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ABSTRACT 
 

There is a fundamental need for a better kind of long-term testing for artificial heart 

valves along with a biologically equivalent artificial mitral valve.  Accelerated wear 

testing has been used for a long period of time in the engineering field to test the failure 

modes of materials and devices, but has not been widely accepted in the medical device 

area. The mitral valve is difficult to get to and therefore little is known about the leaflet 

motion. The lab has obtained a closed-system, compact, accelerated wear testing 

apparatus designed for aortic valves, and nothing is known about the device. The lab 

deals exclusively with mitral valves. The objective of this study is to characterize and 

fully understand this accelerated wear testing apparatus, to modify it to run with mitral 

valves and to define the mitral valve motion using pressure waveforms and leaflet 

motion. This was achieved by calibrating and verifying the device using an aortic valve 

with a known pressure curve. The device was then modified to fit mitral valves and the 

motor motion was measured to characterize the movement of the apparatus. A 

pressure waveform was then obtained for the mitral valve. Images of the mitral valve 

were obtained for these pressures and orifice area was calculated. This information 

gives a clear understanding about the design and function of the device and of the MV.   
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CHAPTER I 

INTRODUCTION 
 

The heart is an integral part of the human system as it supplies oxygen to all of the 

body’s organs and tissues. It works by pumping deoxygenated blood to the lungs to 

receive oxygen and then by pumping this oxygenated blood to the rest of the body. The 

heart is divided into two sides, the left and right, and each side is divided into two 

chambers, the atrium and the ventricle. The ventricles have two one-way valves, one at 

the inlet and one at the outlet, and these valves allow for forward movement of blood 

only. The valves are as follows. The tricuspid valve is between the right atrium and right 

ventricle, the pulmonary valve is between the right ventricle and the pulmonary artery, 

the mitral valve (MV) is between the left atrium and left ventricle, and the aortic valve 

(AV) is between the left ventricle and the aorta. The blood moves through the heart in 

the following way. Deoxygenated blood enters the right atrium through the superior 

vena cava and then moves to the right ventricle where it is pumped out of the heart 

through the pulmonary artery and to the lungs. The newly oxygenated blood then 

returns from the lungs to the left atrium through the pulmonary veins and proceeds to 

the left ventricle where it is then pumped out to the entire body via the aorta. Once the 

organs have received the necessary oxygen supply, the blood returns through the 

superior vena cava to the right atrium and the process repeats. 

1.1 The Cardiovascular System 
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Figure 0.1: The Heart (1) 

 

The heart undergoes two distinct phases during one cardiac cycle known as diastole and 

systole. During diastole, the mitral and tricuspid valves are open while the aortic and 

pulmonary valves are closed, allowing the blood to move from the atria into the 

ventricles. During systole, the aortic and pulmonary valves are open while the mitral and 

tricuspid valves are closed, allowing the blood to move from the ventricles into the 

aorta and pulmonary artery respectively. The moment at the end of diastole/beginning 

of systole, called the iso-volumentric contraction phase, allows for the buildup of 

pressure in the ventricles because all four heart valves are closed simultaneously. This 

phase is marked by an increase in pressure with no change in volume in the ventricles. 

Likewise the end of systole/beginning of diastole, called the iso-volumentric relaxation 

phase, allows for pressure buildup in the atria because all four heart valves are again 
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closed simultaneously.  This phase is marked by a decrease in pressure with no change 

in volume in the ventricles.  

The valves of the heart are an integral factor in blood flow and direction. The valves are 

all one-way valves. These valves work due to the pressure difference across them. When 

the pressure on the anterior side of the valve is higher, the valve opens and when the 

pressure on the posterior side of the valve is higher, the valve closes. This pressure 

difference is the main factor in heart valve dynamics and is why the iso-volumetric 

phases of the heart cycle are very important. This large increase in pressure without 

change in volume allows for a high ejection velocity when the valves open. If these 

valves are not functioning properly, the cardiovascular dynamics will be greatly 

compromised.  

 

The left side of the heart is of great importance when studying disease because diseases 

in the heart valves occur in the systemic circulation much more frequently than in the 

pulmonary circulation (2). These diseases typically occur as either stenosis or 

regurgitation in both the MV and AV. Stenosis is a narrowing of the valve which disrupts 

the amount of flow through the valve. Regurgitation is back flow of blood through the 

valve due to a lack of complete valve closure and impedes the efficiency of normal 

cardiac function. If either of these diseases becomes considerable, heart failure can 

occur. The ultimate solution to either of these ailments involves total valve replacement 

1.2 The Left Heart and Disease 
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with an artificial valve. For mitral regurgitation however, there is another option called 

Edge-to-Edge Repair (ETER). This surgery uses the technique of suturing the leaflets of 

the MV together along their free edge as can be seen in Fig 1.2. This forces a more 

complete closure of the valve, thus greatly decreasing the back flow of blood. 

 

Figure 0.2: ETER Techniques (3) 

 

A change in valve performance can impede blood flow through the heart, ultimately 

affecting every part of the body because the oxygen supply will not reach areas as 

quickly or efficiently. Still, the heart will always attempt to keep up with the need of the 

body and will alter its performance by pumping faster, enlarging, or increasing the 

muscle mass (4). Ultimately the heart will not be able to keep up with the demand and 

at this point the individual will have trouble doing everyday activities. While these 

changes may not sound life-threatening, heart disease was the leading cause of death in 

2006 in the United States, killing more than 600,000 (5). 
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The AV is a tricuspid valve (Fig. 1.3) meaning it contains three leaflets of equal size. The 

leaflets are connected only to the annulus and work purely from the pressure difference 

across the valve. The MV is a bicuspid valve (Fig. 1.4) meaning it contains two leaflets. 

