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Abstract 

This thesis describes the development and testi~g of an optical-based sensor to detect . . 
glucose concentrations in whole-blood with an accuracy rivaling that of commercial 

enzyme-based sensors. The work presented here is categorized by three stages of 

development: 1) the core system, 2) the invasive configuration, and 3) the non-invasive 

configuration. The core system consists of the primary optical and detection element for 

dete~ination of glucose in whole blood. The invasive implementation of the core 

i-system details devel?pment of a medical catheter suited for use. in a hospital Intensive 

Care Unit(ICU). ,This integrated glucose sensor is intended to monitor a patient's blood-

.I 

r 

glucose levels on a continuous basis to aid health-care workers in controlling 

hyperglycemia set on by sever trauma to the body. Studies have shown that frequent 

monitoring coupled with strict control of a critically ill patient's glucose levels can 

significantly reduce morbidity and mortality due to secondary complications associated 

with trauma induced hyper- and hypoglycemia. The non-invasive implementation of the 

core system details development of a wearable device that can relay current blood-

glucose concentrations quickly' and accurately to the user without lancing for blood 

• 
samples. Detection principles for both stages. are identical and based on the core system, 

but differences lie in the measurement modality and data extraction methods. The 

detection utilizes active signal processing and optical spectrum stabilization techniqu:s to 

enhance the signal-to-noise ratio, with added sensitivity to the measured constituent. 

These techniques are crucial to providing reliable information that can make highly 
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distinguishable comparisons between glucose and the background materials that lie 

within the physical measw:ement region. For each system, detailed design processes, 

data acquisition procedures, and data extracted from experiments are described, and 

conclusions are drawn. from the analyzed data. Future designs for the measurement 

techniques presented can also encompass a multi-purpose bio-sensing device that can 

detect other biological constituents. 
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Chapter 1 

Introduction 

This chapter di scusses the motivation for building a non-invasive sensor that can 

detect blood-glucose levels. Then, an overview of available technologies in the field of 

blood-glucose detection is covered. Lastly, the challenges involved in building a non

invasive sensor are stated. 

1.1 Motivation 

As the number of cases of diabetic related health claims are on the rise, much focus 

has been placed on less tToublesome methods for people to monitor their daily glucose 

levels. Strict monitoring of blood glucose levels is required by people plagued with 

diabetes because the body improperly uses this monosaccharide, which constitutes the 

major source of energy for the body leading to serious complications in many bodily 

functions and even death due to its imbalance. In contrast, a healthy body's blood-glucose 

regulation control scheme is depicted in the figllre 1.1. If the body's blood-glucose levels 

are low, the pancreas secretes glucagon which signals the liver to release stored glucose 

into the blood stream. If the body's blood-glucose levels are high, then the pancreas 

secretes insulin which signals fat cells to store the excess glucose extracted from the 

blood stream. 
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Figure I. I : Regula/ion a/blood-glucose levels in /he body. 

A diagnosis of diabetes falls into four general cases being: 1) Type I, 2) Type IT, 3) 

Gestational, and 4) Pre-diabetes. Type I diabetes, often called juveni le diabetes, 

encompasses a population whose bodies fail to produce insulin, the hOlIl1one that 

"unlocks" the ce ll s of the body, allowing glucose to enter and fuel them. It is estimated 

that 5-10% of Americans who are diagnosed with diabetes have type I diabetes. Type II 

diabetes, often referred to as adult onset diabetes, encompasses a population whose 

bodies fail to use insulin properly as a result of insulin resistance. The problems in type n 

are further compounded by an excessive supply of glucose due to poor diet habits. Most 
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Americans whom have diabetes fall into the type II category and the same situation 

applies to the rest of the world. 

Gestational diabetes is a situation where pregnant women whom may have never had 

diabetes experience high levels of glucose buildup in their system during pregnancy. 

Gestational diabetes afflicts about 4% of all pregnant women in the United States, which 

is equivalent to approximately 135,000 women. The repercussions of this fonn of 

diabetes can be carried on to the fetus(es) inside the womb, so there is more than a single 

individual at risk with this fOlln of diabetes. The current research on the origin of this 

type of diabetes is still speculative, but it is thought that its onset is due to hotrnones 

secreted by the placenta during the fetus's developmental stages. These hormones are 

responsible for fetus's growth in the mother's uterus, but it may also cause insulin 

resistance in the mother's body. Due to the lack of insulin use, glucose levels begin to 

ri se to alarming levels, and thus, create a situation of hyperglycemia in the mother. Since 

nutrients from the mother's body, such as glucose, is shared with the developing fetus 

through the placenta, a hyperglycemic mother will supply the fetus with unusually high 

levels of glucose that could lead (0 multiple complications in the child's development. 

