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Abstract
of
PULSATING TISSUE SIMULATOR TO STUDY THE DETECTION OF
HYPERBILIRUBINEMIA IN NEONATES
by
Sevak Estepanian

Jaundice is a commonly occurring incident at birth and the first few days to weeks
of the life a neonate. It does not pose a serious health risk and requires minimal medical
intervention. However, hyperbilirubinemia can result in long term neurodevelopmental
health issues. The most reliable method of monitoring serum bilirubin is to draw a
blood sample by a heel puncture. However, this method is painful and increases the risk
of infection in hospital settings.
Several noninvasive transcutaneous methods are developed. However, skin tone
variations or the use of phototherapy exhibited undesired interference with the results.
In addition, in the third world countries, medical care is not readily available after the
discharge of a neonate from the hospital. Therefore, this thesis work aimed to
investigate the functionality of an inexpensive noninvasive method for detection of
hyperbilirubinemia.
The pulsatile tissue simulator developed in this project to perform preliminary
studies on the functionality of the novel method of identifying hyperbilirubinemia
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noninvasively showed promising results. The simulator was able to represent normal
and elevated levels of bilirubin.

_______________________, Committee Chair
Warren D. Smith, Ph.D.
_______________________
Date
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Chapter 1
INTRODUCTION
Jaundice is one of the most frequently occurring conditions in newborn babies.
Approximately 60% of term and 80% of preterm neonates develop jaundice in the first
week of their life. The raised bilirubin level in blood does not pose a serious risk for the
majority of the neonates, for it is a transient physiological condition that resolves without
any medical intervention. However, untreated pathophysiologic hyperbilirubinemia can
lead to severe neurodevelopmental disorders such as cerebral palsy and visual or hearing
loss [1, 2, 3]. Hence, early detection and monitoring of neonatal jaundice plays an
important preventive role in clinical practice [1].
The gold standard of detection of blood serum bilirubin concentration is
laboratory analysis of a blood sample drawn from the patient. In neonates, a heel
puncture is used to take blood sample. This procedure is painful and results in an
increased risk of infection for the newborn. In addition, the blood sample must undergo
laboratory analysis in a timely manner due to the dynamic nature the disease.
The visual assessment of the neonate is the most widely used detection method
for jaundice. It is based on Kramer’s rule that relates the increase in serum bilirubin level
with the progression of skin discoloration that starts first in the head and extends to lower
parts of the body. Despite being widely used, this method does not provide an accurate
estimation of serum bilirubin concentration [1, 4].
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Another widely used method of detection of the hyperbilirubinemia is to monitor
the transcutaneous bilirubin level. This method is carried out by measuring the amount of
bilirubin in the skin by placing a handheld device on the upper sternum or forehead of the
patient [1, 5]. Both of these methods provide a fast and easy estimate of the serum
bilirubin. However, neither of them can be used when the neonate receives phototherapy
[1].
Therefore, an inexpensive noninvasive device to estimate the total serum bilirubin
(TSB) concentration from transcutaneous bilirubin (TcB) that can even be used during
phototherapy is desirable. Such a device is particularly useful in the case of early
discharge of the infants from hospital with no scheduled subsequent follow-ups. This
situation puts infants at risk especially at underdeveloped countries where clinical care is
not readily accessible [3, 6, 7]. Development of the desired device seems plausible by the
method of using blood pulsations in the infant’s skin.
The aim of this thesis work is to develop a pulsatile simulator that can be used to
verify the functionality of such a novel method to detect hyperbilirubinemia
noninvasively. The layout of the rest of this thesis is as follows: Chapter 2 presents
background information on jaundice, bilirubin, spectrophotometry, and cardiovascular
physiology and the specifications that the simulator should meet. The development of the
simulator is described in Chapter 3. The testing of the simulator is given in Chapter 4.
Discussion of the results is presented in Chapter 5. The summary, conclusions, and
recommendations of this work are presented in Chapter 6.
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Chapter 2
BACKGROUND

2.1. Jaundice
Jaundice is an indicator of hyperbilirubinemia. The yellowish sclera and skin are
caused by an elevated level of the total serum bilirubin, exceeding 6 mg/dL (the upper
normal bilirubin concentration limit in adults is 1 mg/dL). Within the first week of their
life, approximately two thirds of all newborns appear jaundiced [3, 8].
Severe jaundice, if left untreated, may lead to neurological disorders. Toxicity due
to the elevated levels of bilirubin can irreversibly damage the brainstem nuclei and basal
ganglia of the central nervous system. Bilirubin toxicity is clinically classified as either
acute bilirubin encephalopathy –occurring in the first few weeks of the newborn’s life– or
kernicterus, chronic bilirubin toxicity. The first signs of acute bilirubin encephalopathy
can be lethargy and hypertonia. In the next phase, stupor, a high-pitched cry, and
irritability might appear. If left untreated, during the next phase, deep stupor to coma,
apnea, seizures, and death of the newborn might occur. If the newborn survives the
advanced phase of bilirubin toxicity, irreversible damage to the central nervous system is
inevitable, and kernicterus will be developed. Cerebral palsy, hearing loss, and
intellectual impairment are some of the most prevalent symptoms of kernicterus [3, 8, 9,
10].
The etiology of jaundice is generally due to three main mechanisms: increased
level of production of bilirubin, decreased level of clearance of bilirubin from the body,
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and breast-feeding related issues. Hemolytic disease in newborns results in an increased
level of bilirubin production due to rapid degradation of red blood cells, deficiencies in
the red blood cell membrane, and hemoglobinopathies. The lower ability of clearing
bilirubin is due to poor or no bowel motility, disruption in metabolic activities, or
immaturity of the conjugating system of the neonate’s liver. Breast-feeding jaundice,
which may persist for up to 3 months, is caused by low calorie intake due to insufficient
breast-feeding. In addition, bilirubin-deconjugating enzymes in breast milk are suggested
as a factor for this type of hyperbilirubinemia [8, 11].

2.2. Diagnosis and Detection Methods
An accurate total serum bilirubin measurement requires drawing a blood sample
from the patient. A heel puncture is performed to obtain a small amount of blood from
the infant. Laboratory analysis is the gold standard of measuring the total serum bilirubin
(TSB).
The visual skin color assessment of the infants to identify hyperbilirubinemia is
the most frequently used method in the neonatal intensive care units. It is based on
Kramer’s rule that relates the total serum bilirubin with the progress of skin discoloration.
Table 1 and Figure 1 illustrate the relation of serum bilirubin concentration to jaundice on
different areas of the body. According to Kramer’s rule, increasing concentration of
serum bilirubin results in increasing discoloration of skin in a head to toe fashion.
However, the quantitative estimation of bilirubin concentration of an infant from skin

5
discoloration is not an utterly reliable method, because hypoperfusion and darker
pigmentation can negatively influence the results [1, 3, 10].

Table 1. Visual Assessment of Neonatal Jaundice Based on Kramer’s Rule [1].