The leaflets are connected to the annulus and each leaflet is also connected to a 

papillary muscle located in the ventricle wall via chordae. This attachment to the 

ventricle wall helps pull the leaflets shut. 

1.3 The Aortic and Mitral Valves 

 

Figure 0.3: Aortic Valve (6) 

 

Figure 0.4: Mitral Valve (6) 
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The AV has been studied and characterized quite thoroughly in the past decades due to 

ease of access. The AV is also fairly simple to model because it only has three leaflets 

and an annulus ring. There have been numerous artificial AVs designed and produced 

including both mechanical and biological, and there have been a number of tests done 

on these valves to determine quality. The MV is a difficult to get to in vivo and is difficult 

to model due to its structural design and therefore, there is a lack of information. 

Studies that have been done have used imaging or computer simulation (2). These two 

techniques have obvious limitations. Imaging cannot see the valve well enough to study 

effectively and computer modeling still lacks realistic movement.   Knowing information 

such as pressure and corresponding position of the valve leaflets can be important for 

further research on the MV. This research could involve and lead to realistic artificial 

valve designs or improving ETER techniques.  

 

Accelerated wear testing (AWT) is a procedure that causes failure of an object by 

increasing the rate of wear in a harsh but representative environment. This causes the 

object to fail in the same way it would be expected to in the field, but in a much shorter 

time period. AWT allows for experiments to be done faster and at a higher frequency 

than typical usage. This type of testing is important in determining the wear over a long 

period of time for a specific object and is used to test the lifetime of many devices in 

today’s R&D groups. It is a highly accepted form of testing. For the MV, AWT can be 

1.4 Accelerated Wear Testing 
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specifically used to test long term wear of artificial valves or of ETER without using 

human subjects. This is important for ETER because it is a new technique and long-term 

effects are not and will not be available for many years. Short term testing is also very 

important in designing an artificial MV because weak regions on the valves can be 

detected and repaired before they fail in an individual. AWT is a widely used and 

established method of fatigue testing and there is a major need for it in the medical 

device field.  
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CHAPTER II 

BACKGROUND 
 

Accelerated wear testing (AWT), also known as accelerated fatigue testing, is an older 

concept in the world of engineering. It has been used for decades to test the long term 

wear on different materials and man-made devices. The advancement of open-heart 

surgery techniques in the mid twentieth century led to the opportunity for valvular 

implants, and the need to greatly improve the quality of these implants shortly 

followed. Wilson and Stokes (7) realized in the mid 1960’s that accelerated fatigue 

testing could be used to determine the robustness and life span of artificial valves in 

vitro. They understood the need for a valve replacement capable of handling the 

incredible demands of the human heart since the average heart completes over two 

billion cycles in a twenty year period (7). The average human life span is around eighty 

years (5) meaning that the heart undergoes more than eight billion cycles in a lifetime. 

This astronomical amount of cardiac cycles along with the increase in age of demise, 

leads to the need for valvular implants that will last much longer than the ones currently 

on the market.  

2.1 Accelerated Wear Testing 

The medium that should be used in an AWT device has been under plenty of discussion. 

Wilson and Stokes’ group noted that liquid created a viscosity that generated 

“extremely high negative pressures on the closed valve during the back stroke of the 

piston at these high rates of testing,” after first using normal water in their machine (7). 
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Therefore, this group decided to use jets of air to open and close the valve. This was 

later determined to be flawed as well, and it was established that ionized water could 

be used instead of another medium (9).  

Wilson and Stokes set forth much of the precedent that should be followed today. 

These include the machine sending the valve being tested through a complete cycle, 

complete opening and closing of the valve with each cycle, the machine working rapidly 

enough to obtain useful data without imposing unrealistic stresses onto the valve, and 

the understanding that while AWT may not be exactly the same as in vivo, it provides us 

with enough useful information to improve the artificial valves and understand where 

they are going to fail first (7). Iosif and Gabbay introduced in 1992, what they 

considered an accelerated fatigue tester, as opposed to a pulse duplicator, and showed 

that it was possible to get the same results with this fatigue tester (10).  This is 

important because a fatigue tester is a much simpler device than a pulse duplicator. 

In more recent years the AWT machines for artificial valves have been improved but still 

have flaws, and therefore have not been widely accepted. Most of these machines are 

open-systems and have been relatively large (10) (11). This makes it hard for mass 

production, for usefulness of the machine, or for facilities to house several machines. 

