a linear relationship between flow and the 

differential pressure across the capillary system, we will be able to use this sensor to generate an output that 

is linear to flow. This linearity will give our spirometer improved low-flow sensitivity as well as simplifying 

the calculations to convert the sensor readings into flow values. 

Testing Recap and Future Work  

Capillary Design  
 A large portion of our testing this summer was focused on evaluating our various capillary systems in 

our prototype spirometer. From these tests, we have learned that to achieve laminar flow, the capillaries must 

have a diameter smaller than 1.2 mm and walls that are as thin as possible to maximize porosity. Capillaries 

with thick walls are not acceptable for this design because they provide a very high resistance and also limit 

the area open to air flow, increasing the air velocity and turbulence through the spirometer. Although the 

Fleisch-type spirometer appeared to be the design most capable of facilitating laminar flow, we were unable 

to manufacture a spirometer capillary system with the required characteristics.  

There are a few directions our future designs could take that are potential solutions to our problem. 

One design alternative would be to widen the diameter of the spirometer where the capillary system is 

located. By widening the diameter, the air velocity through the capillaries would be reduced, and the air 

would be more conducive to laminar flow. Another alternative is to take the current design, with the 

quadratic flow-pressure relationship, and pursue using this model in our future work. Although the 

relationship is quadratic, the early part of the flow-pressure curve is sufficiently steep enough that we expect 

the model would function sufficiently at measuring low flow rates. In fact, there are numerous spirometers 

and flow meters that currently use a design in which flow and pressure do not have a linear relationship. In 

fact, some studies on pneumotachographs have found deviations from linearity up to seven percent.
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With the advancement in microprocessor capabilities, performing mathematical calculations that 

involve square relationships is no longer taxing on the hardware and should not result in a slow performance. 

The biggest concern with pursuing the design as is would be its low sensitivity at low flow rates. The 

spirometer and sensorôs ability to accurately measure low flow rates would need to be carefully evaluated 

before holding this design as a viable option. 

Model Selection 
 Some of our earliest testing showed the Fleisch model as being the model most easily developed to 

achieve a responsive spirometer with a linear flow-pressure relationship. Through the summer, we have 

become aware of the various fluid mechanics principles that affect whether air will flow in a laminar or 

turbulent fashion through the spirometer, and we have modified our design numerous times to reflect our new 

knowledge. However, as we were still unable to manufacture a Fleisch model capable of producing laminar 

flow, we may have to consider other spirometer model options, such as the Lilly-type. 

Sensor Selection 
 In the early part of the summer, we transitioned from the Freescale MPX2010DP to the Honeywell 

24PCEFA6D pressure sensor. However, we soon learned that this sensor would not be a viable option for our 

future design as it does not come in surface mount packaging. Due to this limitation, we then switched to the 

Honeywell 24PC01SMT sensor. Although this sensor is not as sensitive as the original Honeywell sensor we 

tested, it does come in a surface mount package for future PCB design. The sensitivity of this sensor is still 

considerably greater than the MPX2010DP, and the cost is very similar. Late in the summer, we tested the 

Freescale MP3V5004 sensor as it was more sensitive than the 24PC01SMT. This sensor is unique to others 



 24 

tested due to its single ended output and 3V supply voltage. Because of the output style, we were required to 

change additional setting on the iLite, as well as set up a voltage divided to power the sensor. A future model 

could be ordered that used a 5V supply voltage, eliminating the need for a voltage divider. Because of the 

additional circuitry required to utilize the MP3V5004, we primarily used the Honeywell 24PC01MST sensor 

for our testing and feel that it would be a suitable sensor for future designs. 

 Other sensor options may still exist that could provide even better alternatives for us. Ideally, the 

sensor would be highly sensitive to low pressures, have a bridge-style output, be available in a surface mount 

packaging, and be low cost. Sensor manufacturers are continually developing new sensor models, and we 

will monitor these companies to see if a new product that fits our needs better than our current selection 

becomes available. 

Materials and Manufacturing  
Two materials were primarily used for constructing our spirometer capillaries: polypropylene (straws) 

and polycarbonate (hematocrit tubes). Both of these synthetic materials are biocompatible as they will not 

cause any adverse response to contact with a patientôs lips, nor will they react with bodily fluids commonly 

exhaled.
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  However, each of them have significantly different physical properties that lead to different 

manufacturing requirements. 

Polypropylene straws have very thin walls and tend to cut cleanly with a sharp, non-serrated surface. 

For this reason, a razor blade was the primary tool used to cut the straws to length. On the other hand, 

polycarbonate hematocrit tubes had much thicker walls that were very difficult to cut with a razor blade or 

fine-toothed handsaw. To cut polycarbonate, we were required to use a motorized say located in the COE 

Student Shop. Polycarbonate also has a very low specific heat, so it did a poor job of conducting heat away 

from the surface being cut. The poor heat conductance can easily lead to an excessive heat buildup and 

melting or glass transition at the cutting site if the proper methods are not used. To prevent the polycarbonate 

from overheating, a coolant is needed. In the COE Student Shop, this can be accomplished by using the 

horizontal band saw which allows the user to run water over the cutting site and cool the material. 