Figure 1. Visual Assessment of Neonatal Jaundice Based on Kramer’s Rule. The bilirubin
concentration shows cephalocaudal increase in neonates [1].
Due to the correlation between transcutaneous bilirubin level and TSB,
noninvasive methods to estimate TSB from optical measurements of the skin bilirubin
have emerged [10, 12]. A transcutaneous bilirubinometer is a hand-held device that is
pressed on the patient’s skin. The transcutaneous bilirubin (TcB) level is measured by
using the reflected light detected from transmitting certain wavelengths of light to the
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infant’s skin. The transcutaneous bilirubin level is a good estimate of total serum
bilirubin for low bilirubin concentrations. However, the correlation between the TSB and
TcB is not well-established for higher bilirubin concentrations. Several studies indicate
that when bilirubin level exceeds 12-15 mg/dL, the mean difference between TSB and
transcutaneous bilirubin estimates get large enough to make the TcB results unreliable [1,
13, 14]. Another issue with the current transcutaneous bilirubin measurement methods is
that they cannot be used for neonates who receive phototherapy, because the rate of the
removal of the skin bilirubin is faster than that of serum bilirubin [7].
Drawing a blood sample to measure TSB causes trauma for the patient and an
unpleasant situation for the infant’s parents. In addition, it increases the need for
hospitalization or a revisit to a specialized clinic after discharge. As a result, any
improvement in a noninvasive transcutaneous bilirubin measurement method that is
functional for any skin tone is very desirable [3, 6, 7].

2.3. Biological Background
Bilirubin (C33H36N4O6) is a relatively small molecule with a molecular weight of
584.65 g/mol. Pure crystalline bilirubin is an orange-red substance that is soluble in
benzene, chloroform, chlorobenzene, and carbon disulfide. Crystalline bilirubin
(lyophilized) can be obtained from human, bovine, or porcine sources. When it is
dissolved in chloroform, bilirubin is stable for several hours due to strong intramolecular
hydrogen-bonds. However, the chloroform-bilirubin solution is incompatible with a
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serum solution and cannot be added to it. Bilirubin is very light sensitive and readily
deteriorates when exposed to direct sunlight or a strong fluorescent light source [15].
Bilirubin is produced by the breakdown of red blood cells. The catabolic
procedure that degrades the red blood cells releases hemoglobin. Heme molecules are
broken down to biliverdin by the enzyme heme oxygenase. Biliverdin is then converted
to bilirubin by biliverdin reductase. The globin protein is broken down into amino acids
and gets reused in the blood. The released bilirubin into the blood circulation is called
unconjugated bilirubin, also known as indirect bilirubin [8]. The unconjugated bilirubin is
poorly soluble in blood (<70 nM). As a result, 99.9% of the unconjugated bilirubin is
transported in the blood non-covalently bound to albumin (a-bilirubin). Bilirubin
covalently bound to albumin is called delta-bilirubin (d-bilirubin). The a-bilirubin is
transported to the liver where bilirubin is conjugated with glucuronic acid to form
conjugated –direct– bilirubin. The direct bilirubin is conjugated to glucuronic acid in two
forms, monoglucuronide (b-bilirubin) and diglucuronide (g-bilirubin). Unlike lipophilic
water-insoluble unconjugated bilirubin, the direct bilirubin is water soluble.
Consequently, it is excreted into bile and eliminated via the intestine [16, 17, 18, 19].
The bilirubin that is bounded to albumin is said to be detoxified. However, the
free-floating unconjugated bilirubin (non-albumin-bound unconjugated bilirubin) in
blood is toxic and small enough to pass through the blood-brain barrier. Bilirubin toxicity
is prevalent in neonates due to a lower albumin concentration. Furthermore, other
substances are in a competition with bilirubin for binding to the albumin. As a result, a

8
substance with higher affinity for the binding site of the albumin can displace and detach
bilirubin from the albumin, increasing the toxicity level of the blood bilirubin [20].

2.4. Spectrophotometry and the Beer-Lambert Law
A brief description of spectrophotometry and the Beer-Lambert Law is provided
here as background for understanding noninvasive optical measurements of bilirubin and
hemoglobin. An ultraviolet-visible (UV-Vis) spectrophotometer is capable of emitting
electromagnetic energy with wavelengths in the range of 200 to 800 nm. The irradiating
light (usually from a tungsten-iodine light source) is adjusted to a specific wavelength by
a grating monochromator and passes through a cuvette that contains only the solvent (the
blank solution) in order to determine the detected intensity of the reference beam (I0). In
the next step, the irradiating light passes through a cuvette that contains the compound of
interest dissolved in the solvent, and the detected intensity (I) is measured. The
"

transmittance, T, is defined as . The absorbance, A, is defined as
"#

A = − log T = log

I,
.
I

The plot obtained of absorbance value versus irradiating wavelength is called the
absorbance spectrum. The absorbance spectrum of a sample is directly related to the
molecular structure of the sample. The amount of light absorbed at a wavelength can be
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expressed as the molar absorptivity or the molar extinction coefficient (e) according to
the Beer-Lambert Law,

e=

.
/×1

,

where A is the absorbance, C (mol/L) is the concentration of the compound in the
solution, and l is the optical path length through the cuvette [21, 22, 23].

2.5. Cardiovascular Physiology
The unconjugated bilirubin bound to albumin is transported in the blood to the
liver where it is converted to conjugated bilirubin for excretion from the body. The blood
propagates in the arteries in a pulsatile fashion. The pressure wave changes from a
minimum value (diastolic pressure) when the heart is at rest between two beats to a
maximum value (systolic pressure) when the heart pumps the blood into the systemic
circulation through its left ventricle. Figure 2 illustrates the change in blood pressure
from diastole to systole [24, 25].
The increase in blood pressure from diastole to systole creates a swelling of the
arteries. Because the arteries are elastic, they resume their original size when the force
due to systolic pressure disappears (when heart is at rest) [24, 25, 26].
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Figure 2. Change in Blood Pressure as Heart Beats
The pulsatile motion of blood serves as the basis for the development of a
simulator to estimate total serum bilirubin concentration from transcutaneous bilirubin.
As blood pulsates, its volume changes while the skin tissue remains unchanged [27].
Consequently, the change in blood volume can be used to distinguish bilirubin present in
serum from bilirubin in the extravascular tissue.
A model can assist the study of functional verification of a noninvasive
transcutaneous method of estimation of serum bilirubin concentration. The model can be
developed based on available literature resources on vascular and extravascular bilirubin
and hemoglobin concentrations. The physiological change in the blood to skin volume as
an artery pulsates is very small and cannot be used in the construct of a physical
simulator. Therefore, all the parameters in a study must be scaled accordingly to make the
physical construction of the simulator possible. A brief discussion of a simulator model to
study the detection of hyperbilirubinemia is provided next.
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2.6. The Simulator Model Characterization
Warren D. Smith, Ph.D., Professor of Electrical and Electronic Engineering at
California State University, Sacramento, developed a bilirubin and hemoglobin model
derived from an article by Lamola et al. [27]. The model is based on the assumption of a
50% hematocrit. Therefore, 15-mg/dL (0.256 mmol/L) serum bilirubin concentration
translates into 7.5-mg/dL (0.128 mmol/L) concentration of bilirubin in blood. The
concentration of blood hemoglobin is considered to be 16,759 mg/dL (2.6-mmol/L) [27].
The amount of extravascular albumin is 1.5 times that of the blood albumin. Due
to its high affinity for binding with albumin, the unconjugated bilirubin leaks from blood
to extravascular spaces. Therefore, in addition to blood plasma, bilirubin can be found in
extravascular spaces. It is assumed that at systole, blood is 1.5% of skin volume, and it
decreases to 1.2% at diastole [27, 28].
In the model, the optical path distance at systole through the skin is considered to
be 1 cm. At systole, the path distance through blood and the rest of the skin contents are,
respectively,

1.5% × 1 cm = 0.015 cm
98.5% × 1 cm = 0.985 cm.