There is a need for a relatively small, closed-system AWT machine, and with the 

advancements in technology it is now possible. The lab has procured such a device, but 

nothing is known about the function or design, therefore it is important to characterize 

this machine and understand how it works.  
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AWT has regulations for the in vitro testing of valves, but the ranges of what are 

acceptable vary so significantly that one cannot compare testing from one machine to 

another. It was also found that under these ranges the values did not compare to 

realistic in vivo data (12).  There are a few firm standards that should be maintained and 

these include having a pressure drop of no less than 75 mmHg across the closed valve 

and full valve opening and closing during each cycle (13). Campbell et al, found that 

stress severity factor in the machines is directly proportional to load (11). Their data 

showed that due to machine variations and poor understanding of the machine, data 

from different machines cannot be compared (11). This is a problem when trying to 

interpret valve data across different companies therefore, characterization of the AWT 

machine is very important. This was also noted by Iosif and Gabbay that, “it is necessary, 

however, to fully characterize the accelerated fatigue machine in a quantitative as well 

as in a qualitative way in an effort to overcome one of the major limitations of in-vitro 

testing, i.e., the lack of proper standards for valve function and performance. (10)” In 

1998, Reul and Potthast determined that physiological valve loading can be successfully 

reproduced in vitro if appropriate testing condition are used and the characterization of 

the machine is clearly understood (14). From this background we can clearly see that 

there is a need and great use for AWT in the cardiac arena, but that there is also a 

responsibility to fully characterize any AWT machine before use in order to fully 

understand the data obtained from the machine. 
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In our lab an AWT machine would be highly beneficial. One of the main focuses of the 

lab is determining if ETER is overall beneficial, and what type is the best. An AWT 

machine would prove useful in determining the wear pattern on the suture and altered 

valve over a long period of time and this would allow for improvement to the overall 

design of the ETER.  Therefore, it is essential to fully understand and characterize this 

machine. 

The mitral valve (MV) is located between the two chambers of the left heart, making it 

very hard to reach in vivo. With this being the case, there is relatively little information 

that has been obtained on the MV. There have been attempts in the past to create a 

realistic artificial MV and a few have actually made it to market, but all have ended in 

failure and being pulled off the market. Currently all MV prosthesis are designed after 

the AV because there is plenty of information available for this valve. These include bi-

leaflet mechanical valves or tri-leaflet mechanical or Bioprosthetic valves. However, 

none of the valves on the market use the same design as the biological MV. This is 

mainly due to the lack of data and the fact that the MV leaflets are attached by chordate 

to a muscle in the wall of the ventricle as described earlier. This design is hard to 

duplicate in an artificial valve, especially without the data and the understanding of the 

leaflet dynamics.  There is a need to understand how the MV works in vivo so that 

better and biologically equivalent valves can be designed and produced in the future. In 

2.2 Mitral Valve 
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order to characterize the MV we need to obtain a pressure curve and understand the 

leaflet dynamics. 
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CHAPTER III 

OBJECTIVE AND SPECIFIC AIMS 
 

The lab has obtained a compact, closed-system AWT machine designed for AVs. There is 

no information known about this machine, so the machine needs to be fully 

characterized and understood before it can be utilized.  

This lab deals strictly with MVs, so the machine needs to be modified to work with a 

MV. The machine can then be used to collect data on a newly designed artificial MV or 

on the ETER techniques that the lab is currently testing. The AV has been characterized 

in the past and has a known pressure waveform; however there is little information 

about the MV. This information is needed in order to understand and design new MV 

prosthetics. 

Therefore, the objective of this study is to obtain a complete understanding of the 

accelerated wear testing machine and of the mitral valve. 

 The specific aims are as follows: 

1. Characterize the accelerated wear testing machine  

2. Modify the machine to work with a mitral valve 

3. Characterize the mitral valve by determining pressure and valve leaflet dynamics 
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CHAPTER IV 

EXPERIMENTAL SETUP 
 

The testing system consists of an AWT apparatus (Fig. 4.1), a motor, and a waveform 

generator. The waveform generator is made by Applied Medical Concepts and is 

officially named the Motor Driving Controller/Amplifier for Heart Valve Testers. It is 

believed that this is a specially designed, one of a kind system.  The AWT apparatus is a 

closed-loop system, meaning there is no external supply of water. This device has a 

cylindrical chamber for the valve to sit in, a valve holder, and three adjustable cylindrical 

compliance chambers. It has two routes for the water to travel: the first route is a return 

into the circular chamber located at the top of the machine and the other is an exit from 

the circular chamber located at the bottom of the machine. These two routes combine 

at the last compliance chamber. The motor is attached to one end of a rod that connects 

to the valve holder at the other end. The valve holder is suspended inside the cylindrical 

chamber and consists of a ring to mount the valve into that is surrounded by a rubber 

membrane. This membrane allows for the valve to move with the back and forth motion 

of the motor therefore acting like compliance in the natural heart. The motor is 

controlled by an external waveform generator with nine different waveforms and 

adjustable frequency, offset, and amplitude. The bottom of the circular chamber is clear 

and there is a hole in the base underneath the chamber to see the bottom side 

(posterior) of the valve.  

4.1 Testing System 
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Figure 0.1: AWT Apparatus 

 

4.2 Instrumentation System
The instrumentation system consists of a Fujikura pressure transducer XFPM-025KPG, a 

National Instruments™ PCI-6014 Multifunction DAQ, a National Instruments™ SCB-68 

Shielded I/O Connector Block, and National Instruments™ LabVIEW software. The 

pressure transducer is mounted below the valve on the outside of the chamber and is 

connected via a bread board to the Connector Block. The Connector Block is connected 

to the Multifunction DAQ that is located in the computer and is controlled by the 

LabVIEW

  

 

 

software. The software has been programmed to read the pressure 

transducers output in volts and convert the data into pressure in mmHg. The data 

acquisition rate can be controlled through the software. 