The small size of the capillaries also causes problems when trying to cut them with tools from the 

COE Student Shop. The horizontal band saw used to cut the hematocrit tubes has far coarser teeth than 

recommended for such fine capillaries. For the highest quality cut, two methods are recommended: 1) Drop 

the saw as slowly as possible 2) Freeze ice in the tubes prior to cutting. Filling the interior of the capillaries 

with ice prevents the capillaries from becoming clogged with debris as well as providing additional coolant 

and lubrication (as the ice melts) to the cutting site. The Manufacturing section of the Appendix contains 

pictures depicting the differences between the products of proper and improper cutting methods. 

Design Validation - Standards and Requirements  

ISO 26782:2009 
 In July, 2009, the International Organization for Standardization released a document, ISO 

26782:2009, containing a variety of requirements specific to spirometers. Many of these requirements were 

identical to those mandated by the ATS. This document did provide additional information about physical 

markings that should be displayed on our spirometer, as well as methods for validating the performance of 

our spirometer. In Annex B of ISO 26782, it is recommended that validation of the spirometerôs accuracy be 

tested with a computer controlled airflow source into which 13 different test patterns would be administered. 

The 13 patterns, as well as the expected pulmonary function test (PFT) results for each of the patterns, are 

listed in Annex C of ISO 26782. These patterns would be delivered in an environmental chamber which 

could apply a variety of atmospheric pressures and humidity levels to simulate the different environments the 

spirometer would be used in. 

 Although it would lead a great degree of credibility to our design, it is not financially feasible to 

purchase the recommended equipment for validating our spirometer. An examples of a computer-driven air 

source is the Pulmonary Waveform Generator manufactured by MH Custom Design & Mfg. L.C. More 
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information on this equipment can be found on their website [http://www.mhcdesign.com/products.html]. A 

better alternative for validating our spirometer at a variety of flows would be to use an air supply that could 

deliver a known volumetric flow. Although we have not located such equipment on campus at this time, we 

will continue to question various faculty members to see if they have such equipment for us to borrow. 

NLHEP Guidelines 
 The National Lung Health Education Program (NLHEP) has a list checklist procedure that they use to 

validate commercial spirometers. The review procedure put forth by the NLHEP contains an extensive list of 

features designated as either required or optional. Optional features are also graded on a scale from 1-5, with 

5 being the best. The highest score a spirometer can achieve in their grading is 100. The NLHEP will only 

evaluate spirometers that have verified they meet the standards put forth by the ATS for accuracy and 

repeatability. To prove the spirometerôs performance, the NLHEP requires a printout of the results of the 

spirometerôs testing using a computer-driven syringe and the 24 ATS specified waveforms. Copy of the pre-

marketing 510k approval letter from the FDA must also be submitted to the NLHEP before they will consider 

reviewing a device. Because of these high requirements, it is unlikely that our spirometer will ever be put 

through an official NLHEP review. However, the checklist of features they inspect has been published, so we 

can verify that our spirometer would meet their requirements.  

IEC 60601-1 
 The International Electrotechnical Commission (IEC) produced a document describing the physical 

requirements for electrical medical devices. This document was not specific to spirometers and included 

much information not relevant to our design. However, this document did contain requirements for the 

mechanical strength of specific aspects of our spirometer, such as the handle, as well as describe an important 

testing procedure for testing the durability of our spirometer. These requirements and the associated testing 

protocol are located in Section 4, Clauses 21-24 of the IEC document. 

ISO 10993  
 This document published by the International Organization for Standardization contains requirements 

for biocompatibility of medical devices. According to this document, our spirometer will be classified as a 

ñSurface-Contacting Deviceò with Limited Exposure. With such a classification, the document recommends 

that our device be tested for Cytotoxicity, Sensitization and Irritation. The procedures for these recommended 

tests are described in the ISO documents 10993-5 and 10993-10. The document also notes that the testing 

requirements recommended are not always necessary or practical, and that proof of biocompatibility of 

similar devices can negate the need for testing. Because a spirometer is a common medical device with very 

minimal risk to the user, extensive biocompatibility testing will not be necessary. To ensure the safety of our 

design, we only need to ensure that the materials used in the final product will not cause an adverse reaction 

to the user. The low-cost plastic materials we have been using (polycarbonate, polypropylene, etc.) meet this 

requirement, and continuing to use similar materials in the future will give our device the required 

biocompatibility. 

iLite Signal Conditioner  

Overview  
 The ZMD31014, commonly known as the ñiLiteò, is a low-cost signal conditioner tailored for use 

with bridge-type sensors. The iLite is capable of performing A/D conversion, low-noise amplification, 

temperature and linearity correction, as well as numerous other functions. The chip takes analog input from a 

sensor and converts it to a digital signal to be sent via I
2
C to other integrated components. With a cost of less 

than $2/chip, the iLite provides a large amount of practical function to our design without dramatically 

increasing costs. 
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Use in Design 
 In our spirometer, the analog voltage output from the spirometer will be directly connected to the 

iLite for signal conditioning and amplification. By incorporating the iLite into the design, we are able to 

eliminate many external trimming components (such as op-amps, resistors and capacitors) that would 

normally be needed to obtain a clear signal from our sensor. The iLite also provides easy adjustment of the 

gain and offset values through writing coefficients to the EEPROM rather than requiring manual switching of 

physical components. 