In order to distinguish the blood and extravascular bilirubin content, the simulator
should have two chambers. One chamber that pulsates would mimic the pulsatile motion
of arterial blood vessels. A solution containing blood hemoglobin and bilirubin will be
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placed in this chamber. Since there is no extravascular hemoglobin concentration, the
other chamber will contain only bilirubin, and it does not pulsate. If the optical path
length through each chamber is 1 cm at systole, the total path length of the simulator is 2
cm. The optical path distance of the non-pulsatile chamber does not change from systole
to diastole. However, the percentage of blood volume in skin decreases from 1.5% to
1.2% at diastole, so the optical path distance through the pulsatile chamber decreases at
diastole to

1.2
×1 cm = 0.8 cm.
1.5

The concentrations of hemoglobin and bilirubin inside the pulsatile chamber are,
respectively,

0.015
mmol
mmol
mg
× 2.6
= 0.039
= 251.4
1.000
L
L
dL
0.015
mmol
mmol
mg
× 0.128
= 0.00192
= 0.1125
.
1.000
L
L
dL

As mentioned above, the concentration of hemoglobin inside the non-pulsatile
chamber is zero. From the ratio of extravascular to blood bilirubin concentrations, the
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extravascular bilirubin concentration is calculated to be

1.5 ×0.1125

mg
mg
= 0.1687
.
dL
dL

In a two-chamber simulator where one of the chambers pulsates, the pulsatile
chamber takes on its outermost position at systole. Therefore, considering systole as the
reference point, the outer wall of the pulsatile chamber of the simulator ought to travel a
0.2-cm distance inward to arrive at diastole.
Any optical method of estimating transcutaneous bilirubin must take into account
the absorbance of hemoglobin. The expectation is to observe similar absorbance spectra
when spectrophotometric results obtained from a solution containing bilirubin and
hemoglobin of certain concentrations is compared with the results from mathematically
adding spectrophotometric results of solutions containing only hemoglobin and only
bilirubin of identical individual concentrations at any given wavelength.
Two wavelengths from the absorbance spectrum of the solution containing
hemoglobin and bilirubin must be selected such that, at one wavelength, bilirubin has
near its maximum absorbance. At the other wavelength, bilirubin must have near-zero
absorbance. Figure 3 shows plots of molar extinction coefficients of bilirubin dissolved in
chloroform and oxygenated hemoglobin from the literature [29, 30]. The maximum
absorbance of bilirubin, as shown in Figure 3, is around 460 nm, and its absorbance drops
to near zero at around 520 nm and above.
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Figure 3. Molar Absorptivity Plots of Oxygenated Hemoglobin and Bilirubin [29, 30]
Two light emitting diodes (LEDs) must be selected such that they emit light at the
wavelengths mentioned above. The transmitted light from these two LEDs is going to
pass through one chamber and then the other. After passing through both chambers, the
LED light is going to be detected by a light-to-voltage optical sensor. At each given
instant, one of three possible outcomes is expected to be observed when the optical
sensor output is captured. The optical data from LED number 1, optical data from LED
number 2, or optical data from ambient light (when both LEDs are turned off). Due to
non-ideal electronic components, LED and optical sensor rise/fall times must be studied
closely in order to ensure the capture of meaningful data.
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Chapter 3
DEVELOPMENT OF SIMULATOR

3.1. Microcontroller Specifications
In order to capture and save optical sensor data for future data analysis, a Texas
Instruments (TI) MSP-EXP430G2 LaunchPad Development Board (Texas Instruments
Inc., Dallas, TX) is used in this project. The microcontroller (MSP430G2553) of the
Development Board is a low supply voltage (1.8-3.6 V) chip. The microcontroller has a
10-bit analog to digital converter (ADC), a 16-KB flash memory and two 16-bit timers
[31]. Please refer to Appendix A for additional information about the clock and timer
settings of this microcontroller.
An Arduino Uno Development Board (Arduino, Scarmagno, Italy) is used for the
control of timing and step counts of a stepper motor that is used to create the pulsatile
motion in the simulator. The ATMEL ATmega328P microcontroller of the Development
Board operates in a 1.8-5.5 voltage range and has two 8-bit Timer/Counters [32]. Please
refer to Appendix B for additional information about the clock and timer settings of this
microcontroller.

3.2. Simulator Design
The design of the physical parts of the simulator is carried out in SOLIDWORKS
2017 SP3.0 (SolidWorks Corp., Waltham, MA). The 3D designed parts are printed using
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TAZ LULZBOT (Aleph Objects, Inc., Loveland, CO) and CubePro Trio (3D Systems,
Rock Hill, SC) 3D printers. Figure 4 shows the final assembly of the simulator.

Figure 4. The Simulator with Its Parts Labeled
The base piece of the simulator holds the two chambers. The chambers are
separated by a 0.1-cm-thick glass slide. A stationary and a moving arm are located at the
opposite ends of the chambers. Both arms are mounted on linear actuators. Nevertheless,
only the arm where the optical sensor is attached pulsates (the moving arm can be seen on
the right-hand side of Figure 4). The two LEDs are enclosed in a box, and the light
emitted from them is transmitted to the chambers using a 0.2-cm Industrial Fiber Optics
light pipe (Industrial Fiber Optics Inc., Tempe, AZ). In order to collimate the LED light
that exits the light pipe, a 1.6-cm focal length double-convex lens (Edmund Scientific
Company, Barrington, NJ) is mounted on the stationary arm. The LED light passes
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through both chambers (length and width of each chamber are selected to be 1 cm). At
the opposite end, the light strikes the optical sensor. The optical sensor output is digitized
by the TI microcontroller where it is stored to be uploaded to a personal computer for
data analysis.

3.3. Linear Actuator Configuration
The normal heartbeat of a neonate is in the range of 120-160 beats per minute
[33]. In order to capture more beats in time, the “heartbeat” rate of the simulator is
selected to be 180 beats per minute or 3 beats per second (bps). As previously stated,
systole is considered the reference point of the pulsatile chamber. Thus, a heartbeat for
the simulator is defined as a 0.2-cm movement of the moving arm inward to diastole and
then 0.2 cm outward back to the systole. Each movement from systole to diastole or vice
versa takes

1s
= 0.1667 s.
6

The linear actuator is a ball screw z-axis 6-cm slide device (Bachin Technology,
China). The linear actuator has a double start thread leadscrew (shaft) with pitch and lead
lengths of 0.2 cm and 0.4 cm, respectively. The stepper motor of the actuator is a 12-V
bipolar stepping motor with 200 steps per revolution. Because the lead length of the
actuator is 0.4 cm, a full revolution of the stepper motor (200 steps) moves the actuator a
distance of 0.4 cm. Therefore, a 0.2-cm linear motion of the actuator requires 100 steps of
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the stepper motor. The moving arm of the simulator is mounted on the actuator.
Therefore, 0.2-cm linear motion of the top slide of the actuator, moves the moving arm
0.2 cm, as well. Because 100 stepper motor steps are required to move the top slide of the
actuator a distance of 0.2 cm, each stepper motor step is