The imaging system consists of a high speed, black-and-white Basler Line Scan camera 

with a Quantaray zoom lens, a PIXCI® imaging board, and EPIX® XCAP V2.2 imaging 

4.3 Imaging System 
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software. The camera is connected to an internal imaging board which is controlled by 

the XCAP software. This software controls the image capture speed, the quality of the 

images and also allows for the writing of the images to a file. The camera is placed on a 

tripod and pointed straight upward, underneath the hole that is located in the base of 

the testing apparatus (Fig. 4.2). This allows for images of the underside of the valve and 

of the valve leaflets. The camera is also adjusted to face the side of the machine at the 

level of the motor rod (Fig. 4.2), allowing for the measurement of the motor motion to 

be acquired. 

                                                                         

Figure 0.2: Camera Setup 

 

The valve holder original to the device was designed to work with AVs so a Medtronic® 

Hancock II Porcine Bioprosthesis – AV (Fig. 4.3) was obtained in order to help 

characterize and calibrate the machine. The AV pressure waveform is known and 

therefore it is essential to use the AV to know if the information being received is 

accurate. This particular type of valve did not fit into the holder, so modifications had to 

4.4 Aortic Valve Adapter 
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be made to the holder in order to utilize the valve. Two circular plates were designed 

and machined to hold the valve into place (Figs. 4.4 & 4.5). 

 

Figure 0.3: Bioprosthetic Artificial Aortic Valve 

 

 

Figure 0.4: Aortic Valve Fitters 

 

  

Figure 0.5: Aortic Valve Holder 
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The original valve holder made to fit AVs as mentioned earlier, and the AV is very 

different in structure from a MV. Artificial AVs consist of an annulus ring and some 

design of leaflets (two or three) and come attached to this annulus ring only. In order 

for the machine to be used with the MV an adapter had to be designed and constructed 

that would most importantly fit into the space provided and that would also accompany 

the chordae and papillary muscles along with the MV leaflets and annulus. This adapter 

consists of a sewing ring, an adjustable spacer, and an adjustable papillary muscle 

holder. The sewing ring is made out of Plexiglas and allows for mounting of the annulus 

of the MV in the same size (M32) and shape (flat on one side, curved on the other) as 

the biological MV. This is accomplished by having a gap in the middle of the disc the size 

of the orifice area and several very small holes around the outside of this space to allow 

for the suturing of the annulus onto the disc. This can be seen in Fig. 4.6.   

4.5 Mitral Valve Ring Adapter 

 

 

Figure 0.6: Mitral Valve Sewing Ring 
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The adjustable spacer consists of two metal rods that connect at one end to the sewing 

ring and at the other end to separate Plexiglas disc. The rods are held onto these discs 

with two nuts on either side that allow for shortening or lengthening of the rods (Fig. 

4.7). The papillary muscle holders consist of two rods that have one end connected to 

the same disc as the spacers and the other end attached to a circle of canvas fabric that 

is wrapped and rubber banded around the papillary muscles to hold them in place 

(extended from the MV annulus). A hole is cut in the bottom plate in order to better 

observe the valve leaflets (Fig.4.8). 

 

 

Figure 0.7: Mitral Valve Adjustable Spacers and Papillary Muscle Holders 
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Figure 0.8: Image Holder in Bottom Plate 

 

 
Figure 0.9: Mitral Valve in Valve Holder 
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CHAPTER V 

METHODOLOGY 
 

The apparatus used was previously constructed elsewhere and therefore no information 

was known about the machine. This led to a need for the device to be characterized and 

calibrated. In order to collect accurate data from the machine, the pressure sensor had 

to be calibrated before any and every experiment was conducted. This was done by 

measuring the output pressure from the pressure transducer for a column of water at 1 

ft, 2ft, 3ft, and 4ft. These values were then compared to the calculated values for water 

at these heights. This information was entered into National Instruments™ 

Measurement & Automation Software where the pressure transducer was automatically 

corrected for error based on these measurements.  Part of the calibration and 

characterization of the machine had to happen simultaneously. The machine needed to 

be checked for biological accuracy and in doing this an understanding of each unknown 

waveform on the waveform generator was determined. A Medtronic® Hancock II 

Porcine Bioprosthesis – AV was placed in the machine with ionized water and the 

machine was run for each of the nine waveforms on the waveform generator at 1 Hz (60 

bpm).  The initial value for frequency was chosen to be the same as the average human 

heart beat frequency. A pressure wave was generated during this period and each of the 

nine waveforms generated were compared to the known AV waveform. Waveforms 

three and nine proved to have the most accuracy when compared to the realistic aortic 

5.1 Calibration and validation of the Accelerated Wear Test Apparatus 
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pressure curve. The AV was then run with these two waveforms at 1 Hz, and the 

compliance was adjusted via the compliance chambers to ensure the curve was as 

precise as possible. Once the results were acceptable, the AV was tested at a frequency 

of 5Hz, and 10 Hz to determine if the higher frequencies would have an adverse affect 

on the values. These frequencies were chosen to correspond to the typical frequencies 

at which most AWT are utilized.  The higher rates did not affect the shape of the curves 

and the fact that the pressure curves matched the known aortic pressure curve, the 

machine was determined to be calibrated and running correctly. 

