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Specific Aims

Outlined

· Design pressure monitor alarm system for use with COBE roller pump pediatric/neonatal ECMO circuit

· Maintain accuracy within 15 mmHg with refresh rate <15 seconds

· Add third monitor post-heat exchanger

· Add visible and audible alarms

· Make alarm range programmable

· Design human factors compliant casing

· Perform in vitro testing according to protocols and regulatory documents

Detailed

The aim of this project is to redesign the pressure monitoring system in the extracorporeal membrane oxygenator (ECMO) circuit in response to user indicated requirements. Specifically, we propose to make a digital-display for three pressure readouts for use with the COBE roller pump pediatric and neonatal ECMO circuits: one monitoring the pressure pre-oxygenator, one monitoring post-oxygenator (pre-heat exchanger) pressure, and the third monitoring post-heat exchanger circuit pressure.  Each pressure monitor will have a programmable pressure range so that the user can set maximum and minimum acceptable values.  If any of the circuit pressures exceed or fall below the programmed range, an audible alarm will notify hospital staff that one or more of the pressures are out of the range.  Additionally, a visual alarm will light next to the unacceptable pressure to indicate which specific pressure(s) is too high or too low.  

In addition, we propose to sufficiently test this device in a number of in vitro tests as discussed in the previous work and experimental methods section of this document.  Initial prototyping will succeed through two generations, with the first completed to date.  The second-generation prototype would involve rapid digital prototyping, placement into a polymer-coated aluminum casing, attachment of the appropriate switches and dials, and testing in a wet circuit.  After successful testing to assert the optimal design has been implemented, manufacturing and production considerations will be made to bring this product to market.

Interviews with perfusionists at Children’s Hospital of Pittsburgh indicate a need for accuracy within +/- 15mmHg, and a refresh rate of no more than 15 seconds.  The device must be cost effective, safe, and reliable, and meet all applicable medical device regulations.

Significance

Economic Factors

The number of neonatal/pediatric ECMO centers in the United States is greater than 120 and is increasing at a rate of ~2-5/year.  The number of private perfusion groups is also increasing yearly.  The cost to operate one of these treatment centers is high, with expenditures reaching between $80,000 and $100,000 per life saved.  Insurance reimbursement only covers approximately 60-70% of this cost; therefore, it is critical to produce the highest quality of care at the lowest cost possible.  

A one-on-one nurse, a surgeon, an ECMO technician, and an on-call perfusionist monitor the care of an infant or child on ECMO.  The cost per day to an institution for these staff members is greater than $2,000.  Safe, reliable alarm systems could decrease this cost by allowing the one-on-one nurse to take on other tasks, or eliminate the need for an ECMO technician to be monitoring the circuit 24 hours a day by combining nursing and ECMO responsibilities.

In order to efficiently improve care while reducing costs, equipment failure must be reduced.  The most common mechanical complication in ECMO is circuit clots.  Clots in varying components of the system such as the heat exchanger or the oxygenator require replacement of that part. Changing components puts the patient at risk for infection as there is a danger of sterility breach.  Component replacement also drives up the cost of treatment.  One precaution to avoid circuit clots is activated clotting time (ACT) taken hourly to measure the risk of clotting in the patient and in the circuit. ACTs only take into consideration anticoagulation effects of heparin when heparin is the only variable. Therefore, clotting may still occur with high ACTs because of increased blood-foreign surface contact area as well as due to the affects of medical and surgical treatment. Occurring in 19% of cases, component clotting can be determined by a change in the pressure drop across a particular component of the circuit.   The proposed third pressure alarm, located post-heat exchanger, allows for accurate calculation of the pressure drop across the heat exchanger and allows that pressure to be differentiated from that of the pressure of the flow of blood reentering the patient, which is indicative of cannula size and position. If an accurate pressure reading and alarm system is used to signal the initiation of this change, healthcare workers can be made aware of the problem and take steps to reverse or control the clotting situation before component replacement is necessary.  