0.2 cm
cm
= 0.002
.
100 steps
step

A Sparkfun Big Easy Driver (SparkFun Electronics, Boulder, CO) is used to drive
the stepper motor of the actuator. This driver is chosen because it provides the option of
micro-stepping. Setting the micro-stepping configuration of the driver at a sixteenth of a
full step (0.002 cm) resolution, each single step of the stepper motor moves the actuator

0.002 cm
= 0.000125 cm.
16

Therefore, in order for the moving arm of the simulator to travel a distance of 0.2 cm,
1,600 steps at a sixteenth of a full step resolution must be taken.
The simulator heartbeat rate is adjusted by how fast an interrupt service routine
(ISR) is triggered. Inside the ISR, one of the pins of the Arduino Uno microcontroller
goes HIGH, and in the following line of the code, it goes LOW. The generated pulse
drives the stepper motor one step forward, and the code exits the ISR. The same
procedure repeats until 1,600 steps are taken. At this point, the direction of the stepper
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motor is reversed, and the actuator moves in the opposite direction. Please refer to
Appendix B for a detailed discussion of the microcontroller timing and the code that
operates based on the description above.

3.4. LED and Optical Sensor Specifications
Two LEDs are selected according to the specifications previously stated. One of
the LEDs has a wavelength in the range of maximum absorbance of bilirubin (460 nm).
The wavelength of the other LED is selected to be in a range where hemoglobin absorbs
whereas bilirubin does not. An OPTEK Technology (OPTEK Technology Inc.,
Carrollton, Texas) OVLBx4C7 blue LED with a 460-475 nm wavelength range and an
Industrial Fiber Optics (Industrial Fiber Optics Inc., Tempe, AZ) 75 0402 green LED
with a 520-525 nm wavelength range meet the desired specifications. The typical
luminous intensities of the selected blue and green LEDs are 1,800 mcd and 7,500 mcd
(at 20 mA forward current), respectively [34, 35]. Figure 5 shows the schematic of the
LED circuit. The schematic is drawn in CadSoft EAGLE 9.1.0 (CadSoft Computer
GmbH, Pleiskirchen, Germany).
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Figure 5. Schematic of the LED Circuit

The transmitted light from the LEDs is detected by a TSL253R light-to-voltage
optical sensor (Texas Advanced Optoelectronics Solutions Inc., Plano, TX). The output
voltage of the optical sensor is directly proportional to the light intensity received on the
sensor photodiode [36]. In order to attenuate possible high frequency noise, a low-pass
filter is designed and implemented in the circuit. Figure 6 displays the optical sensor,
low-pass filter, and microcontroller circuit schematic. A time constant of 0.1 ms is
selected for the low-pass filter.
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Figure 6. Schematic of Optical Sensor and LED Circuit

3.5. LED On/Off Timing Configuration
It is desired to turn each of the LEDs on/off frequently enough that sufficient
information from the peaks and valleys of the optical sensor output is captured. The green
LED turns on for 2 ms and off for 2 ms, and then the blue LED turns on and off
according to the same time pattern. Therefore, this 8-ms sequence occurs at a frequency
of 125 Hz, and about 83 of these sequences occur in each systole-to-diastole beat.
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In order to turn each LED on/off, Timer_A0 of the MSP430G2553
microcontroller is used to trigger an ISR about every 2 ms. In the code for controlling the
LED lights, the first ISR sets pins 1.0 and 1.6 of the microcontroller LOW to turn both
LEDs off (Dark Event 1). The next ISR sets pin 1.0 of the microcontroller HIGH to turn
on the green LED (Light Event 1). The next ISR turns off the green LED (Dark Event 2).
Next, the ISR sets pin 1.6 of the microcontroller HIGH to turn on the blue LED (Light
Event 2). Finally, the fifth ISR turns off the blue LED (Dark Event 3). Dark Event 1 only
occurs once to initialize the timing sequence. The next four Light and Dark Events
continue to repeat until the program is stopped. Figure 7 shows an illustration of the
timing scheme of turning the LEDs on/off. Please refer to Appendix A for a detailed
discussion of the microcontroller timing and the code that operates as described above.

Figure 7. Illustration of Blue and Green LED On/Off Timing
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3.6. ADC Configuration
The Texas Instruments MSP430G2553 has a 10-bit analog-to-digital converter
(ADC). Channel 4 of the ADC is used to capture a single optical sensor output sample
during each of the light and dark events at a 500-Hz sampling frequency.

3.7. Available Flash Memory Space
The 16-KB flash memory space of the MSP430G2553 is used for special
purposes by the microcontroller, program code, and sensor data storage. In order to
refrain from overwriting the contents in the system or program addresses, 12,544 flash
memory bytes have been allocated for storage of optical sensor data. Each single
conversion of the 10-bit ADC is stored in a word (2 bytes). Therefore, 12,544 bytes of
storage space can be used to save 6,272 distinct optical sensor data events. With a
sampling rate of 500 Hz, 12.54 s of data can be stored.

3.8. Elastic Chamber Material
A transparent, 0.01-cm thick, clear polyvinyl chloride (PVC) elastic balloon is
used as the material for preparing the elastic chambers. The balloon is trimmed according
to the width and length specifications of the outline of the chamber. The sides are heat
sealed by a soldering iron.
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3.9. Bilirubin and Hemoglobin Solution Preparation
A standard kit of bilirubin is purchased from Verichem Laboratories that contains
direct bilirubin dissolved in bovine serum [37]. Lyophilized hemoglobin powder from
bovine blood is purchased from Sigma-Aldrich [38]. The bilirubin and hemoglobin
solutions of the desired concentrations are prepared by adding distilled water.
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Chapter 4
SIMULATOR TESTING AND RESULTS
4.1. Bilirubin and Hemoglobin Spectrophotometry
A 251.4-mg/dL solution of hemoglobin is prepared by dissolving 25.14 mg of
hemoglobin powder into 10 mL of distilled water. Spectrophotometry is conducted at
room temperature on the solution using a Spectronic 20 Genesys spectrophotometer
(Thermo Fisher Scientific, Waltham, MA) with 1-cm cuvettes. The procedure is repeated
for two trials. The spectrophotometric results from the two trials and their average
absorbance values are presented in Figure 8.

Figure 8. Plot of Absorbance Spectrum of Hemoglobin
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A 0.2812-mg/dL solution of bilirubin is prepared by diluting the stock solution A
of the Verichem standard bilirubin kit with distilled water. The diluted concentration of
bilirubin corresponds to the addition of serum (0.1125 mg/dL) and extravascular (0.1687
mg/dL) bilirubin concentrations. The abovementioned procedure is repeated twice.
Figure 9 shows the absorbance spectra obtained for the two trials of bilirubin solutions at
room temperature in a dark room and their average absorbance values.

Figure 9. Plot of Absorbance Spectrum of Bilirubin

27
Another 0.2812-mg/dL solution of bilirubin is prepared. Then 10 mL of this
solution is transferred to a clean vial, and 25.14 mg of hemoglobin powder is dissolved in
it. This procedure is conducted twice. Figure 10 shows the absorbance spectra obtained
for the two trials at room temperature in a dark room and the average absorbance values
from the two trials.