 

Once the machine was calibrated, it could be tested with the MV with confidence that 

the pressure curve produced was accurate. The MV was dissected from a porcine heart 

which had been frozen immediately after extraction from the animal. The heart was 

thawed the morning the MV was needed and upon thawing completely the MV was 

extracted from the heart. This extraction included the annulus, leaflets, chordae, and 

papillary muscles. The valve was sized to ensure it would fit onto the holder. A size of 

M32 was selected; the average size for MVs. Once the MV was extracted it was 

immediately sutured onto the sewing ring via the annulus. The papillary muscles were 

attached to the holders and the distance between the valve and the papillary muscles 

was adjusted to be biologically equivalent. Upon ensuring the attachment of the MV to 

the holder, the whole device was secured into the AWT machine. The device was filled 

5.2 Characterization of the Mitral Valve 
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with ionized water and the waveform set to number three with a frequency of 1 Hz. The 

machine was allowed to run for a few minutes to ensure that a steady-state had been 

reached. The amplitude and offset were adjusted to attempt to have the maximum 

pressure stay between 100 mmHg and 130 mmHg and to ensure that the motor 

movement allowed for the rod holder to be free from hitting any part of the machine. At 

this time the camera and the data acquisition were triggered at the same time to start 

collecting data and were run until the camera had taken several cycles of images (3-4).  

This procedure was repeated at 10 Hz and 20 Hz for waveform three and then again at 

all three values with waveform nine. The sampling rate had to be adjusted for each 

frequency to ensure that one-hundred images were collected per cycle. These sampling 

rates were 100 Hz, 500 Hz, and 1000 Hz respectively. The camera also had to be 

adjusted to match the sampling rate for each frequency. The image capture rates were 

.01s, .002s, and .001s respectively.  

 

The aortic pressure curves help characterize the machine and set it up to work correctly, 

but other information is also needed in order to fully understand the machine. The 

motor motion is an important aspect of the machine characteristics. This is measured by 

placing the camera facing the side of the motor and taking images of the rod that is 

attached to the motor. This data was collected in the exact same fashion as the MV 

information. It is also important to know if the motor moves differently between the AV 

5.3 Characterization of the Accelerated Wear Test Apparatus 
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and the MV to determine if the MV holder has any adverse effects on the machine and 

therefore would need to be redesigned. To determine the difference in motor motion 

the motor distances were also collected for the AV in the same fashion but for only 1 Hz 

for both waveforms.  

The MV images were examined and one complete cycle was chosen for simplicity of 

viewing. For each cycle the orifice area was measured using SigmaScan Pro Software by 

hand. A pressure waveform graph at specific times was then generated from the data 

taken from the pressure transducer. The orifice area was compared to the pressure at 

the corresponding time during the cycle. This was done for all three frequencies for both 

waveforms. 

5.4 Data Analysis 

The motor movement images were examined in the same way. The distance from the 

top of the device to the top of the rod holder was measured for each image during a 

cycle.  This data was compared with the pressure curve for that cycle along the same 

time interval. This was also done for all three frequencies and for both waveforms. The 

motor motion for the MV was then compared with the motor motion from the AV. 
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CHAPTER VI 

RESULTS 
 

The AV pressure curves can be seen below for both waveforms (three and nine) at all 

three frequencies (1 Hz, 5 Hz, and 10 Hz). The graphs have been adjusted to display one 

cycle of data for ease of viewing. 

6.1 Aortic Valve 

 
Figure 6.1: Aortic Valve Pressure at 1 Hz for Waveform 3 

 

 

Figure 6.2: Aortic Valve Pressure at 5 Hz for Waveform 3 

0
10
20
30
40
50
60
70

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Pr
es

su
re

 (m
m

Hg
)

Time (s)

0

20

40

60

80

100

120

140

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Pr
es

su
re

 (m
m

Hg
)

Time (s)



Texas Tech University, Courtney Riggan, December 2010 
 

26 
 

 

Figure 6.3: Aortic Valve Pressure at 10 Hz for Waveform 3 

 

 

Figure 6.4: Aortic Valve Pressure at 1 Hz for Waveform 9 
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Figure 6.5: Aortic Valve Pressure at 5 Hz for Waveform 9 

 

 

Figure 6.6 Aortic Valve Pressure at 10 Hz for Waveform 9 

 

 

The distance the motor moves as compared with the pressure for the MV can be seen 

below for both waveforms (three and nine) at all three frequencies (1Hz, 5 Hz, 10 Hz). 

One cycle was chosen for each comparison for ease of viewing and interpretation.  

6.2 Motor Movement Measurement  
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Figure 6.7: Motor Motion versus Pressure for Mitral Valve at 1 Hz for Waveform 3 

 

 

Figure 6.8: Motor Motion versus Pressure for Mitral Valve at 5 Hz for Waveform 3 
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Figure 6.9: Motor Motion versus Pressure for Mitral Valve at 10 Hz for Waveform 3 

 

 

Figure 6.10: Motor Motion versus Pressure for Mitral Valve at 1 Hz for Waveform 9 
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Figure 6.11: Motor Motion versus Pressure for Mitral Valve at 5 Hz for Waveform 9 

 

 

Figure 6.12: Motor Motion versus Pressure for Mitral Valve at 10 Hz for Waveform 9 
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Figure 6.13: Aortic Valve versus Mitral Valve Motor Motion for Waveform 3 

 

 

Figure 6.14: Aortic Valve versus Mitral Valve Motor Motion for Waveform 9 
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compared to the pressure for both waveforms (three and nine) but only for 1 Hz. The 

reason for this will be discussed later. The data shown for this is also one second, for 

easy comparison. 