Physiological Factors

Collapsed vessels as a result of negative pressure potentially destroys blood cells, results in embolism which can lead to infarction and/or stroke, hinders cell O2 carrying ability as seen in anemia, and hinders kidney and liver function.  Negative pressure occurs when the roller pump is attempting to suck more blood from the patient than is being returned to the patient and is directly related to circuit pressures, therefore reiterating the need for pressure monitoring in a number of locations along the circuit.

Proper blood volume for circulation must also be maintained. Intake versus output values can monitor interstitial fluid retention and diagnose further secondary internal pathologies.  For example, fluid retention and high pressures can indicate renal failure. Volume is a determinant of flow rate min/max and fluid elimination needs.  Volume is directly related to circuit pressures. A low pressure may point toward hypovolemia indicating the need for infusion usually in the form of fresh frozen plasma (FFP), red blood cells (RBC), or whole blood.  A high pressure may indicate a need for hemofiltration to reduce volume, or the need for Lasix (furosemide) to encourage urination.  

Organ perfusion abilities are related to circuit pressures and directly affect the function of vital organs such as the heart, lungs, kidney, liver and brain.  Circuit pressures can be used to induce hypo- or hypertensive situations, which can help in the regulation of particular pathologies.  For example, in the case of shunting, a higher cardiac output is desired, therefore hypertension would be advantageous.  The goal of pressure regulation is to prevent organ damage and failure to maintain the highest quality of life for survivors.  

Pressures, because they are a direct result of volume and flow rate, also factor into the process of weaning off of the circuit.  Being able to program a desirable range for pressures to be in throughout the varying stages of ECMO would assist caretakers in monitoring the progress of the patient and their ability to perform the function of the heart and lungs on their own.  

Human Factors

The current analog system in use with the COBE roller pump contains no indication of deviance in pressures. It is also known that greater time is required to process visual information from analog readout than from digital display and results in greater human error in measurement due to the need to interpret the analog measurements. 

The analog system currently in use must be “rigged” to stay in place with cable ties. The tubing must be flushed regularly and the calibration of the analog system is relative to the amount of fluid in the lines, rather than definitive based on the pressure of the circuit in millimeters of mercury.  

Audible alarms would allow the operator to hear when pressure is deviant, alerting staff’s attention to the situation; a visual alarm would then allow the operator to determine exactly which pressure is deviant.  Based on the requirement for startle response in humans, the alarm would need to be 30 decibels greater than the mean noise level of the unit but within the safe range to prevent human hearing loss as specified by the maximum impulse equation.  The mean noise of the average of the intensive care units at one particular hospital measured between 80 and 89 decibels.  Thus, an alarm of approximately 120dB would be required to induce a startle response.  Applying the maximum impulse equation, Max Impulses = 1016-P/10 = 8,913, states that the human ear can withstand hearing an impulse of 120dB nearly 9,000 times in an eight hour period without hearing loss.  

Mechanical Factors

Limitations of analog anemometers currently used include range, precision, and accuracy.  Limitations of the oxygenator include the pressure and volume that can be run through it as well as 100% oxygenation.  The oxygenator can only oxygenate blood to blood’s oxygen carrying capacity, and does not affect the body’s ability to use the oxygen appropriately.  Limitations of tubing include the size on volume and pressure, and the connections (joints) on volume and pressure.  Cannula size is the overall limiting factor on the volume and pressure of the blood passing into and out of the patient.