Figure 10. Plot of Absorbance Spectrum of Hemoglobin + Bilirubin
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4.2. Comparison of Measured Versus Calculated Absorbance Values
The absorbance values obtained individually for hemoglobin and bilirubin
presented above are mathematically added together. The resulting calculated
bilirubin + hemoglobin absorbance plot along with the three other absorbance plots
presented above are shown in Figure 11.

Figure 11. Average Measured vs. Calculated Absorbance Plots
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4.3. Simulator Baseline Test
In order to establish baseline results from the simulator, prior to adding solutions
to each chamber, a set of data collection is carried out. The test is conducted with the
moving arm pulsating at 3 bps in a dark room while no elastic chamber is placed in either
of the chambers. The intensity of light emitted from the LEDs saturates the optical sensor
output when there is no solution in either of the chambers. In order to obtain nonsaturated optical sensor results, a small piece of filter paper is placed in the light pathway.
Figure 12 shows the ADC output results for the test setting mentioned above.

Figure 12. Baseline Results of Pulsatile Tissue Simulator
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The top trace observed in Figure 12 is the sensor output from the green LED, and
the bottom trace is that of the blue LED. Both traces are obtained after subtracting out
dark values. The same trace pattern applies for all the plots that are presented hereafter.

4.4. Pulsating Tissue Simulator Results
In a dark room, a 0.1125-mg/dL solution of bilirubin is prepared from the stock
solution A of the Verichem standard bilirubin kit, and 10 mL of this diluted bilirubin
solution is transferred into a clean vial. Then, 25.14 mg of hemoglobin powder is added
and dissolved in the bilirubin solution. The resulting solution is transferred into the
pulsating chamber. This solution represents blood bilirubin and hemoglobin. In another
vial, a 0.1687-mg/dL solution of bilirubin is prepared. The solution is transferred into the
non-pulsating chamber, and it represents the extravascular bilirubin content. The
simulator is run, and the optical sensor output data are collected and stored in the TI
microcontroller flash memory. Figure 13 shows the simulator results for two trials. In
order to keep the test conditions consistent, the same concentration of each solution is
prepared and transferred to the same elastic chambers (the elastic chambers are
thoroughly rinsed and reused).
The results presented in Figure 13 show the entire timescale of the experiments,
so it is difficult to see the details of the waveforms. Therefore, Figure 14 shows
1-s zoomed windows of data for each trial.
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Figure 13. Pulsating Tissue Simulator Results. Simulator results for the first trial (top)
and second trial (bottom)
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Figure 14. Zoomed-in Plots of Pulsating Tissue Simulator. Simulator results for the first
trial (top) and second trial (bottom). The top trace is the sensor output from the green
LED, and the bottom trace is that of the blue LED. The dark values are subtracted out.
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4.5. No Bilirubin Pulsatile Simulation
In order to study the condition where no serum or extravascular bilirubin is
present, a solution of hemoglobin-only is prepared. A 251.4-mg/dL solution of
hemoglobin is prepared by dissolving 25.14 mg of hemoglobin powder into 10 mL of
distilled water. The hemoglobin solution is transferred to the elastic chamber that pulsates
while the other chamber is not present. The simulator is used to collect data from two
solutions of hemoglobin under identical experimental conditions. Figures 15 and 16 show
the ADC output values for the two trials and one-second zoomed window from each,
respectively.

4.6. Hyperbilirubinemia Simulation
In order to simulate hyperbilirubinemia, the concentration of hemoglobin (251.4
mg/dL) is kept unchanged. However, the concentration of serum bilirubin is doubled
from the previously used value of 15.0 mg/dL to 30.0 mg/dL. The extravascular bilirubin
concentration is increased, accordingly.
The absorbance spectrum is obtained in a dark room. A solution of bilirubin with
a concentration of 0.5625 mg/dL (0.2250 mg/dL serum bilirubin plus 0.3375 mg/dL
extravascular bilirubin concentration) is prepared, and hemoglobin of the same
concentration as before is added to it. Figure 17 shows the spectrophotometric results
from two trials and the average absorbance values.
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Figure 15. Hemoglobin-Only Pulsatile Simulation. Results for the first trial (top) and
second trial (bottom)
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Figure 16. Hemoglobin-Only Pulsatile Simulation over 1-s Zoomed-in Window.
Simulator results for the first trial (top) and second trial (bottom). The top trace is the
sensor output from the green LED, and the bottom trace is that of the blue LED. The dark
values are subtracted out.
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Figure 17. Absorbance Spectrum of Hemoglobin and Increased Bilirubin Concentration
The pulsatile tissue simulation is conducted as previously described. The new
solution of extravascular bilirubin and the solution of hemoglobin and bilirubin are
transferred to the stationary and pulsatile chambers, respectively. Figures 18 and 19 show
the results from two trials and their 1-s zoomed-in windows.
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Figure 18. Pulsating Tissue Simulator Results for 30 mg/dL Bilirubin Concentration.
Results for the first trial (top) and second trial (bottom).
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Figure 19. Hyperbilirubinemia Pulsating Tissue Simulator Results for 1-s Zoomed-in
Window. Simulator results for the first trial (top) and second trial (bottom). The top trace
is the sensor output from the green LED, and the bottom trace is that of the blue LED.
The dark values are subtracted out.
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4.7. Interpretation of Simulator Results
As can be seen in the 1-s zoomed-in pulsatile tissue simulator plots obtained from
the solutions of hemoglobin-only and 15 mg/dL and 30 mg/dL bilirubin and hemoglobin,
the ratio of optical sensor output data from the blue LED to that of green LED decreases
as the concentration of bilirubin increases. Figure 20 shows a plot obtained from the ratio
of blue to green LED at systole for averaged two trials of hemoglobin-only and 15 mg/dL
and 30 mg/dL bilirubin and hemoglobin solutions.

Figure 20. Plot of the Average Ratio of Blue to Green LED Transmittance Values. The
plot is obtained from the average of two trials of no bilirubin, 15 mg/dL and 30 mg/dL
bilirubin and hemoglobin solutions
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4.8. Comparison of Simulator and Spectrophotometric Results
The simulator results can be compared with the absorbance values obtained from
spectrophotometry. For instance, the average absorbance value obtained from two trials
of spectrophotometry on the solution of hemoglobin-only at 475 nm is 1.33. For the
calculation of the average absorbance value from two simulator trials at the same
wavelength for a hemoglobin-only solution, the transmittance at diastole is considered to
be 100%. Therefore, the transmittance ratio of systole to diastole for the optical sensor
output from the blue LED can be converted to its corresponding absorbance value by
taking the negative logarithm of this transmittance ratio. The calculated average
absorbance value for two simulator trials on the hemoglobin-only solution is 0.26. The
path length of a cuvette used for spectrophotometry is 1 cm (the pulsatile change in path
length of the simulator is 1/5 of the path length of the cuvette). Hence, in order to make a
meaningful comparison with simulator results, the absorbance value obtained from
spectrophotometry should be scaled to

1
× 1.33 = 0.27.
5

41
Chapter 5
DISCUSSION

5.1. Spectrophotometric Results
The mathematical addition of hemoglobin and bilirubin absorbance values yields
similar results to those for the solution containing both hemoglobin and bilirubin.