Assessment of Function  
 In the middle of the summer, we performed a set of tests that attempted to correlate the voltage output 

of the iLite with the % output displayed by the evaluation software. We were hoping to use this correlation to 

calculate the resistance of our spirometer by back-calculating the pressure detected by the sensor from the 

voltage output it gave to the iLite. Although this method later became irrelevant, this set of testing did serve 

to illustrate the function of the iLite in filtering and amplifying the signal from the pressure sensor. 

 The procedure of the tests involved connecting the pressure sensorôs output terminals simultaneously 

to a multimeter and the iLite. The multimeter was further connected to a computer which filtered and 

recorded the results using a LabView program. The filters employed by the LabView program were digital 

IIR and Butterworth filters, both of which are fairly sophisticated and well-regarded digital filtering 

techniques. However, the internal filtering of the iLite showed a considerably cleaner signal with much less 

noise than either of the digital filters. Figure 10 shows a comparison of the output signals recorded by the 

LabView program as well as the iLite software. Due to the clear improvement in signal quality granted by the 

iLite, as well as the elimination of additional amplification and filtering components, we wish to pursue 

including the iLite signal conditioner in our future designs. 

 

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

Future Work  
 The iLite chip will be calibrated to allow for the most accurate readings.  The iLite calibration 

software requires a 3-point calibration to adjust the appropriate offset and gain coefficients. These ópointsô 

are actually 3 output signals throughout the expected range of the sensor. Because the signal output is 

directly proportional to pressure, and therefore flow, calibration requires 3 known flow rates. The 3 points 

(flow rates) should be at the minimum, middle, and maximum range that we wish to measure. These points 

should be set to 10%, 50% and 90% respectively of the signal conditioners target range to allow for extreme 

scenarios. 

Because we only require our spirometer to record expiratory maneuvers, the minimum range we wish 

our spirometer to measure is 0 L/s. The maximum accuracy of the Jones FVC is 12 L/s. Therefore, our 

minimum and maximum points will correspond to the outputs at 0 and 12 L/s respectively, and the 50% point 

will be set to 6 L/s. 

To accomplish the appropriate signals, the Jones FVC will be attached to our prototype spirometer, 

which is connected to the iLite development board. The Jones FVC will attempted to be plunged consistently 
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at 6 and 12 L/s to achieve a constant flow. The data obtained by the iLite software during the two flow rates 

will be charted in Excel, and the average signal obtained during the two flow rates will be used as the 

expected values to input into the calibration utility. 

After the expected output values have been obtained, the calibration utility in the iLite software will 

be used. The 0 L/s reading will be taken without plunging the syringe. The Jones FVC will again be plunged 

at 6 and 12 L/s to achieve the 50% and 90% points. The output values will be compared to the expected 

values generated by the Excel charts to determine if the recorded signals are good representations of the 

correct signal output at the given flow rate. If the captured signal output is not very near the expected value 

for the flow rate, the point will be discarded and a new trial will be performed. 

Although this procedure will not yield a known correlation between the iLite output and flow, it will 

adjust the iLite to focus on an appropriate pressure range for pulmonary measurement. This calibration will 

therefore be useful in increasing the sensitivity of our design to air flows within those expected in pulmonary 

function testing, as well as reducing the effects of noise on the quality of the signal. Following the iLite 

calibration, further testing and validation will be required to gain specific algorithms converting the output 

signal to a flow rate. This can most likely be done using a 3-L syringe to calibrate our spirometerôs volume 

measurements, and from that back-calculating the flow rate. 

Microcontroller Selection - PIC18F13K50 

Overview  
The PIC18F13K50 microcontroller is low-cost and offers the capability of converting data between 

the I2C and USB protocols.  It is USB 2.0 compliant and can be programmed using a programmer that 

operates on USB.  This chip costs less than $2.00 in quantities over 100 and can operate at temperatures 

between -40°C and 85°C.  This chip was chosen because it is one of the only low-cost chips capable of 

conversion from I
2
C to USB. 

Another alternative we considered was using a very inexpensive and basic microcontroller in 

conjunction with a chip made by FTDI that performs the I
2
C to USB conversion. The FTDI chip utilizes 

drivers that recognize the incoming USB signal as a virtual COM port on the computer. However, using this 

component would still require a microcontroller to synchronize the FTDI and iLite chips. Additionally, we 

ran into issues simulating a virtual COM port on non-Windows computers. This design was not pursued 

because of additional cost and complexity. 

Programming  
The microcontroller can be programmed using the MPLAB Integrated Development Environment 

(IDE) provided by Microchip.  To perform programming, a programmer is required along with an 

appropriate compiler.  The C language was chosen for development because Microchip provides example 

programs and support for baseline architecture.  

Hardware Layout  
Currently, the PIC microcontroller is located on the development board provided by the manufacturer. 

When the design is migrated to a PCB layout, the hardware components, and the layout of those components, 

will need to be precisely determined. Fortunately, the development board will serve as a good template to 

mimic for our own design. The entire part listing for the board was included with the kit we purchased, and 

the layout can easily be seen on the board as well as from the schematics provided with the development kit. 

We should be able to fabricate a working design by eliminating the components unnecessary to our purpose 

and keeping a very similar layout to the development board. 