Standards

Joint Commission on Accreditation of Healthcare Organizations (JCAHO) has set national goals for the use of alarm systems, which include increasing the accuracy of alarm systems and decreasing the incidence of ignored or false alarms for the year 2003.  For 2004, JCAHO published goal 6B, “Assure that alarms are activated with appropriate settings and are sufficiently audible with respect to distances and competing noise within the unit.”  
Children’s Hospital of Pittsburgh has taken steps to adhere to this goal by striving to increase the quality of alarm systems and increasing employee training on alarm systems and appropriate responses.  It is proposed that finding the correct volume for initiation of a startle response within the safe hearing range would adhere to the desire for a sufficiently audible system.  Adjustable alarm ranges would fit into the specs of the first portion of goal 6B and allow the healthcare worker to activate alarms at appropriate anthropometric and pathological settings.

This device is a Class II medical device regulated by 21 CFR 870.2100, for cardiovascular blood flow meters.  The relevant predicate device is a digital blood pressure flow monitor made by Digibio.  Due to the electrical components of this device, it would also be regulated by IEC 61000-4-2 and IEC 60601-1-2.  IEC 61000-4-2 regulates the electro-magnetic compatibility testing and measurement techniques such as proper electronic immunity tests.  IEC 60601-1-2 specifies the medical electrical equipment general safety requirements that we will adhere to.  These regulations include the products accompanying documentation such as instructions for use and a technical description, which includes electromagnetic emissions tests.  Our device falls into compliance group 1 because it uses radio frequency energy internally, and does not communicate with other devices.  The testing suggested by these regulatory guidelines would be performed on the second generation prototype.
Current Technology

Currently, analog pressure gauges are used with the COBE roller pump circuit.  No alarm system is thus triggered for deviation of pressures.  However, for the centrifugal circuit in place at Children’s Hospital of Pittsburgh a custom-built digital pressure monitor is used.  This includes a visual alarm, but does not have an audible alarm as desired by the Joint Commission on Accreditation of Healthcare Organizations’ 2004 Patient Safety Goals.  Users have noted that the digital monitor is easier to use and easier to correctly interpret circuit pressures than the traditional analog gauges. COBE manufactures the Cardiovascular SIII Pump Module, a console mounted control unit that is sold as part of a kit to monitor and alarm the pressures of the circuit, as well as blood and patient temperature, and oxygen saturation.  Our product strives to incorporate the need for digital readout, and an alarm system.  Competitive strengths over the COBE model would include a smaller size, reduced cost, ability to mount on an IV pole, and ability to stand-alone.  This unit would solely monitor circuit pressure and would therefore not have compatibility issues with any other technology, nor would it interrupt the already existing set up of circuits that utilize separate monitoring technologies. 

Our device is exclusively designed for use with pediatric and neonatal ECMO circuits using the COBE roller pump and Abbott Laboratories pressure transducers, both currently used by Children’s Hospital of Pittsburgh. 

Previous Work

A number of design alternatives were evaluated to arrive at a casing and circuitry plan.  The casing design is shown in Figure 1 and features three digital displays vertically aligned, switches to choose whether the circuitry pressure or the alarm settings are being displayed, a switch to determine which alarm setting is then being displayed and adjusted, and two knobs per monitor to adjust the high and low alarm boundaries for each pressure monitor.  The back of the casing allows for the transducer input to plug into the circuitry as well as a power source.  A small area will be meshed to allow for the audible alarm to be heard.  An IV pole clamp is fixed to the back as well to allow for the reduction of clutter in the crowded ECMO area.  Figure 2 shows the overall circuitry design.  This design was a result of the A/D converter testing.  Highlights of the circuitry design include a programmable range using potentiometers, comparators for high and low alarms, switches to view the range while adjusting it, and LED’s which light when out of range.  The audible alarm will include a 6:1 OR-gate and allow the signals from all three monitors to commence into one audible alarm.
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Figure 1:  SolidWorks models of the casing, front, back, and IV pole clamp design.
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Figure 2:  PSpice model of circuitry design of one of the three monitors. 

Current status of building is a first generation prototype.  This prototype, which monitors only one of the three intended input pressures, has been designed for use with a power supply of +/-5 volts (V) DC.  