5.2. Pulsatile Tissue Simulator
The testing shows that the simulator functions as desired. The zoomed-in 1-s plots
confirm three “heartbeats” occurred. Comparing the results of repeated trials indicates
that the simulator operates repeatably, though there is some variation. Since the position
of systole was only visually confirmed for each trial, it is likely that the moving arm
started its initial movement from a slightly different position from trial to trial. The plots
also indicate the presence of some noise. During preliminary test trials, it was observed
that the system is very sensitive to noise generated from the undesired movement of loose
parts. Therefore, it was attempted to lock all stationary parts tightly in position.
Nevertheless, the strong vibration of the stepper motor motion caused some undesired
motion that generated noise. Electrical noise was also observed. It was attempted to keep
the electrical products such as laptops, power supplies, and oscilloscope away from the
circuitry of the simulator. Also, the simulator wirings were made as short as possible.
Care was taken to keep a common ground. A low-pass filter was also implemented to
attenuate the noise in the optical sensor output.
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Under ideal conditions, a triangular pulse should be generated by the generator.
However, in some cases, the shape of the signal is somewhat deformed. The source of
waveform deformation needs to be further investigated.
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Chapter 6
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1. Summary
A simulator to study the detection of hyperbilirubinemia noninvasively was
developed. The simulator is a bi-chamber device with a pulsatile chamber containing
hemoglobin and bilirubin and a stationary chamber containing extravascular bilirubin.
Two wavelengths of light are passed through both chambers. At the opposite end, an
optical sensor detects the light, and the sensor output is stored in a microcontroller flash
memory for future analysis.

6.2. Conclusions
The simulator results indicate that it generates the desired “heartbeat.” The
simulator successfully ran each of three cases: healthy bilirubin concentration (when only
hemoglobin is present), borderline jaundice (serum bilirubin concentration of 15.0
mg/dL) and hyperbilirubinemia (serum bilirubin concentration of 30.0 mg/dL). The
results from these test runs show that the simulator is able to represent each of the three
cases of healthy bilirubin, borderline jaundice, and hyperbilirubinemia. The absorbance
result obtained from the simulator at 475 nm for the hemoglobin-only solution was
compared with the spectrophotometric absorbance. The mentioned comparison indicated
that the simulator result agreed well with the spectrophotometric result.
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The results obtained show that the simulator will allow testing of the functionality
of the noninvasive method for the estimation of total serum bilirubin concentration from
transcutaneous bilirubin. The simulator can serve as the basis for development of a device
that can be secured to the foot of a neonate, for instance, to monitor total serum bilirubin
concentration, noninvasively. Such a device can be used for a neonate who undergoes
phototherapy. Unlike other devices that use skin bilirubin concentration to provide an
estimate of serum bilirubin, this device will be able to distinguish serum bilirubin
concentration from the extravascular bilirubin.

6.3. Recommendations
The simulator results indicated the presence of noise in the signal. Additional
improvements in the design of the simulator are required in order to protect the lens, light
pipe, and optical sensor from the vibration of the stepper motor. In order to produce more
consistent results, it is necessary to improve the design of the base piece. The modified
base piece design must eliminate the possibility of human error while adjusting the
position of the moving arm at systole.
The MSP430G2553 microcontroller has a 10-bit ADC. A microcontroller with
higher number of quantization levels will help capture more detailed data. The choice of
the wavelength for the green LED needs further investigation. Oxygenated hemoglobin
has two bumps in the ranges of 520-560 nm and 560-590 nm. Hence, the wavelength of
the green LED needs to be selected in a wavelength that does not change significantly
with the percent oxygenation. Even though percent oxygenation does not significantly
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change in simulator testing, it is a dynamic procedure in a living being. Therefore,
selection of the LED wavelength is imperative for the functionality of a noninvasive
medical device to estimate bilirubin in neonates.
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APPENDIX A
MSP430G2553 CLOCK AND TIMER SETTINGS

The clock settings for a Texas Instruments microcontroller (MSP430G2553) used
for controlling the LED on/off intervals and collecting light-to-voltage optical sensor data
are as follows:

Main clock (MClk): set to external crystal oscillator (32,768 Hz)
ADC clock: set to ADC10OSC (in the range of 5 MHz)
Flash write clock: set to digitally controlled oscillator (DCO) running at 0.410 MHz.