Future Work  
In order for the PIC microcontroller to communicate with a computer via USB, a variety of 

information about the device needs to be programmed into the firmware. This information is needed for the 

computer to recognize the PIC as a USB device. The specifics of the USB communication protocol and the 

required specifications we need to develop can be found in the ñUSBò titled portion of the Communication 
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Protocols section. The framework for this development is provided by Microchip as part of the development 

kit. However, research will need to be done to determine the exact intended functions and data transmission 

of our spirometer as this will influence the information coded into the firmware. 

In addition to firmware programming, the specific additional circuitry components needed to 

incorporate the microcontroller on a PCB will need to be investigated. These components will allow for data 

transmission between the PIC and the iLite as well as the computer, and will ensure proper clocking of the 

circuit. 

Database Integration  

Overview  
 When a patient performs a spirometry maneuver, all of the data and test scores are stored locally on 

the computer. This can allow for each computer to maintain its own database of patients that have used that 

particular machine, and data can easily be transferred between machines using a removable storage device. 

However, there are numerous situations in which storing test information on a database server would be 

highly beneficial. One such application of this technology is currently being utilized by a group from the 

University of Washington through the Spirometry 360 program. This program has the ability to give 

feedback to clinics on how to improve their PFT procedure. The analysis requires uploading de-identified test 

data onto Spirometry 360ôs data server by the clinics. To make our spirometer design functional with this 

technology and other uses, we investigated options for linking our spirometer software with a database 

server. 

Research 
 Investigation into databasing began by acquiring code from Dennis Burgess  at the University of 

Washington that held the instructions to set up a mySQL server loaded with de-identified data from 100 

patients. Using this code, we were able to set up a local mySQL server that could be viewed and edited using 

a program such as phpMyAdmin. After establishing the database, we sought to extract the raw curve data 

from the Flow-Volume and Volume-Time curves located in the database. This curve data would provide 

arrays for us to test our various test parameter algorithms on, as well as giving us insight and experience with 

the framework necessary for creating a database. 

 Ruby on Rails (often shortened to just óRailsô or óRoRô) is an open-source web application framework 

based on the Ruby programming language. Using the Rails framework and a Ruby code also supplied by Mr. 

Burgess, we were able to access the database and output each curve as a Comma Separated Value (CSV) 

array that could be opened in a text editor or Microsoft Excel for graphing and analysis. 

 The curve data was stored in the databases as Binary Large Objects (BLOBs), and thus required a 

decoding algorithm to unpack and display the data. The Ruby code library features an unpack function that 

performs this task and converts the BLOB into an array. Commas were added between each value to generate 

the CSV array for readability and function in external programs. 

Future Work  
 The progress during the semester allowed us to access the 100 patient data sets from the SQL table 

provided by Mr. Burgess. However, no actual integration with a network server was performed. In the future, 

we would need to set up a host SQL server to store data and then configure our code in Rails to communicate 

with it. In addition, once the bulk of our software is running on Adobe AIR, we will need to create a bridge 

between our AIR application and the Rails framework that has been created to allow our main program to 

access the database. 
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Communications Protocols  

I2C 

Overview 
 I

2
C, the common abbreviation for Inter-Integrated Circuit communications, is a bi-directional, on-

chip communications protocol used to transfer data between various peripheral devices. The I
2
C bus requires 

two wires, a Data line (SDA) and a Clock line (SCL). Data transfer is synchronous, meaning the data line is 

toggled in-sync with the clock line pulse during a transfer. Numerous devices can be connected to the same 

two bus wires, allowing for seamless communication between multiple devices. To ensure that data does not 

get disrupted on the bus, only one device can be communicating along the lines at one time. 

 A device communicating via I
2
C is considered either a master or a slave during a data transfer. Some 

devices have the capability of functioning as either a master or a slave, while others can only assume the 

slave role. The master is the device responsible for initiating a data transfer, and the slave responds and either 

accepts data from the master or outputs requested data to the master. 

Function in the Spirometer  
 In our design, the PIC microcontroller will function as the master device, and the iLite will function 

as the slave. The PIC will use the Master Synchronous Serial Port (MSSP) module to handle all I
2
C 

functions. These functions will include handling the clocking of the data transfer, as well as initiating and 

stopping data transfers with the iLite. During normal operation, the iLite will be continually outputting 3 

bytes data packets to the PIC, 2 bytes of the filtered and amplified bridge data, and one byte of temperature 

data. The data packet will be transferred at a rate of 100 Hz. As necessary, coefficients will also be written to 

the iLite over this bus. 

Hardware  Considerations 
To function, the I

2
C bus requires two pull-up resistors. The size of the resistor is determined by the 

desired transfer rate and the capacitance of the data line. According to the Microchip Technology 

Presentation on using the MSSP module, the recommended resistor values for use with the PIC 

microcontroller are as follows: 

Transfer Rate <100 kbps 100 kbps 400 kbps 

Resistor Size 4.7 kOhm 2.2 kOhm 1 kOhm 
Table 12: Microchipôs chart of recommended resistors to use for various data transfer rates 

 

In addition, Philips Electronics, the company that designed the I2C bus, has the following specifications for 

pull-up resistor sizing: 

Where Ὑάὥὼ=  
ὸὶ

0.8473 ×  ὧὦ
and where tr is the minimum response time (determined by the data transfer rate) 

and cb is the capacitance on the bus line. Also, ὙάὭὲ=  
ὠὈὈ ὠὕὒ

Ὅὕὒ
 where VDD is the supply voltage, VDL is the 

maximum output low level and IOL is the specified minimum sink current (3ma for Standard and Fast mode, 

20 mA for Fast-Plus).
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 After researching other designs using I
2
C, the values of 1.8 kOhm and 4.7 kOhm 

resistors seem to be standard values for using the I
2
c bus. 4.7 kOhm resistors should function well in our 

design and give a transfer rate that is acceptably fast for our application and will be used in our future PCB 

design. 