The pressure monitor development was based off of preliminary research regarding the Abbott Laboratories pressure transducer, which is compatible with the custom-made model monitor.  Data collected on this transducer shows an output range of –1V to 0V.  To achieve repeatable results, a power supply was used to simulate the voltage from the transducer.  This configuration allowed precise control over input voltages into the system.

The ICL7107 Analog to Digital Converter (ADC) intended to receive the output of the transducer was designed to accept an input voltage of 0 to 0.2V.  This setup is shown in Figure 3.  Since this range is a smaller and inverted version of the actual output of the transducer, an LM311 op-amp was designed to convert the –1 to 0V range to 0 to 0.2V, the appropriate range for the ADC input.  In this configuration, an output off the transducer of 0V maps to 0V, -0.5V maps to 0.1V, and -1V maps to 0.2V on the output of the op-amp (which becomes the input of the ADC).
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Figure 3: Block diagram of intended circuit.

Upon attaching the output of the ADC to three 7-segment display digits, data was collected on the linearity of the system according to testing protocol A/DTP001.  Results, shown in Figure 4, show that input voltage is linearly related to the output on the display.  
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Figure 4:  Proof of linearity of A/D Converter.

To test the accuracy of the pressure readout of the designed circuitry, a manometer was used to induce known pressures and the readout was compared between the proposed circuit and the existing custom made digital monitor system in use at Children’s Hospital of Pittsburgh as specified in testing protocol PCTP-001.  The results are displayed in Figure 5 and show that both the proposed and the existing system fall within the desired +/- 15mmHg of accuracy.  
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Figure 5. Indicates error of the proposed device is within the +/-15mmHg error range.
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Statistical analysis further shows that the percent error of the proposed circuitry is lower than that of the currently used digital monitoring system in the physiological range of 60 to 275 mmHg.  In addition, the mean error and the maximum error are lower as well.  This is shown in Figures 6 and 7.

Figure 6:  % Error vs. Known Pressure.
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Figure 7:  Mean and Maximum Error Comparison.

To add the visual alarm, digital logic was used to determine the maximum and minimum range values.  Comparators were used to compare the converted voltage off of the transducer to the programmed voltages.  Two LEDs were added per pressure being monitored so that, for example, if the post-oxygenator (post-o) pressure is too high the high LED will be lit, or if it is too low, the low LED will be lit.  This double LED system allows for observation of the independence of the alarm system.  The pre-oxygenator (pre-o) and post-heat exchanger (post-h) LEDs would work similarly to indicate that the pressure is out of its programmed range. 

Audible alarm circuitry has been constructed and added to the monitor and visual alarm system thus completing the first generation prototype and preparing it for further testing as discussed in the following proposed work section.

Relevant Experience

The design team members, Apryle Craig, Desiree Bonadonna, and Laura Gilmour, are all pursuing their undergraduate degree in bioengineering.  Through this coursework, they have an assortment of knowledge-sets that are complementary to the project at hand. Advisors Dr. Steven Jacobs, and Michael Shaver, CCP will serve as consultants and mentors to the design team.


Design Team
Ms. Craig has completed work in circuitry with regards to the systems and signals concentration of bioengineering at the University of Pittsburgh.  She has experiences in the area of circuitry design and redesign, which is relevant to the design and redesign of the ECMO pressure alarm monitoring system.  She has the most advanced knowledge of breadboard circuitry of the team members.

Both Ms. Bonadonna and Ms. Gilmour are currently employed as casual ECMO technicians at Children’s Hospital of Pittsburgh.  They both have first-hand knowledge of the clinical aspects of the ECMO circuit as well as the patient and user needs.  Ms. Bonadonna has done extensive work in the hospital setting, and is prepared to be the quality control expert in that regard.  Her educational expertise is in the area of biomechanics.  In addition to her experience as an ECMO technician, Ms. Gilmour is also currently participating in a bioengineering ethics course, which will prepare the team to deal with any ethical issues they may encounter.  Her bioengineering education is concentrated in the biotechnology and artificial organs area, which supplements the project as well.