For this project, the microcontroller’s Timer_A0 is used to trigger an interrupt
service routine (ISR). MSP430G2553 Timer_A0 has three Capture/Compare (CC)
registers, TA0CCR0, TA0CCR1, and TA0CCR2, that can be used to count the clock
cycles. When each of the counters reaches its set value, an interrupt flag is set to HIGH,
and the ISR vector associated with the counter triggers. When the microcontroller
finishes executing the code inside the ISR, the interrupt flag clears automatically. The
order of occurrence of the ISRs –if more than one ISR is in use in a code– is prioritized.
According to Table 5 of the MSP430G2553 datasheet, TA0CCR0 has higher priority than
TA0CCR1 and TA0CCR2 [31].
As previously stated, it is desired to turn on the green LED for 2 ms, turn it off for
2 ms and turn on the blue LED for 2 ms and off for 2 ms. In addition, in each 2-ms
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interval, one optical sensor output sample is desired to be captured by the 10-bit ADC of
the microcontroller and then written to the flash memory of the microcontroller. Instead
of using two Capture/Compare registers of Timer_A0 to trigger two ISRs to execute the
tasks mentioned above, only one CC register –TA0CCR0– is used. When the counter
reaches the value of TA0CCR0, an ISR (hereafter called LED ISR) is triggered, inside
which the code for turning on/off the two LEDs is executed. Then, Timer Overflow is
used to trigger the second ISR that contains the code to capture optical sensor output
samples and store them to the flash memory (hereafter called ADC and Flash Write ISR).
The Timer Overflow uses the same CC register as TA0CCR0; however, it has a lower
priority. Consequently, when the counter reaches the value of TA0CCR0, the LED ISR is
triggered first and gets completed, and then the code jumps to the ADC and Flash Write
ISR. The purpose of using Timer Overflow instead of executing all the desired tasks
mentioned above in one ISR is to keep the tasks in separate code blocks for easier
debugging.
The clock source for the timer is set to the main clock (MClk). The timer is set to
run in Up Mode (the timer counts up to the value of TACCR0 and then resets to zero).
The main clock ticks every 30.518 µs. Therefore, in order to trigger an ISR at about each
2-ms interval, it is required to set the TACCR0 to 66 (each ISR will be triggered every
2.01 ms). Therefore, when 66 main clock ticks elapse, the LED ISR is triggered, and the
state of one of the two pins of the microcontroller that are used to turn the LEDs on/off is
changed. Then the flag for the LED ISR clears automatically, and the code jumps to the
ADC and Flash Write ISR that already has a HIGH flag.
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As mentioned above, the LEDs turn on/off by pulses that are generated inside an
ISR. The generated pulses have transient behavior before they stabilize. The transients of
the generated pulses are studied by using an oscilloscope (Tektronix 2201). The observed
transient time of the rising and falling edges of the pulse that turns the LEDs on are about
0.04 µs and 0.4 µs, respectively.
The transient response of the optical sensor (TSL253R light-to-voltage optical
sensor) when each one of the LEDs turns on/off in a dark room is studied, as well.
The transient response of the optical sensor when the blue LED is turned on 8 cm away
from the optical sensor is studied by connecting the output pin of the sensor to Channel 2
of the oscilloscope. The oscilloscope is set to CHOP MODE, and the trigger source of the
oscilloscope (P1.6 of the microcontroller that is turned on/off inside the LED ISR) is
connected to Channel 1. The observed transient time of the sensor after the triggering
pulse goes HIGH is about 1.2 µs. It takes about 10 µs for the sensor to turn off after the
triggering pulse that turns the blue LED on goes LOW.
The transient response of the optical sensor when only the green LED turns on
and off in the dark is studied next. The trigger source of the oscilloscope (P1.0 of the
microcontroller that is turned on/off inside the LED ISR) is connected to Channel 1, and
the output pin of the optical sensor is connected to Channel 2 of the oscilloscope. The
transient time of the sensor after the triggering pulse goes HIGH is about 0.8 µs. It takes
about 130 µs for the sensor to turn off after the triggering pulse goes LOW.
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As was previously stated, the ADC and Flash Write ISR is triggered by Timer
Overflow after the completion of the task of the LED ISR. In order to measure the
elapsed time between the two ISRs (the time it takes after the end of the LED ISR until
the ADC and Flash Write ISR triggers) a line of code is added to the end of the LED ISR
that sets a pin of the microcontroller HIGH. The mentioned pin is set to LOW by another
line of code at the first line of the ADC and Flash Write ISR. Therefore, the pulse
duration of this pin, which is observed to be 64 µs, represents the time between the two
ISRs. Therefore, it is safe to consider that the ADC and Flash Write ISR triggers
immediately after the end of the LED ISR, and there are no unforeseen delays between
the two ISRs.
The time interval of one ADC conversion is studied by turning a pin of the
microcontroller HIGH right before the line of the code that turns the ADC on. The
mentioned pin of the microcontroller turns LOW after a single conversion is
accomplished and stored into the RAM address for the analog-to-digital converter
(ADC10MEM). The duration of the mentioned pulse is observed to be about 60 µs.
In order to measure the time interval of writing the ADC10MEM value to the
flash memory of the microcontroller, a pin of the microcontroller is turned HIGH in the
line of code right before the flash write starts and then the pin goes LOW in the line of
code at the end of the flash write procedure. The pulse duration is observed to be 0.32 ms.
From the timing experiments stated above, it can be concluded that the length of
the ADC and Flash Write ISR is approximately 0.38 ms (0.06 ms for an ADC conversion
and 0.32 ms for storing the ADC value to the flash memory of the microcontroller).
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In order to avoid taking sensor data near the rising or falling edges of the pulse
generated by turning each of the LEDs on/off at about every 2 ms, a short delay is carried
out inside the ADC and Flash Write ISR. The delay is created by using
__delay_cycles(300) that counts and delays the code for 300 clock cycles of the DCO
(the DCO runs at 0.410-MHz, and its 300 clock cycles correspond to 0.732 ms). The
duration of software delay (0.732 ms) generated at the beginning of the ADC and Flash
ISR is longer than the worst case transient time of 0.130 ms (the time it takes for the
optical sensor to turn off after the green LED turns off). As a result, an adequate time
goes by for the pulses to stabilize before the ADC captures the optical sensor data. In
addition, it takes about 0.38 ms for the ADC and Flash Write ISR to finish its job.
Consequently, there is ample time for sensor data capture and its storage to flash memory
after the end of the 0.732-ms delay and before the next LED ISR is triggered.
The timer used for triggering the ISRs is the external crystal oscillator, which is
the most accurate clock source available for the microcontroller. The timing experiments
performed above indicate that the ADC and Flash Write ISR triggers immediately after
the end of the LED ISR, and the total time of ADC data capture and its storage to the
flash memory (0.38 ms) after the 0.732-ms delay is shorter than the length of the LED
ISR. Consequently, both ISRs function properly in time, and the ADC and Flash ISRs are
triggered in equal distanced intervals in time.
The code for LED timing and storing optical sensor data into the flash memory is
presented next. The code is developed in Texas Instruments Code Composer Studio
(Texas Instruments Inc., Dallas, TX) version 7.2.0.
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//****************************************************************
//Sevak Estepanian
//Department of Electrical and Electronic Engineering
//07/19/2018
//Code for LED Timing and Storing Optical Sensor Data to Flash Memory
//Code Developed in Texas Instruments Code Composer Studio Version 7.2.0
//The section of code that stores the optical data into flash memory was previously
developed by Mr. Douglas Thomas.
//****************************************************************
#include <msp430.h>
#define CONSEQ_0
volatile char Blue_LED=0;
volatile char Green_LED=0;
volatile unsigned int ADC_Value=0;
extern volatile unsigned int *addr;
volatile unsigned int *addr=0xCE00;
unsigned int flash_adr = 0xCE00; // flash memory address
unsigned int flash_start = 0xCE00;
unsigned int max_flash = 0xFF00; // Max flash memory address
unsigned int flash_last;
// last flash memory address
void Write_flash(void);
void Clear_flash(int *addr);
void main(void)
{
WDTCTL = WDTPW | WDTHOLD;

// Stop WDT

//Configure Clock
BCSCTL1 &= ~(BIT0 + BIT1 + BIT3); //Sets BIT0, 1, and 3 to zero
BCSCTL1 |= (BIT2); //Sets BIT2 to 1. Therefore, RSELx = 4
DCOCTL &= ~ (BIT7); //Sets DCO BIT7 to zero
DCOCTL |= (BIT5 + BIT6); //Sets DCO BIT5 and 6 to 1. Hence, DCOx = 3 and
DCO of 0.41 MHz (user's guide page 29)
BCSCTL2 = SELM_3; // select MLCLK to VLOCLK, SMCLK to DCO 0xC8
(SELM_3 selects LFXT1CLK)
BCSCTL3 |= LFXT1S_0 + XCAP_3; //(32768-Hz crystal on LFXT0)
if (CALBC1_1MHZ==0xFF) // If calibration constant erased
{
while(1);
// do not load, trap CPU!!
}
//Configure ADC
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ADC10CTL1 = INCH_4+ ADC10DIV_0+ADC10SSEL_0; // ADC10SSEL_1
ACLK as clock
ADC10CTL0 = SREF_1 + ADC10SHT_3; //SREF_1 VR+ = VREF+ and VR- =
VSS
//Configure Pins
P1DIR |= BIT0 + BIT6;
P1OUT |= BIT0 + BIT6;