 

Future Work  
 In order to use the MSSP module on the PIC microcontroller, we are required to configure a number 

of settings on the device. Although we made considerable progress in learning the I
2
C protocol and setting up 

the PIC to communicate with the iLite via I
2
C, the PIC firmware is not totally functional. In the future, we 

will refine this code such that the PIC initiates a data transfer from the PIC once signaled from a computer. 
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The data should be transferred from the iLite to the PIC and then to the computer via USB where it will 

eventually be used to generate real-time spirograms in Adobe AIR. 

USB 

Overview 
 The Universal Serial Bus (USB) protocol is a widely-used communications protocol typically used 

for connecting a computer (the host) to a variety of peripherals (devices). The standardized socket, speed and 

developer support for this bus has made it highly successful in the electronics industry. With USB, the host is 

able to detect new devices upon connection and configure them to the appropriate settings. Devices can be 

bus-powered, drawing up to 5V from the host device. USB has 3 speeds: Low (1.5 Mbit/s), Full (12 Mbit/s) 

and High-Speed (480 Mbit/s). 

 Every device has at least one configuration, one of which is active at a time. Each configuration can 

have multiple interfaces, each of which represents a specific function of the device. For every interface, there 

can be a number of endpoints, which are the buffers used in data transfers with the host. An endpoint can 

only transfer data in one direction and are labeled numerically followed with an IN or an OUT to designate 

the data direction. All of the above characteristics have to be programmed into the microcontroller firmware 

in descriptors.  

Use in Our Design 
 Our spirometer will be considered a Human Interface Device (HID). As such, it will work at Low 

speed. The PIC microcontroller will perform all USB functions and contain the configurations necessary for 

USB communications. The microcontroller will use either Interrupt or Isochronous data transfer to poll data 

from the iLite at a regular interval. The power for the spirometer will also be drawn from the USB bus, 

eliminating the need to connect to an external power supply or use batteries. 

Future Work  
 Currently, our efforts are focused on connecting ZMDôs iLite development board to the PIC 

development board via the I
2
C output pins on the iLite board. While the PIC is on the development board, we 

can write programs in the MPLAB software to set up the function of the microcontroller. We have not 

investigated PIC programming in depth and thus sill need considerable development in writing the 

descriptors as well as the main function code. The main code for the microcontroller will consist of setting up 

the microcontroller for I
2
C input, adjusting the clock rate to match our designôs circuitry, assigning proper 

registers to act as data buffers, and writing the code to the USB output. The USB framework software 

provided by Microchip with the development board will greatly aid in setting up the descriptors for the 

device. When the design migrates from the development board to a PCB layout, we will also need to 

investigate the additional circuitry components (clock crystal, capacitors, resistors, etc.) that are needed. 

Regarding the hardware development, we have found that we will need a 1.5 kOhm pull-up resistor for both 

the D+ and D- data lines. 

Software ɀ AIR Development  

Overview  
Adobe Integrated Runtime (AIR) is an application that allows a user to run software built using 

Adobeôs Flash or Flex development tools. Although applications built using Flex and Flash are generally 

meant to run in a web browser, AIR allows the programs to function as a stand-alone desktop application. 

AIR is especially suited for advanced graphics capabilities and has associated software, available for 

purchase, which reduces the amount of raw programming required to design professional looking 

applications. Most importantly, AIR is cross-platform compatible, allowing for one application to function 

identically on various operating systems. AIR is also free to download and use, as is the basic AIR software 

development kit (SDK). However, due to its graphics-intensive nature, AIR is more demanding of system 

resources than lower-level programming languages such as Java.  
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Use in our Design 
The software has three major goals: 1) Acquire data from a spirometer via USB, graph the data in 

real-time, analyze the data, and store it in the specified format. 2) Provide an easy to use instructional tool 

used to teach users and technicians proper spirometry techniques. 3) By analyzing the data gathered from the 

spirometer and using the instructional material, users will be coached to achieve their optimal performance 

on spirometry tests. A doctor or home user will run a local program on an Adobe AIR Java platform that runs 

on any operating system. A detailed description of the software specifications for this design can be found in 

Appendix C: Software Specifications. 

 

Future Work  
 Development on the AIR platform has not been started. This should be an immediate focus of the 

team this coming semester. The Java based program currently employed to acquire data from the iLite will 

need to be able to send data to AIR. This may be able to be accomplished using the Merapi Project bridge 

platform.
22

 Because no team member is currently familiar in programming AIR applications, this may be an 

area of development sent to outside the team to a professional developer. Fortunately, the detailed Software 

Specifications drafted by the team during the summer should provide a solid roadmap for a developer to 

create a functional and professional looking program. Revisions to the specifications will be made as 

necessary to ensure a shared vision of the target product between our team and any outside development. 