Advisors

Steven Jacobs, PhD is a faculty member in the electrical engineering department at the University of Pittsburgh.  He teaches upper level courses in circuitry design, and is thus prepared to help the design team with troubleshooting the design of the project.

Michael Shaver, CCP is a perfusionist at Children’s Hospital of Pittsburgh.   His vast knowledge of ECMO is evident in his many years of employment at the professional level.  He will also assist in the hospital procedures and serve as the primary contact at the Children’s Hospital of Pittsburgh for project consultation.

Experimental Designs and Methods

Proposed Work
Future experimental methods include testing of the visual alarm system according to testing protocol VACTP-001 and testing of the audible alarm system according to testing protocol AACTP-001.   After assuring proper working order of the visual alarm system, this two-light alarm system must be reduced to the final visual alarm design of one LED for both the high and low alarms, using an AND-gate.  After making this change, the system should be retested. 

A second-generation prototype then needs to be built where three circuits, identical to the first generation prototype, are wired to one audible alarm, shared through an OR-gate.  This circuitry would be made in a digital prototyping laboratory to reduce the amount of space the circuitry takes up and to ensure properly soldered connections.  

After this step, the device must be calibrated and tested again.  In addition to ensuring the basic readouts still work and that modifications have had no impact on the pressure displays, the proposed device will be tested again by supplying a known pressure using a manometer to the proposed device and to the pre-existing working device.  If, while monitoring and comparing the pressure readouts on each, the proposed device gives an identical readout to the pre-existing gauge’s readout, the proposed device will be assumed to be working correctly.  In order to verify that the LEDs are all independent, the device will be subjected to the conditions described in CTP-002.  The conditions listed in this protocol are listed below in Table 1.

	Pre-o P
	post-o P
	post-h P
	pre-o LED
	post-o LED
	post-h LED
	notes:

	1) in
	in 
	in
	 
	 
	 
	 

	2) in
	in 
	too high
	 
	 
	 
	 

	3) in
	in 
	too low
	 
	 
	 
	 

	4) in 
	too high
	in 
	 
	 
	 
	 

	5) in 
	too low
	in 
	 
	 
	 
	 

	6) Too high
	in 
	in 
	 
	 
	 
	 

	7) too low
	in 
	in 
	 
	In this section 
	 
	 

	8) in 
	too high
	too high
	 
	list if LED
	 
	 

	9) in 
	too low
	too low
	 
	 is on or off
	 
	 

	10) too high
	too high
	in 
	 
	 
	 
	 

	11) too low
	too low
	in 
	 
	 
	 
	 

	12) too high
	in 
	too high
	 
	 
	 
	 

	13) too low
	in 
	too low
	 
	 
	 
	 

	14) too high
	too high
	too high
	 
	 
	 
	 

	15) too low
	too low
	too low
	 
	 
	 
	 


Table 1. CTP-002.

The final step in building the second-generation prototype would be to have the casing built out of polymer-coated aluminum.  This material was selected to shield the internal circuitry and prevent dissipation of electrical discharge.  Knobs and switches are to be constructed out of plastic for durability.  After the final assembly, testing according to IEC 6100-4-2 for electronic discharge and immunity would take place.  Additionally, testing according to IEC 60601-1-2 for electro-magnetic emissions would take place.  In vitro testing using a wet circuit consisting of all components used in conjunction with the COBE roller pump including the Abbott Laboratories transducers would verify our device’s ability to function as part of the ECMO circuit.
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		Test 2																Exisiting2-all						Circuit2-all						Box2-phys. Range						Circuit2-phys. Range

		29		28		1		3.45		26		3		10.34		1

		42		40		2		4.76		38		4		9.52		2		Mean		5.7692307692				Mean		3.2307692308				Mean		3.7110085816				Mean		1.7458294937