// set P1.0, and P1.6 (LED1) as output
// set P1.0, and P1.6 to HIGH

//Configure Timer
CCTL0 = CCIE;
// CCR0 interrupt enabled
TACTL = TASSEL_1 + MC_1 + TACLR +TAIE ;
CCR0 = 66; // 32768 Hz => (0.000030518s)*66 = 0.00201 s => 2 ms
_BIS_SR(CPUOFF + GIE); // Enable global interrupts
while(1)
{}
}
// Timer A0 interrupt service routine
#pragma vector=TIMER0_A0_VECTOR
__interrupt void Timer_A (void)
{
Blue_LED++; //Blue LED counter variable is incremented each time an ISR
is triggered
Green_LED++; //Green LED counter variable is incremented each time an
ISR is triggered
//At time t=0 both LEDs are turned off
if(Blue_LED ==0){
P1OUT &= ~BIT6;
P1OUT &= ~BIT0;
}
//At t=2 ms turn the green LED on
if(Green_LED ==1){
P1OUT |= BIT0;
}
//At t=4 ms turn the green LED off
if (Green_LED==2)
{
P1OUT &= ~ BIT0;
}
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//At t=6 ms turn the blue LED on
if( Blue_LED ==3){
P1OUT |= BIT6;
}
//At t=8 ms turn the blue LED off
if ( Blue_LED==4)
{
P1OUT &= ~BIT6;
}
//At t=10 ms turn the green LED on and move back to Green_LED=1
if(Green_LED ==5){
P1OUT |= BIT0;
Green_LED =1;
}
//At t=14 ms turn the Blue LED on and move back to Blue_LED=3
if( Blue_LED ==7){
P1OUT |= BIT6;
Blue_LED =3;
}
}
//Timer overflow used for storing data into the flash memory
#pragma vector=TIMER0_A1_VECTOR
__interrupt void Timer_A1(void)
{
switch( TA0IV )
{
case 10:
{
ADC10CTL0 = ADC10ON +REFON;
_delay_cycles(300); //0.732 ms delay
ADC10CTL0 |= ENC + ADC10SC;
ADC10CTL0 &= ~ENC;
ADC10CTL0 &= ~(REFON + ADC10ON);
ADC_Value = ADC10MEM;
//storing to flash memory
if(flash_adr < max_flash)
{
addr = (volatile unsigned int*)flash_adr; // pointer to flash memory
// _BIC_SR(GIE);
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FCTL2 = FWKEY + FSSEL_2 + FN0;
FCTL3 = FWKEY;
//clear lock bit
FCTL1 = FWKEY + WRT;
*addr = ADC_Value;
FCTL1 = FWKEY;
FCTL3 = FWKEY +LOCK;
// _BIS_SR(GIE);
while(BUSY & FCTL3)
{
}
flash_last = flash_adr;
flash_adr+=2;
}
TACTL |= MC_0;
_bic_SR_register_on_exit(LPM0_bits);
}
break;
}
}
void Clear_flash(int *addr)
{
addr = (int*)flash_adr; // pointer to flash memory
_BIC_SR(GIE);
FCTL2 = FWKEY + FSSEL_2 + FN0;
FSSEL_2 + FN0;
FCTL3 = FWKEY;
//clear lock bit
FCTL1 = FWKEY + ERASE;
//*addr = ADC_value;
*addr = 0;
FCTL1 = FWKEY;
FCTL3 = FWKEY +LOCK;
while(BUSY & FCTL3)
{
}
flash_adr+=2;

//Doug's code FWKEY +
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APPENDIX B
ATMEL ATMEGA328P CLOCK AND TIMER SETTINGS

An Arduino Uno Development Board (Arduino, Scarmagno, Italy) is used for
controlling the motion of the moving arm of the simulator. The fundamental concept of
triggering an ISR in this microcontroller is similar to that for the MSP430G2553.
Therefore, only a brief discussion of the clock source, Timer/Counter clock, and
triggering an ISR specific to this microcontroller is provided below.
The main clock source of the ATMEL ATmega328P microcontroller of the
Development Board is a 16-MHz crystal oscillator. The microcontroller has a 16-bit
Timer/Counter (TCNT1) that can be clocked using the system clock. As an alternative
method for clocking the Timer/Counter, the system clock frequency (fCLK_I/O) can be
adjusted to one of fCLK_I/O/8, fCLK_I/O/64, fCLK_I/O/256, or fCLK_I/O/1024. For this project,
the Timer/Counter is clocked using fCLK_I/O/64. In other words, the clock frequency is 250
kHz, and the clock ticks every 4 µs. A value that is smaller than the preselected
Timer/Counter clock frequency (250 kHz) can be stored in OCR1A register. Whenever
the counter reaches the OCR1A value, the Output Compare Flag (OCF1x) is set, and the
ISR is triggered. In order to create the 3 bps “heartrate” for the simulator, a value of 24 is
stored in the OCR1A register. Consequently, starting from zero, at each 25
Timer/Counter clock ticks (0.1 ms), an ISR is triggered.
Inside the triggered ISR, two Input/Output pins of the microcontroller are in use
for driving the stepper motor. Pin 8 controls the direction of the linear actuator motion.
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Pin 9 is used to create the brief pulses that generate steps for the motor. In order to
measure the duration of the pulse generated by pin 9, the mentioned pin is connected to
an oscilloscope (Tektronix 2201). It is observed that the time between the pin going
HIGH in a line of code inside an ISR and going LOW in the next line of code is 5.2 µs.
Therefore, each time that an ISR is triggered, a 5.2-µs pulse causes the stepper motor to
take one step at a sixteenth of a full step.
A travel distance of 0.2 cm is required for the moving arm to move from systole
to diastole. Each full step of the stepper motor rotates the shaft of the actuator 1.8° or a
linear distance of 0.002 cm. Since a sixteenth of full step moves a linear distance of
0.000125 cm, it takes 1,600 steps for the stepper motor to travel from systole to diastole.
The counting of steps is carried out inside the ISRs by implementing a variable that is
incremented by one each time that the stepper motor takes a step. By using a conditional
statement inside the ISR, when the step count variable reaches 1,600, the state of pin 8 is
changed from HIGH to LOW or LOW to HIGH; thus, the direction of the actuator
motion is reversed.
If the pulsation rate of the simulator is set to 3 bps, it takes 0.1667 s for the
moving arm to travel the distance between systole and diastole. Therefore, the
expectation is to see a pulse toggling at 0.16667 s. The observed pulse when pin 8 is
connected to Channel 1 of the oscilloscope is about 0.160 s.
The code developed for controlling the motion of the moving arm is presented
below. The code is developed in the Arduino Integrated Development Environment
(Arduino, Scarmagno, Italy).
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//********************************************************
//Sevak Estepanian
//07/19/2018
//Code for Moving the Mobile Arm of the Simulator
//The code is developed in Arduino development environment
1.6.1.2.
//*********************************************************
#include <avr/io.h>
int counter = 0;
int Dir = 8;
int Step_Pulse = 9;
void setup()
{
// initializing pins
pinMode(Dir, OUTPUT);
pinMode(Step_Pulse, OUTPUT);
digitalWrite(Dir, HIGH);
digitalWrite(Step_Pulse, LOW);
// initializing Timer
noInterrupts(); // disable all interrupts
TCCR1A = 0;
TCCR1B = 0;
TCNT1 = 0;
// compare match register 16MHz/64=250 kHz
OCR1A = 24; // 25 clock ticks starting from zero (0.1 ms)
TCCR1B |= (1 << WGM12);
// CTC mode
TCCR1B |= (1 << CS11)|(1 << CS10); //64 prescaler
TIMSK1 |= (1 << OCIE1A); // enable timer compare interrupt
interrupts();
// enable all interrupts
}
ISR(TIMER1_COMPA_vect)
{
digitalWrite(Step_Pulse,HIGH);
digitalWrite(Step_Pulse,LOW);
counter++; //counter is incremented by one at each ISR trigger
if (counter == 1600) // 1600 microsteps correspond to 0.2 cm.
{
// strat with one direction
if (digitalRead(Dir) == LOW)
{
digitalWrite(Dir, HIGH);
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counter = 0;
}
// direction change
else
{
digitalWrite(Dir, LOW);
counter = 0;
}
}
}
void loop()
{
}
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