The extra surplus of glucose stored in the baby will be converted to fat, which can lead to 

a condition where a baby is much larger than normal (a condition known as macrosomia). 

Macrosomic babies have the possibilities to be afflicted with shoulder damage during 

birth, low blood glucose levels at birth due to an over active pancreas secreting excessive 

insulin, and breathing problems after the birthing process. Furthermore, macrosomic 

babies have a much higher ri sk for obesity and type n diabetes later on in life. 

3 
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Lastly, the situation of pre-diabetes is designated for people who are exhibiting the 

early signs of diabetes with elevated glucose levels,but with levels'not high enough to be 

classified as type II diabetics. There are about 41 million people in the United States that 

exhibit the signs ofpre-diabetes[8]. Current research[8] shows that detrimental long-term 

effects can occur from pre-diabetes such as damage to the circulatory and cardiovascular 

systems. Research[8] has also shown that an onset of type II diabetes could be delayed or 

even prevented if a pre-diabetes candidate takes proper actions before their condition 

fully develops, such as forming good ~iet and exercise routines. 

According to the American Diabetes Association[8], approximately 18.2 million 

Americans are diabetic and it' is estimated that 5.2 million of them do not even know that 

they have this disease. Much can be done to reduce the number of individuals contracting 

type II diabetes with a method for early detection and action against the occurring 

symptoms. This is the motivation for developing a sensor that is more conducive for the 

average person to monitor hislher blood-glucose levels on a regular basis regardless if 

they are diagnosed with diabetes or not. 

Another motivation stems from a study by (insert the authors names here along with 

the reference) showing that close monitoring of critically ill patients' blood-glucose levels 

can significantly help reduce.the chances of detrimental and even fatal outcomes those 

patients' may e.ncounter while their bo?y is in a traumatic state[2]. Currently methods of 

monitoring blood-glucose levels in the ICU setting require a health care provider to 

periodically visit the patient toPdra\;" a blood sample for analysis. Developing a sensor 

that focuses on providing, health care workers a continuous'means of monitoring any 

• 
changes in the patient's blood-glucose levels would be of significant value. Such a device 
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would allow for automatic compensation of blood-glucose level 'fluctuations by 

increasing insulin/glucose administration based on increasing/decreasing blood-glucose 

levels, respectively, in a real·time manner via insulin pump to maintain a "safe range" of 

90·110 milligrams per deciliter. 

1.2 Current methods of blood-glucose detection 

,. 
This section covers an generalized overview of ' current blood-glucose detection 

technologies. The technologies co.vered are categorized by their methods of analyzing a 

~ 

blood sample. Three general methods of blood-glucose analysis are invasive, minimally' 

invasive, and non-invasive approaches. 

1.2.1 Invasive 

Currently, the most popular commercially available method for detection for internal 

blood·glucose levels involves finger or arm lancing, where the user utilizes a needle to 

cause a mild dermal trauma in order to induce external blood flow for a blood sample. 

The blood sample is placed onto a test strip, which causes an enzymatic oxidation of the 

glucose in the blood. The standard invasive gluco-meter then sends an electric impulse 

through the test strip to determine electrical resistance of the sample. The resistance of 

the sample is related :0 the concentration of oxidized glucose, which is analyzed by the .. 
meter and displayed in milli·grams per deciliter to the user. Differences between various 

meters lie in the precision of the measurement and the required amount of blood for 

analysis, both which drive the basis of the price the gluco-meter; however, the basic 

detection concepts are similar. The following are a few commercial gluco-meter devices 

5 

" 



j ., 
that require lancing: Accu-check Aviva®, LifeScan One-Touch®, Therasense Freestyle®, 

and Home Diagnostics Incorporated Glucometer® product lines. 

One of the major drawbacks to this type of measurement system is the pain involved 

during lancing, which will be referred to as an "invasive" measurement. After prolonged 

use of invasive blood-glucose measurement systems, users tend to exhibit sensory loss at 

lancing areas due to repeated trauma to the nerve endings, which is usually irreversible. 