		64		61		3		4.69		60		4		6.25		3		Standard Error		0.8708516768				Standard Error		0.3608012123				Standard Error		0.1100953129				Standard Error		0.2507149223

		83		80		3		3.61		80		3		3.61		4		Median		6				Median		3				Median		3.7833969466				Median		1.6516651665

		110		106		4		3.64		108		2		1.82		5		Mode		3				Mode		3				Mode						Mode

		138		134		4		2.90		137		1		0.72		6		Standard Deviation		3.1399003741				Standard Deviation		1.3008872712				Standard Deviation		0.3481519483				Standard Deviation		0.7928301979

		160		154		6		3.75		158		2		1.25		7		Sample Variance		9.858974359				Sample Variance		1.6923076923				Sample Variance		0.1212097791				Sample Variance		0.6285797226

		180		173		7		3.89		178		2		1.11		8		Kurtosis		-1.4878773172				Kurtosis		-0.9542449286				Kurtosis		2.8579360473				Kurtosis		3.1501472288

		202		195		7		3.47		199		3		1.49		9		Skewness		0.0224770565				Skewness		0.034941187				Skewness		-1.4181010546				Skewness		1.4225526019

		218		209		9		4.13		215		3		1.38		10		Range		9				Range		4				Range		1.2298896423				Range		2.8898201502

		233		224		9		3.86		228		5		2.15		11		Minimum		1				Minimum		1				Minimum		2.8985507246				Minimum		0.7246376812

		247		237		10		4.05		242		5		2.02		12		Maximum		10				Maximum		5				Maximum		4.128440367				Maximum		3.6144578313

		262		252		10		3.82		257		5		1.91		13		Sum		75				Sum		42				Sum		37.1100858161				Sum		17.4582949369

																		Count		13				Count		13				Count		10				Count		10

																		Confidence Level(95.0%)		1.8974227737				Confidence Level(95.0%)		0.7861182969				Confidence Level(95.0%)		0.2490530904				Confidence Level(95.0%)		0.5671569895
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Sheet1

		Testing w/ box

		4/7/04

		Measuring device used: Baumanometer; Desk Model

				W.A. Baum Co. Inc. New York

		Manometer		Box		M-B		%error		Circuit		M-C		%error				Existing1-all						Circuit1-all						BOX1-phys. Range						CIRCUIT1-phys. Range

		Test 1

		46		44		2		4.35		43		3		6.52		1		Mean		3.6666666667				Mean		2.5				Mean		3.3642990352				Mean		2.0110074184

		62		60		2		3.23		59		3		4.84		2		Standard Error		0.3553345273				Standard Error		0.2886751346				Standard Error		0.1628213703				Standard Error		0.3686347323

		72		68		4		5.56		68		4		5.56		3		Median		4				Median		2.5				Median		3.3898305085				Median		1.4705882353

		80		78		2		2.50		78		2		2.50		4		Mode		5				Mode		3				Mode						Mode

		90		87		3		3.33		87		3		3.33		5		Standard Deviation		1.2309149098				Standard Deviation		1				Standard Deviation		0.488464111				Standard Deviation		1.1059041969

		100		96		4		4.00		96		4		4.00		6		Sample Variance		1.5151515152				Sample Variance		1				Sample Variance		0.2385971877				Sample Variance		1.2230240927

		108		105		3		2.78		107		1		0.93		7		Kurtosis		-1.54704				Kurtosis		-0.7636363636				Kurtosis		-0.1689068859				Kurtosis		-0.5424992211

		118		114		4		3.39		117		1		0.85		8		Skewness		-0.2859661518				Skewness		0				Skewness		-0.5542927546				Skewness		0.7973511836

		128		123		5		3.91		125		3		2.34		9		Range		3				Range		3				Range		1.5				Range		3.1525423729