PFT Parameter Algorithms  

Overview  
 As described above in the Introduction, the flow data recorded during a maneuver can be used to 

calculate a variety of Pulmonary Function Test (PFT) parameters. Older spirometers lacked the data 

processing capability and required technicians to use a pencil and paper method to manually calculate these 

values from the Flow-Volume curve. However, with advancements in microprocessing technology, 

spirometers have become advanced enough to calculate all the test parameters automatically. The values 

most used by physicians are FVC, FEV1, FEV3, FEV6 and PEF. Algorithms used to calculate these 

parameters were developed in a MATLAB  program and tested by Varuneshwar Gudisena and Vikram Singh 

Bhatnagar during a summer internship at the University of Wisconsin. 

Algorithm Validation  
To validate the algorithms, the raw data curves released in the NHANES III, Series 11 (June 2001) 

were run through the MATLAB  program. The curves found in the NHANES dataset, compiled by the 

National Center for Health Statistics (NCHS), are composed of an array listing the change in volume from 

the last sample, with the sampling interval at 20. In addition to the curve data, the full dataset contains all of 

the desired spirometry test parameters for each curve, making it a seemingly ideal source for validation. 

However, numerous problems arose from using this dataset.  

First, a visual inspection of many of the curves in the dataset showed that they were far from an ideal 

spirogram, meaning they contained ñhiccupsò (dips or bumps in the curve) or were unusually shaped in other 

ways. In addition, it appears as though the curve data is generally used to construct a volume-time curve first, 

and then flow data is extrapolated from this generated curve. This seems a very round-about way to calculate 

flow-based test parameters since the curve data is essentially given in units of flow. Furthermore, the 

methods used to construct the volume-time curve seem to use rectangular integration methods, a very basic 

and less accurate method of integration. This conclusion was made after extensive testing by Varuneshwar 

Gudisena and Vikram Singh Bhatnagar in which they ran 15 of the curves from the NHANES datasets 

through their MATLAB  program. The results of their testing showed their algorithms produced parameter 

values closer to those listed in the dataset when they used a rectangular method rather than more accurate 

methods, such as trapezoidal integration. Additionally, it is unclear whether the NHANES curve values had 

been Body Temperature Atmospheric Pressure (BTPS) corrected.  
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Future Work  
 Due to the numerous ambiguities of the NHANES dataset, as well as the age of the data and 

technology used to collect it, we have decided to search for other methods to validate our data. Sources of 

additional spirometry curves to test the algorithms include the SQL dataset from the University of 

Washington provided by Dennis Burgess, as well as the methods described in Annex C of ISO 26782. 

Hopefully, when the algorithms are applied to these datasets, the results will much more closely resemble the 

accepted PFT values. Once the algorithms in the MATLAB  program have been sufficiently validated, they 

will have to be implemented into our software to allow for the seamless calculation and display of the PFT 

values. 

Timeline of Design Progress 
In the spring and summer of 2009, we developed a prototype that comes close to achieving laminar 

flow (Figure 11).  In the next two semesters, we will perform additional testing to ensure that the design 

gives accurate and precise values, and that software corrects data appropriately.  By May, 2010, we would 

like to be able to mass-produce a low-cost spirometer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 11: Timeline of the past work and future progress of our design. 

 

 

Developed reliable prototype that gives accurate and precise 

readings for a given flow rate and volume.  
Spring 2009 

Summer 2009 

Fall 2009 

Spring 2010 

Performed extensive pressure vs. flow testing.  Refined design to 

improve linearity of pressure vs. flow for operation at low flows.  

Worked on developing open-source software to analyze and 

display data.   

Refine design to improve accuracy and reliability for volume and 

flow rate. Verify refinements with flow and volume accuracy 

testing. Test temperature, humidity, and pressure effects.  

Develop coaching audiovisuals.  Completely link patient blowing 

to coaching feedback; test effectiveness of coaching using 

commercial spirometers vs. our prototype.  Prepare design to 

meet requirements for clinical testing.  Establish human subjects 

protocol 

Perform testing on human subjects to ensure no adverse humidity 

effects, or other reliability problems from human use.   Compare 

spirogram from clinical testing with spirometers on the market, 

improving spirometer design as necessary. Perform extensive 

clinical testing on humans, both healthy and with lung 

obstructions due to asthma or COPD.  Prepare to mass-produce 

prototype. 
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In the fall semester, we will also apply for a patent via WARF.  Accuracy testing will be performed using a 

calibrated Jones syringe, which displays standard flow and volume data when plunged by the user.  By 

comparing values the prototype produces, we can revise the design or algorithms. 
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APPENDIX A: Product Design Specifications  
 

Low-cost, Open-source Spirometer 
Andrew Bremer, Andrew Dias, Jeremy Glynn, Jeremy Schaefer 

Client: David Van Sickle, PhD 

Advisor: Professor Mitch Tyler 

Last Updated: 7/20/09 

 

Background and Problem Statement: Spirometers are used to diagnose many pulmonary diseases including 

chronic respiratory diseases that affect approximately 300 million people. Many of these people do not have 

access to a spirometer because current models are expensive and operation requires a trained technician to 

administer the procedure. The purpose of this project is to develop a low-cost spirometer usable without the 

aid of a trained technician. The project includes the physical design of the spirometer, software development 

to display and analyze results, and designing a universal tool to provide audiovisual coaching on the tests.  