Furthermore, repeated tissue trauma creates a recurring vector for infection, which is very 

undesirable. Since the tests are recommended to be carried out more than twice a day, 

the high frequency of this action maybe considered to be "very time consuming and 

inconvenient" by a significant number of individuals. Health-care givers will oppose that 

line of thinking because they know it only takes one time for a person to be subject to 

harm due to lack of diligence in their health monitoring. Making the monitoring 

procedure much less painful and more convenient would provide a great advantage to 

health care workers and especially to the individuals who must use such diagnostic tools 

for daily blood-glucose monitoring. Research in these types of devices is limited to 

designing systems that require as little blood as possible to make an accurate 

measurement. 

1.2.2 Minimally invasive 
., 

Devices that fall in the minimally invasive category involve implantation into the 

body. Some sensors are implanted or inserted at the sub-dermal level and others are 

implanted deep within the tissue. Two respective examples of such technologies are 

produced by MiniMed® and underdevelopment by Animas® corp. The key to such 

devices is that they theoretically could monitor the user for a significant amount of time 
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and free them from a constant lancing schedule, while maintaining a continuous watch on 

changes of the body's glucose levels.- Unfortunately, work in'this area is still being 

• refined and only the MiniMed® device has received FDA(Food and Drug 

Administration) approval. Furthermore, there is a warning with the MiniMed® device 

. 
that informs the user not to rely on the device for day-to-day monitoring and that its 

intended use is for physician-assisted monitoring of trends in blood-glucose levels. . . 
• 

Further work needs to be done in this area to make the devices more reliable in terms of 

providing accurate readings that individuals can depend on to keep them in good health. 
'I 

1.2.3 Non-invasive t. 
;,;. 

Much research and effort has been dedicated to the development of devices that do not . . 

require lancing or other means of drawing blood from the body to measure blood-glucose 
, 

concentrations. Providing accurate and reliable measurements that rival or exceed those 
i I 

of invasive blood-glucose monitoring systems is a primary requisite for such a device. A 

secondary, requirement for such a system is that the cost of building a single unit is low 

enough for' the average consumer to deem it a worthwhile investment for their daily 

~ ~ 

health care. Well known examples of commercially available noninvasive devices are 

Cyngus's GlucoWatch® and LifeTrac's'SugarTrac® systems. The G1ucoWatch® is 

available for consumer purchase,. but advises the user to not rely on the device as 

substitute for a lancing system. The GlucoWatch® also requires periodic calibration with 

a fresh blood sample, so'the user is still not free from lancing .• Furthermore, because of 

the skin irritation'often associated with electromagnetic measurement employed, many of 

the users cannot use the device for prolonged periods of time (several days to a week)I21. 

The SugarTrac® system has a developed prot6type,' which is displayed on their 
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website(http://www.sulO:artrac.com/) and is currently undergoing clinical ITials. The 

SugarTrac® system uses a monitoring system that is similar in concept to the one 

described in this thesis, but that contains large differences in its spectral analysis and data 

processing procedures, which makes these devices distinct from each other. Another 

noteworthy non-invasive device is being developed by Spectrx® in conjunction with 

Roche Diagnostics® and Abbot Laboratories®. This device conceptually features a patch 

the user can wear that will monitor glucose concentrations in the interstitial fluid located 

at the dermal level below the layer of dead skin cells but not beyond that. An additional 

device is required by the system to created pores to the interstitial layer for the purpose of 

allowing a clear path to the measurement site for the patch. It can be argued that this 

device should be classified as minimally invasive due to the system requiring a break of 

the epidcllnal layer, but it is also mel1lioned that no nerve endings are contacted in the 

process, thus the measurement is painless. For the sake of simplicity, the author 

categorized this device as non-invasive. As of now, it seems that the prototype for this 

device is still being developed and has not entered clinical trials. 

Current research techniques regarding non-invasive glucose monitors encompasses 

polannetric effects, Raman scattering, reflectance spectroscopy, and absorption 

spectroscopy. Polarmetric approaches rely on the optical rotary effect of the glucose 

molecule, which causes a change in the polarization state of an incoming optical signal. 

The amount of rotation in tile polarization state experienced by the optical signal as it 

traverses the sample is indicative of the glucose concentration. A drawback of this 

approach is that other substances in the blood can interfere with the polarization state of 
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the light in addition to the optical rotary effect of glucose, making it difficult to precisely 

characterize the glucose concentration. 