		136		131		5		3.68		134		2		1.47		10		Minimum		2				Minimum		1				Minimum		2.5				Minimum		0.8474576271

		145		140		5		3.45		143		2		1.38		11		Maximum		5				Maximum		4				Maximum		4				Maximum		4

		154		149		5		3.25		152		2		1.30		12		Sum		44				Sum		30				Sum		30.2786913166				Sum		18.0990667652

																		Count		12				Count		12				Count		9				Count		9

																		Confidence Level(95.0%)		0.7820864169				Confidence Level(95.0%)		0.6353700087				Confidence Level(95.0%)		0.3754669961				Confidence Level(95.0%)		0.8500737668

		Test 2																Exisiting2-all						Circuit2-all						Box2-phys. Range						Circuit2-phys. Range

		29		28		1		3.45		26		3		10.34		1

		42		40		2		4.76		38		4		9.52		2		Mean		5.7692307692				Mean		3.2307692308				Mean		3.7110085816				Mean		1.7458294937

		64		61		3		4.69		60		4		6.25		3		Standard Error		0.8708516768				Standard Error		0.3608012123				Standard Error		0.1100953129				Standard Error		0.2507149223

		83		80		3		3.61		80		3		3.61		4		Median		6				Median		3				Median		3.7833969466				Median		1.6516651665

		110		106		4		3.64		108		2		1.82		5		Mode		3				Mode		3				Mode						Mode

		138		134		4		2.90		137		1		0.72		6		Standard Deviation		3.1399003741				Standard Deviation		1.3008872712				Standard Deviation		0.3481519483				Standard Deviation		0.7928301979

		160		154		6		3.75		158		2		1.25		7		Sample Variance		9.858974359				Sample Variance		1.6923076923				Sample Variance		0.1212097791				Sample Variance		0.6285797226

		180		173		7		3.89		178		2		1.11		8		Kurtosis		-1.4878773172				Kurtosis		-0.9542449286				Kurtosis		2.8579360473				Kurtosis		3.1501472288

		202		195		7		3.47		199		3		1.49		9		Skewness		0.0224770565				Skewness		0.034941187				Skewness		-1.4181010546				Skewness		1.4225526019

		218		209		9		4.13		215		3		1.38		10		Range		9				Range		4				Range		1.2298896423				Range		2.8898201502

		233		224		9		3.86		228		5		2.15		11		Minimum		1				Minimum		1				Minimum		2.8985507246				Minimum		0.7246376812

		247		237		10		4.05		242		5		2.02		12		Maximum		10				Maximum		5				Maximum		4.128440367				Maximum		3.6144578313

		262		252		10		3.82		257		5		1.91		13		Sum		75				Sum		42				Sum		37.1100858161				Sum		17.4582949369

																		Count		13				Count		13				Count		10				Count		10

																		Confidence Level(95.0%)		1.8974227737				Confidence Level(95.0%)		0.7861182969				Confidence Level(95.0%)		0.2490530904				Confidence Level(95.0%)		0.5671569895
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Sheet1

		Testing w/ box

		4/7/04

		Measuring device used: Baumanometer; Desk Model

				W.A. Baum Co. Inc. New York

		Manometer		Box		M-B		%error		Circuit		M-C		%error				Existing1-all						Circuit1-all						BOX1-phys. Range						CIRCUIT1-phys. Range

		Test 1

		46		44		2		4.35		43		3		6.52		1		Mean		3.6666666667				Mean		2.5				Mean		3.3642990352				Mean		2.0110074184

		62		60		2		3.23		59		3		4.84		2		Standard Error		0.3553345273				Standard Error		0.2886751346				Standard Error		0.1628213703				Standard Error		0.3686347323

		72		68		4		5.56		68		4		5.56		3		Median		4				Median		2.5				Median		3.3898305085				Median		1.4705882353