 

Client requirements 

 

¶ Interface spirometer with a computer via USB cable  

¶ Affordable for use in emerging countries  

¶ Handheld and durable  

¶ Standardized audio/visual respiration coaching for patient  

¶ Easy to disinfect  

¶ Minimize calibration  

¶ Simple and universal instructions for operation  

¶ Graphically display results of FVC maneuver 

o FEV 

o FEV1 

o FEV1/FEV 

o FEV6 

o PEF 

o FEF25%-75% 

o Time zero determined by back-extrapolation 

¶ Monitor and evaluate the quality of the maneuver  

¶ Provide feedback to the subject about their performance after each test 

¶ Carry out some rudimentary analysis and interpretation of results  

 

Design requirements:  

1. Physical and Operational Characteristics  

a. Performance requirements 

i. Spirometer: Capable of continually measuring air flows between 0 and 14 L/sec for at 

least 15 seconds and recording air volumes of at least 8 L. With a flow of 14 L/s, the 

total resistance of the spirometer should be less than 0.15 kPa/L·sec. Device will need 

to withstand these pressures and air flows multiple times daily and still be able to 

function accurately.  Spirometer must still function accurately after it or any 

accessories have been subjected to drop testing mandated by IEC 60601-1, pp 115-

117. The handle must be able to withstand a force equal to 4 times the weight of the 

main body of the spirometer. If the spirometer is to be disassembled, markings should 

be clear to ensure correct reassembly or it should be impossible to assemble 

incorrectly. 
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ii.  Software: Should display plots of flow vs. volume and volume vs. time on the laptop 

screen preferably in real time, as well as display data numerically. Measurement 

display should be accurate to 0.01 L (L/s for flow).  Software should be open source 

and capable of running on Linux-based platforms. The patientôs name, age, gender, 

smoking status, height and weight must be stored by the computer. In addition, 

environmental data such as temperature, humidity, date, testing site and other 

information found in Table 8 of the American Thoracic Society (ATS) standards for 

accuracy and repeatability as per ATS/ERS Standardisation of Spirometry, 2005 

update. Data from the measurements should be recorded in the standard format 

described in the standards for accuracy and repeatability section of Standardisation of 

Spirometry, 2005 update. If data is input in a measure other than the spirometry 

standard, the computer should convert the data to the appropriate units. The computer 

should monitor and evaluate the quality of the maneuver and instruct the patient when 

changes in the maneuver are necessary. Rudimentary analysis and interpretation 

should also be performed.  Volume-time curves should be displayed with the aspect 

ratio of 1 L:1 sec, flow-time curve should have a ratio of 2 L/s to 1 L. 

b. Safety: The spirometer should not pose a choking hazard and should contain no components 

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

coaching- in appropriate language and at appropriate literacy level - should ensure that the 

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

provider through the test with a maximum of eight repetitions as per ATS/ERS Standardisation 

of Spirometry, 2005 update. The spirometer should use an affordable disposable mouthpiece 

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

are not spread between users.  Mouthpieces or mouthpiece packaging must be labeled ñsingle 

patient use.ò  All parts that come into contact with bodily tissues, fluids or gasses must be 

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

defined according to the protocol defined in ISO 10993-1, Biological Evaluation of Medical 

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

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

specify what should be disinfected or cleaned. 

c. Accuracy and Reliability:  

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

.05 L, whichever is greater. Measurements must be repeatable enough such that when 

measuring a constant flow patterns, all readings fall within 3% or 0.05L of the mean of 

the readings, whichever is greater. Linearity error should not exceed 3% when 

measured at increments 0.4 to 0.6 L in size for the span of the measurement range. 

Accuracy and reliability should be maintained with only initial factory-set calibration 

in varied temperature and humidity conditions. Mouthpiece should be designed such 

that there is no variability in their attachment to the spirometer, which potentially 

yields inconsistencies in the length of the spirometer.   

ii.  Maneuver - Repeatability of the spirometry maneuver should be graded by the system 

established by the ATS and described in ATS/ERS Standardisation of Spirometry, 2005 

update. Standardized respiration coaching should ensure repeatable pulmonary 

measurements.  

d. Life in Service: The unit will be used multiple times per day for a period of 10 years. Also, 

software should be capable of being easily updated to fix bugs and provide additional features.  

e. Shelf Life: Unit should be able to withstand various modes of international transportation  

f. Operating Environment: The unit should maintain accurate function between 17° and 35° C, 

in relative humidity from 30% to 75%, and in ambient pressure 85 to 106 kPa.  Exhaled air is 

assumed to be at body temperature (37°C) and saturated with water vapor (100% humidity). 

The unit may be operated by a patient without technical training or supervision.  
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g. Ergonomics: The spirometer should be comfortable to use with either hand while sitting or 

standing. The mouthpiece should be comfortable to use for the duration of a full set of tests, at 

least 10 minutes. Audiovisual coaching tool should accommodate a range of languages and 

literacy. 

h. Size: The unit is handheld and easily portable, measuring 10.2 cm (4 in) in length and 3.2 cm 

(1.25 in) in diameter.  

i. Weight: The maximum weight for the unit is 500 grams (1.1 lb)  

j. Materials: The chosen material for initial prototype is nylon with PVC handle. The chosen 

materials are abuse-tolerant, easily manufactured on a mass scale, and water and heat resistant 

to deformity or breaking.  

k.  Aesthetics, Appearance, and Finish: The material should look sleek yet not slip when held in 

the hands. The user interface should be professional and intuitive. There should be an option 

for entering information in metric or English units. Direction of flow must be marked. Name, 

address, manufacture trademark, and model identification number or serial number should be 

visible on the spirometer.  Any markings on the spirometer must remain legible after cleaning, 

disinfecting, or rubbing.  Method of disposal should be labeled in packaging.  