" Raman spectroscopy utilizes specific inelastic excitation of glucose molecules and 

detects glucose concentrations based on the scattering of incident light that experiences 

frequency shift as a result of changing vibrational and rotational states. This approach 

allows for detection of well defined features to identify glucose and its concentrations, 

but at the cost oHengthy monitoring periods required for detection of the weak signature. 

NIR scattering spectroscopy measures glucose concentrations based on index of 

refraction changes that result from the scattering cross-sections of each glucose molecule. 

It has been observed that increased concentrations of glucose lead to an increased change 

in the index of refraction of the aqueous sample containing it. By the Beer-Lambert 

formulation, glucose molecules will absorb, transmit, and scatters different amounts of . , 

, the incoming optical signal. NIR scattering spectroscopy focuses on the scattering 

coefficient in the Beer-Lambert. formulation to measure the glucose concentration. One 
• 

drawback in scattering spectroscopy is that it uses the scattering done by the glucose 

molecule which is usually a small change compared to changes that other constituents 

may cause. Another one is its signal stability,' where most NIR scattering systems are 

prone to data being affected by fluctuations such as skin movement, body chemistry, and 
, 

temperature. A third concern is that scattering is often a broad spectral effect, making it 

difficult to specify the scatterer. 

Lastly absorption spectroscopy utilizes combinational and overtone vibrations that the 

glucose molecules exhibit when exposed to a certain spectrum of NIR stimulation. The 

transmitted signal is what the detector receives, but the absorption features has an 
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estimated inverse relationship to the transmission features. The relationship between 

transmission and absorption forms the basis of analysis for the glucose concentration, due 
~ '!I '"':- " 

to the molecular overtone and combinational vibration activity. This approach has the 

drawback of low signal 'stability like NIR scattering, but does have a better molecular 
, 

specificity due to the spectral structure and does not require a large molecular excitation 

like' with Raman spectroscopy. Saptari[7] summarizes. the differences between the 

approaches in the table 1.1 as follows: 

Table 1.1: Method comparisons for non-invasive sensing applications, 

'. NIR Absorption I NIR Raman NIR Scattering Polarimetry 

Specificity moderate I high . low low 

Signal Strength high Ilow high high 

Stability low I high low n/a 

, 
'1.3 Developing a non-invasive blood-glucose sensor 

.' 
Several challenges are faced in developing a non-invasive blood-glucose sensor. A 

few' of these have been indicated already, including device reliability, accuracy, and 

production costs, The majority of non-invasive sensor development tend to be optically 

based systems, while others use radio frequency (RF) systems. Optically based designs 

are preferred because of the highly directional probe produced by the emitting source and 

the high output efficiency. With the high output efficiency, the power consumption of the 
• 

device can be minimized. As a result, these sources are suited for use in a hand-held 

device that will need every bit of driving power to run the other subsystems(i.e. data 

processing unit, detector, amplifiers, filters). The data processing unit itself has the 
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potential to have the highest power consumption of all the device's subunits, if the data 

analysis algorithms an~ designed inefficiently. Though the data processing itself maybe 

complicated, the ease of use and interpretation of the measurement should be made as 

• 
straight-forward as possible for the user. Regarding the user, a major concern is whether 

the device can perform reliably and repeatedly regardless of the user's unique 

characteristics, such as skin pigmentation, moisture, thickness" etc. Thus, key general 

features that should be considered in- the development of a non-invasive monitor are as 

follows: 

• Cost 

• Reliability 

• Accuracy 

• Speed 

• Size 

• Power efficiency 

• Ease of use 

• Interoperability between users 

The system presented here addresses these issues. Topics to be 'covered in later 

chapters of this thesis include the theoretical developments that form the backbone 

behind both sensor designs in Chapter 2. Chapter 3 details the core experimental setup, 

collected data and results of the research. In Chapter 4, there will be a discussion of how 

the experimental system design can be applied to a invasive and non-invasive system with 

the provision of experimental diagrams and supplementary information regarding both 

11 
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systems. Then, Chapter 4 finishes with analyses and conclusions drawn from the 
• 

presented data, future work, and some final words from the author. 