 

Figure 6.15: Mitral Valve Pressure at 1 Hz for Waveform 3 

 

 

Figure 6.16: Mitral Valve Pressure at 5 Hz for Waveform 3 
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Figure 6.17: Mitral Valve Pressure at 10 Hz for Waveform 3 

 

 

Figure 6.18: Mitral Valve Pressure at 1 Hz for Waveform 9 
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Figure 6.19: Mitral Valve Pressure at 5 Hz for Waveform 9 

 

 

Figure 6.20: Mitral Valve Pressure at 10 Hz for Waveform 9 
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Figure 6.21: Mitral Valve Orifice Area versus Pressure at 1 Hz for Waveform 3 

 

 

Figure 6.22: Mitral Valve Orifice Area versus Pressure at 1 Hz for Waveform 9 
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CHAPTER VII 

DISCUSSION 
 

The graphs obtained demonstrate that both waveforms three and nine have 

comparable aortic pressure waveforms to the known pressure waveform for the AV 

(Section 6.1). These waveforms were achieved by adjusting the compliance of the 

machine and the amplitude/offset of the motor until the curve was correct. The 

machine is currently adjusted to produce these waveforms, but can also be changed to 

acquire different information. However, these graphs can be completely reproduced at 

anytime by again readjusting the device.  

7.1 Aortic Valve and Machine Characterization 

It can also be seen from these waveforms that the maximum pressure naturally 

increases as the frequency of the motor increases. The maximum pressure at 1 Hz is 

low, however, as you move toward 10 Hz (a typical AWT frequency), the maximum 

pressure increases to a more reasonable and biological value (120 mmHg to 140 mmHg). 

This is especially true for waveform three and is important to note because depending 

on the frequency the machine is set on, the maximum pressure could be too low. 

However, if using the machine for AWT, this characteristic is quite useful because the 

biological values for pressure are achieved at the AWT frequency levels.  

The maximum pressure for waveform nine tended to increase to values slightly higher 

than normal and could not be easily reduced by changing the amplitude or offset of the 
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machine. This should be considered when choosing the waveform to use for AWT. The 

two waveforms are both acceptable to use in obtaining accurate pressure curves; 

however, the maximum pressure will probably be high if waveform nine is used. 

Depending on the purpose of testing, this might or might not be an issue.  

 

The motor movement distance is important to understand in characterizing the AWT 

apparatus because it will give a more complete understanding of the results obtained 

from using the machine. The motor movement naturally corresponds to the pressure 

changes as can be seen from the graphs obtained (section 6.2). The other important 

aspect that can be obtained from this data is the fact that the motor moves a shorter 

distance as the frequency increases. This is most likely due to the motor trying to “keep 

pace” at higher frequencies meaning that if it moves a shorter distance, it can move at a 

faster rate. The machine also naturally increases pressure as the frequency increases 

and this allows the motor to move a shorter distance while still maintaining the correct 

pressure measurements. 

7.2 Motor Movement 

The motor movement is not perfect and this can be seen by the fact that as the 

frequency increases the motor motion does not preserve the exact same curve. This is 

most likely due to slack in the machine. Another thing observed was that the bolt 

connecting the valve holder rod to the motor became loose easily and this could only be 
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seen once the test was complete. This is a feature that would need to be improved 

before AWT with the machine could be performed. 

The motor movement distance when compared between the aortic and MVs is a very 

important tool in characterizing and understanding the AWT apparatus. This is because 

the MV and holder are much larger than the AV and holder and it is important to know if 

this change in size and mass affects the motor motion. The comparison can be seen in 

the last two graphs from section 6.2 where there is no significant change in motor 

motion between the aortic and MVs. It seems evident that the MV holder does not 

adversely affect the AWT apparatus and therefore, can be used in future testing. 

 

The graphs of MV pressure can accurately be obtained with this machine at all 

frequency levels as can be seen in section 6.3. These pressure waveforms are very 

important in understanding the MV functioning. A clear understanding of this 

functioning is essential in design of an artificial valve that moves biologically. Once the 

pressure data is clearly understood, the next focus is to comprehend the orifice area at 

specific pressures along the pressure curve. This information is also essential in 

understanding the functioning of the MV and being able to reproduce the movement of 

this valve in an artificial one. The orifice area is the region that is open in the valve and 

the pressure should be zero when the valve is open and build while the valve is closed. It 

can be seen that orifice area is zero (closed valve) at moments when the pressure is zero 

7.3 Mitral Valve Characterization 
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from the graphs in section 6.3. This is not biologically accurate, but the orifice area does 

behave approximately the same as the biological valve. There is a pressure spike when 

the valve is closed and a drop in pressure when the valve is open and this data 

correspond to the data of the valve in vivo.  

The images obtained can be used to visually identify the function and movement of the 

MV leaflets and can be an important aspect in the design and testing of a new artificial 

MV. These images can be seen in the appendix. Images were able to be obtained only at 

1 Hz for the MV due to bubbles forming in the water at higher frequencies and blocking 

the valve. Images taken of the AV had the same issues and unfortunately none of them 

were usable.  Several tactics were utilized to attempt to resolve this issue including 

using ionized water, letting the water sit overnight, and using both room temperature 

and refrigerated water, however the problem could not be resolved. 