		80		78		2		2.50		78		2		2.50		4		Mode		5				Mode		3				Mode						Mode

		90		87		3		3.33		87		3		3.33		5		Standard Deviation		1.2309149098				Standard Deviation		1				Standard Deviation		0.488464111				Standard Deviation		1.1059041969

		100		96		4		4.00		96		4		4.00		6		Sample Variance		1.5151515152				Sample Variance		1				Sample Variance		0.2385971877				Sample Variance		1.2230240927

		108		105		3		2.78		107		1		0.93		7		Kurtosis		-1.54704				Kurtosis		-0.7636363636				Kurtosis		-0.1689068859				Kurtosis		-0.5424992211

		118		114		4		3.39		117		1		0.85		8		Skewness		-0.2859661518				Skewness		0				Skewness		-0.5542927546				Skewness		0.7973511836

		128		123		5		3.91		125		3		2.34		9		Range		3				Range		3				Range		1.5				Range		3.1525423729

		136		131		5		3.68		134		2		1.47		10		Minimum		2				Minimum		1				Minimum		2.5				Minimum		0.8474576271

		145		140		5		3.45		143		2		1.38		11		Maximum		5				Maximum		4				Maximum		4				Maximum		4

		154		149		5		3.25		152		2		1.30		12		Sum		44				Sum		30				Sum		30.2786913166				Sum		18.0990667652

																		Count		12				Count		12				Count		9				Count		9

																		Confidence Level(95.0%)		0.7820864169				Confidence Level(95.0%)		0.6353700087				Confidence Level(95.0%)		0.3754669961				Confidence Level(95.0%)		0.8500737668

		Test 2																Exisiting2-all						Circuit2-all						Box2-phys. Range						Circuit2-phys. Range

		29		28		1		3.45		26		3		10.34		1

		42		40		2		4.76		38		4		9.52		2		Mean		5.7692307692				Mean		3.2307692308				Mean		3.7110085816				Mean		1.7458294937

		64		61		3		4.69		60		4		6.25		3		Standard Error		0.8708516768				Standard Error		0.3608012123				Standard Error		0.1100953129				Standard Error		0.2507149223

		83		80		3		3.61		80		3		3.61		4		Median		6				Median		3				Median		3.7833969466				Median		1.6516651665

		110		106		4		3.64		108		2		1.82		5		Mode		3				Mode		3				Mode						Mode

		138		134		4		2.90		137		1		0.72		6		Standard Deviation		3.1399003741				Standard Deviation		1.3008872712				Standard Deviation		0.3481519483				Standard Deviation		0.7928301979

		160		154		6		3.75		158		2		1.25		7		Sample Variance		9.858974359				Sample Variance		1.6923076923				Sample Variance		0.1212097791				Sample Variance		0.6285797226

		180		173		7		3.89		178		2		1.11		8		Kurtosis		-1.4878773172				Kurtosis		-0.9542449286				Kurtosis		2.8579360473				Kurtosis		3.1501472288

		202		195		7		3.47		199		3		1.49		9		Skewness		0.0224770565				Skewness		0.034941187				Skewness		-1.4181010546				Skewness		1.4225526019

		218		209		9		4.13		215		3		1.38		10		Range		9				Range		4				Range		1.2298896423				Range		2.8898201502

		233		224		9		3.86		228		5		2.15		11		Minimum		1				Minimum		1				Minimum		2.8985507246				Minimum		0.7246376812

		247		237		10		4.05		242		5		2.02		12		Maximum		10				Maximum		5				Maximum		4.128440367				Maximum		3.6144578313

		262		252		10		3.82		257		5		1.91		13		Sum		75				Sum		42				Sum		37.1100858161				Sum		17.4582949369

																		Count		13				Count		13				Count		10				Count		10

																		Confidence Level(95.0%)		1.8974227737				Confidence Level(95.0%)		0.7861182969				Confidence Level(95.0%)		0.2490530904				Confidence Level(95.0%)		0.5671569895
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