2. Production Characteristics  

a. Quantity: One prototype whose design can be mass-produced and a version of software 

required to run the spirometer and display and interpret test results. 

b. Target Product Cost: Less than $50, preferably around $20  

3. Miscellaneous  

a. Standards and Specifications: Unit should meet international standards for safety, specifically 

those of the World Health Organization (WHO) as per Medical Device Regulations: Global 

overview and guiding principles and should be compatible with a personal computer. Also, all 

operation information, such as that printed in manuals, in the motivational coaching software, 

in operation training software, and on the spirometer itself, must be conveyed in a universal 

fashion for multi-lingual understanding.  An electronic copy of a userôs manual should be 

included with the spirometer. 

b. Environmental impact: Use, cleaning, and disposal of consumables should have minimal 

environmental impact.   

c. Customer: Emerging nation healthcare practitioner  

d. Patient-related concerns: Device mouthpiece should be replaced between uses  

e. Competition: Most devices on the market are expensive:  

¶ SDI Diagnostics Spriolab II: $2395  

¶ SDI Diagnostics Astra 300 Touchscreen Spirometer: $1429  

¶ Microdirect spiroã Spirometer: $195  

¶ MicroDirect Micro Spirometer: $351.55  

¶ MicroDirect SpiroUSB (with Spida5 software): $1419.55  

¶ The lowest cost spirometer was developed at the Indian Institute of Technology - 

Bombay and costs around $80.  
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APPENDIX B: Additional Figures and Tables  

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

 
 

Figure B1: iLite output in percent vs. flow in L/s for a Venturi spirometer. Error bars are one standard deviation for data sampled 

at 100 Hz for approximately 20 seconds. The pressure sensor used was the Freescale MPX2010 model. 

 

 
 

Figure B2: iLite output in percent vs. flow in L/s for a Fleisch spirometer constructed with capillaries 3 mm in diameter. Error bars 

are one standard deviation for data sampled at 100 Hz for approximately 20 seconds. The pressure sensor used was the Freescale 

MPX2010 model. 
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Figure B3: iLite output in percent vs. flow in L/s for the Brentwood Midmark mouthpiece. Error bars are one standard deviation 

for data sampled at 100 Hz for approximately 20 seconds. The trendline is a quadratic fit. The pressure sensor used was the 

Freescale MPX2010 model. 

  

 
 
Figure B4: iLite output in percent vs. flow in L/s for the Brentwood Midmark mouthpiece. Error bars are one standard deviation 

for data sampled at 100 Hz for approximately 20 seconds. The trendline is a linear fit. The pressure sensor used was the Freescale 

MPX2010 model. 
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Figure B5: iLite output in percent vs. flow in L/s for a Fleisch spirometer. Error bars are one standard deviation for data sampled at 

100 Hz for approximately 20 seconds.The trendline is a linear fit. The pressure sensor used was the Honeywell 24PCEFA6D 

model. 

 

 

Design Test 2 
Data collection table and charts for hematocrit Fleisch spirometer 

Velocity 

(m/s) 

Flow 

(L/s) 

% Output  St. Dev 

(%) 

Pressure 

(Pa) 

Resistance 

(Pa/(L/s)) 

0 0 24.24020548 0.008955 0 N/A 

2.1 1.0640847 25.33222656 0.039361 89.29456602 83.91678408 

4 2.026828 26.51015758 0.133384 185.613985 91.57855771 

6.1 3.0909127 28.31402503 0.313523 333.1162264 107.7727709 

7.9 4.0029853 29.88001591 0.479299 461.167301 115.2058443 

10 5.06707 32.45769481 0.626979 671.9441042 132.6099904 

12 6.080484 35.58519329 0.767116 927.6796553 152.5667456 

13 6.587191 37.10571792 0.848443 1052.012954 159.7058525 

Table B1: Table showing various data for a Fleisch spirometer constructed from hematocrit tubes.  The pressure sensor used was 

the Honeywell 24PCEFA6D model. 
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Figure B6: iLite output in percent vs. flow in L/s for a Fleisch spirometer constructed from hematocrit tubes. Error bars are one 

standard deviation for data sampled at 100 Hz for approximately 20 seconds. The pressure sensor used was the Honeywell 

24PCEFA6D model. 

 

 
Figure B7: Resistance vs. flow for a Fleisch spirometer constructed from hematocrit tubes.  

Resistance was calculated by dividing pressure by flow. Pressure was obtained using the trendline equations in figure B20. 
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Design Test 3 
Pictures comparing the double-barrel coffee stirrers with other previous capillary systems 

 

 
Figure B8: Comparison of original straw prototype (L) with new double-barrel straws (R). For reference, the PVC inner diameter 

is 1 inch. 

 

 

 
Figure B9: Comparison of hematocrit tube prototype (L) with double-barrel straws (R). 

 

 

 

 

 

 

 

 
















