The data obtained from the calibration of the machine clearly demonstrates that the 

device is accurately calibrated and generating information and therefore can now be 

used to test any MV to identify weaknesses in design or for ETER testing. The data 

obtained from the MV is novel and will greatly help in the understanding of the valve 

and in the design of an artificial valve. 
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One major limitation to this study is that all of the areas and distances were measured 

by hand with a software package. This allows for inconsistency in the data, however, the 

point of the data is still clear and valid whether or not the numbers are exact. The shape 

of the area curve or distance curve versus the pressure can still be seen and interpreted. 

7.4 Limitations 

Another limitation with the device is the fact that images could not be obtained at 

higher frequencies for the MV or at all for the AV due to bubbles that formed in the 

water blocking the valve. However, images were obtained at a normal heart rate 

frequency and these images can be used to understand the leaflet dynamics of the MV. 

The area of the valve holder is small because it was designed for AVs, limiting the size of 

MV that can fit into the machine. The M32 size valve barely fits into this space and this 

limits the size of the valves that can be used in the machine. 

The first area of future work that can now be approached due to the information 

obtained from this study is the designing, building, and testing of an artificial MV that 

functions essentially like the biological valve.  This task can be accomplished by studying 

the pressure curve, the orifice area, and the images of leaflet motion of the MV. The 

second area of future work is to test valves already on the market for wear patterns and 

lifetime values. The third area of future work, specifically for this lab is the testing of 

ETER techniques to determine wear patterns and lifetime expectancy that will lead to an 

improved understanding of the research area. 

7.5 Future Work 
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CHAPTER VIII 

SUMMARY & CONCLUSION 
 

AWT is a well recognized method of failure analysis and lifetime expectancy; however, it 

has not become utilized in the medical device market.  AWT is a powerful tool and can 

help contribute to improved medical devices and better understanding of valve 

dynamics.  

An AWT apparatus was characterized in order to understand its behavior and therefore 

determine a protocol for the machine so that it can be employed in future studies.  The 

machine was used to successfully recreate AV pressure curves which were shown to be 

consistent at all levels of frequencies. A MV holder was designed and built to adapt the 

machine for use with MVs.  The motor motion was analyzed and an understanding of 

motor motion at various frequencies was determined from the data collected. It was 

also established that the MV holder did not adversely affect the motor motion. This is an 

important result because the MV holder that was designed and built can in fact be 

utilized in future studies. 

There are several MV replacements currently on the market, but none of them are 

comparable to the biological valve. Past MVs that were designed with chordae and 

papillary muscles have been pulled off of the market for various reasons, but mainly due 

to the fact that the MV is difficult to reach in vivo and therefore there is not enough 
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information to be able to accurately recreate it.  It is therefore important to obtain an 

understanding of the MV and how it functions/moves. This can be done by obtaining a 

pressure curve and leaflet dynamics for the MV. This information was obtained using 

the newly characterized AWT apparatus which can now be used to design a biologically 

functioning MV replacement. 

This work is significant for several reasons. First, the machine is now completely 

understood and can be adjusted or modified to be of use in future studies involving the 

testing of artificial valves or of ETER techniques and failure modes. The second reason 

this work is significant is because there is now further information about the MV. Past 

artificial MVs designed like the biological valve have failed and so the only MVs on the 

market are ones designed after the AV. The biological mitral valve is designed for a 

specific reason and it is very important to design and build an artificial MV that is 

equivalent. The information obtained in this study will contribute to this effort and the 

information obtained overall will also contribute to future efforts in the area of AWT for 

medical devices. 
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CHAPTER IX 

SIDE PROJECT – FLEXIBLE ANNULUS BOARD 

 

The annulus of the MV is not rigid, but the current testing devices used in our lab and 

others utilize a flat, rigid, annulus board upon which the annulus is sutured. The 

biological annulus is flexible and allows for the annulus to bend and flex with the motion 

of the heart. Therefore, the annulus is allowed to move in the transverse plane. It is 

theorized that this movement allows for a significant change in overall motion and 

pressure as compared to when the annulus is forced to be rigid. The annulus is also a 

saddle shape and this is believed to affect the functioning of the MV as well. Therefore, 

there is a need for an annulus board that is flexible and allows the MV to move as it 

would in the body. This will allow for testing to determine if there is a statistically 

significant difference between a rigid MV and a MV that is allowed to move. If there is a 

significant difference then the flexible board can then be used instead of the rigid board.  

9.1 Background 

The objective of this side project was to design and build a flexible annulus board for a 

MV. The board needed to be designed to fit into one of the machines that the lab is 

currently using. It needed to be adjustable to fit any size annulus and to allow for a 

saddle shape in the annulus. The rest of the design was open. 

9.2 Objective 
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The design of the board incorporates two Plexiglas sheets, a flexible and stretchable 

rubber membrane and a suturing ring that is also flexible and stretchable. The suturing 

ring is composed of a jersey material sewn around a spring in the typical annulus shape 

(flat on top, curved on bottom). This piece is then attached to the rubber membrane in 

the center. The rubber membrane is squeezed in-between the two Plexiglas sheets and 

connected to a chain at every corner and on each side. The chain connects on the other 

end to a bolt that goes through one of the Plexiglas sheets. The chain can be pulled and 

the bolt placed in any slot on the chain. This allows for the membrane to be stretched in 

any shape and distance and held in place. 

9.3 Design 

 

Figure 0.1: Flexible Annulus Board 
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APPENDIX A 

MITRAL VALVE IMAGES 
 

 

A.1 Waveform 3 

Figure A.1: Mitral Valve Position 1 

 

Figure A.2: Mitral Valve Position 2 

 

Figure A.3: Mitral Valve Position 3 
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Figure A.4: Mitral Valve Position 4 

 

Figure A.5: Mitral Valve Position 5 

 

Figure A.6: Mitral Valve Position 6 

 

Figure A.7: Mitral Valve Position 7 
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Figure A.8: Mitral Valve Position 8 

 

Figure A.9: Mitral Valve Position 9 

 

Figure A.10: Mitral Valve Position 10 

 

Figure A.11: Mitral Valve Position 11 
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Figure A.12: Mitral Valve Position 12 

 

Figure A.13: Mitral Valve Position 13 

 

Figure A.14: Mitral Valve Position 14 

 

Figure A.15: Mitral Valve Position 15 
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Figure A.16: Mitral Valve Position 16 

 

Figure A.17: Mitral Valve Position 17 

 

Figure A.18: Mitral Valve Position 18 

 

Figure A.19: Mitral Valve Position 19 
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Figure A.20: Mitral Valve Position 20 

 

Figure A.21: Mitral Valve Position 21 

 

Figure A.22: Mitral Valve Position 22 

 

Figure A.23: Mitral Valve Position 23 
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Figure A.24: Mitral Valve Position 24 

 

Figure A.25: Mitral Valve Position 25 

 

Figure A.26: Mitral Valve Position 26 

 

Figure A.27: Mitral Valve Position 27 
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Figure A.28: Mitral Valve Position 28 

 

Figure A.29: Mitral Valve Position 29 

 

Figure A.30: Mitral Valve Position 30 

 

Figure A.31: Mitral Valve Position 31 
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Figure A.32: Mitral Valve Position 32 

 

Figure A.33: Mitral Valve Position 33 

 

Figure A.34: Mitral Valve Position 34 

 

Figure A.35: Mitral Valve Position 35 
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Figure A.36: Mitral Valve Position 36 

 

Figure A.37: Mitral Valve Position 37 

 

Figure A.38: Mitral Valve Position 38 

 

Figure A.39: Mitral Valve Position 39 
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Figure A.40: Mitral Valve Position 40 

 

Figure A.41: Mitral Valve Position 41 

 

Figure A.42: Mitral Valve Position 42 

 

Figure A.43: Mitral Valve Position 43 
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Figure A.44: Mitral Valve Position 44 

 

Figure A.45: Mitral Valve Position 45 

 

Figure A.46: Mitral Valve Position 46 

 

Figure A.47: Mitral Valve Position 47 
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Figure A.48: Mitral Valve Position 48 

 

Figure A.49: Mitral Valve Position 49 

 

Figure A.50: Mitral Valve Position 50 
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A.2 Waveform 9 

 

Figure A.51: Mitral Valve Position 1 

 

Figure A.52: Mitral Valve Position 2 

 

Figure A.53: Mitral Valve Position 3 

 

Figure A.54: Mitral Valve Position 4 
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Figure A.55: Mitral Valve Position 5 

 

Figure A.56: Mitral Valve Position 6 

 

Figure A.57: Mitral Valve Position 7 

 

Figure A.58: Mitral Valve Position 8 
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Figure A.59: Mitral Valve Position 9 

 

Figure A.60: Mitral Valve Position 10 

 

Figure A.61: Mitral Valve Position 11 

 

Figure A.62: Mitral Valve Position 12 
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Figure A.63: Mitral Valve Position 13 

 

Figure A.64: Mitral Valve Position 14 

 

Figure A.65: Mitral Valve Position 15 

 

Figure A.66: Mitral Valve Position 16 
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Figure A.67: Mitral Valve Position 17 

 

Figure A.68: Mitral Valve Position 18 

 

Figure A.69: Mitral Valve Position 19 

 

Figure A.70: Mitral Valve Position 20 
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Figure A.71: Mitral Valve Position 21 

 

Figure A.72: Mitral Valve Position 22 

 

Figure A.73: Mitral Valve Position 23 

 

Figure A.74: Mitral Valve Position 24 
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Figure A.75: Mitral Valve Position 25 

 

Figure A.76: Mitral Valve Position 26 

 

Figure A.77: Mitral Valve Position 27 

 

Figure A.78: Mitral Valve Position 28 



Texas Tech University, Courtney Riggan, December 2010 
 

67 
 

 

Figure A.79: Mitral Valve Position 29 

 

Figure A.80: Mitral Valve Position 30 

 

Figure A.81: Mitral Valve Position 31 

 

Figure A.82: Mitral Valve Position 32 
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Figure A.83: Mitral Valve Position 33 

 

Figure A.84: Mitral Valve Position 34 

 

Figure A.85: Mitral Valve Position 35 

 

Figure A.86: Mitral Valve Position 36 
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Figure A.87: Mitral Valve Position 37 

 

Figure A.88: Mitral Valve Position 38 

 

Figure A.89: Mitral Valve Position 39 

 

Figure A.90: Mitral Valve Position 40 
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Figure A.91: Mitral Valve Position 41 

 

Figure A.92: Mitral Valve Position 42 

 

Figure A.93: Mitral Valve Position 43 

 

Figure A.94: Mitral Valve Position 44 
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Figure A.95: Mitral Valve Position 45 

 

Figure A.96: Mitral Valve Position 46 

 

Figure A.97: Mitral Valve Position 47 
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