• 
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Chapter 2 

Theoretical Developments 

• 
This chapter entails the theoretical concepts and formulation for the core detection 

system. A basic overview of absorption spectroscopy will be discussed, which will tie 

into molecular absorption features. Then, wavelength modulation spectroscopy will be 
• 

described in order to later tie those concepts into the combination of a Fabry-Perot etalon 

and harmonic detection. Lastly, there will be information on the advantages gained by 

the Fabry-Perot etalon and harmonic detection'in the detection system. 

2.1 Absorption spectroscopy development 
• 

Absorption spectroscopy deals with the'principles of material interactions with optical 

stimulation. The primary principle defining absorption spectroscopy is how the optical 
• 

signal is attenuated as it passes through a material as a function of the source wavelength . 
• 

The behavior of the attenuation as the optical signal passes through the material can be 

modeled by the Beer-Lambert equation as shown in equation (2.1). 1 [W/~] represents 

" 
the resulting transmission intensity, which is function of distance z [m] through the 

material. 10 [Wlm2] is the initial intensity before any material attenuation. Material 

attenuation is represented by the term a [m-1], which is the absorption coefficient. 

'(2.1 ) 
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Equation (2 .1 ) represents the Beer-Lambert formulation in a simplistic manner. For 

the purposes of SpeCtTOSCOpy, a range of frequencies are probed in substance analysis 

procedures. A more descriptive model to include frequency variation into Beer-Lambert's 

equation is shown in (2.2). Both I and 10 represent the same quantities as in equation 

(2.1). The new telll1S introduced are: concentration C Im-3}, length of the attenuating 

material L 1m}, absorption cross-section O'a 1m2}, scattering cross-section O'er 1m2}, 

frequency v 1Hz}, and the displacement through the material z 1m}. Figure 2.1 contains a 

graphical representation of the mentioned Beer-Lambert expression. For an initial source 

intensity, the resulting intensity is dependent on the absorption and scattering coefficients 

of the material integrated over the whole path length of some concentration. The product 

of the cross-sections and concentration value is the equivalent of the absorption 

coefficient found in equation (2.1). The absorption and scattering coefficient cross-

sections are functions of frequency and material displacement. After the integration, the 

absorption cross-sections become functions of only frequency and the same is said about 

the resulting intensity. 

L 

I = 10 Cxp -c J (0' a (v, z l + 0' s (v, z l) dz 
o 

z = o 

er 
a cr 

s 

z = L 

I 
~ [ 

Figure 2.1 : Beer-Lamber il/ustration 
oj allenuation through mediulll. 
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• 

. ' When spectrally probing particle sizes much smaller than the source wavelength, 

Rayleigh scattering predominates, but 'the assumptions for this research is that the 

molecules of interest are at least larger than one-tenth of the source's wavelength. This 

assumption suggest that the scattering coefficient cross-section in equation (2.2) remains 

constant throughout the probing frequencies of the source. For measurable scattering to 

occur with most biological substances, shorter wavelength sources such as ones that emit 

ultra-violet radiation are used. 
" 

By localizing the resulting intensity through the material to the absorption coefficieht , 

cross-section as a function of frequency, consideration is given to source's probing 

mechanism. A white light source will give a very broad and fairly constant output 

spectrum. Sources such as light emitting diodes will offer a less broad spectrum 

compared to ,white light sources, but the source spectral, profile maybe much larger than 

that of the material feature of interest. This can create a convoluted signal which may be 

difficult to analyze. For this reason, the use of a laser as a source would be ideal, because , 

of its compar~bly narrow spectral line width. Figure 2.2 provides example~ to illustrate 

the differences between the mentioned sources. 
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2l • While Ii ht 

Frequency [Hz] 

Figure 2.2: Optical source profiles, 
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As molecules' absorb electromagnetic energy in the infrared spectrum, vibrational and 

rotational energy transitions occur. These can be the result of combinational vibrations 

and· overtones that are superimposed onto each other which create frequency specific 

spectral signatures. Individual atomic bonds in molecules have known absorption 

features. To illustrate this idea, table 2.1 lists infrared vibrational absorption bands for 

certain functional groups found in many living organisms in terms of wavelength 

ranges[5]. 

Table 2.1: Chara'i:teristic infrared wavelength absorption bands[5}. 

Functional Group I Wavelength [JIm/ 
, 

O-H 2.78 - 2.94 

N-H I 2.94 - 3.13 

C-H I 3.25 - 3.62 

C=N. 4.43 - 4.52 
" 

C=C 4.65 - 4.76 

C~O 5.51 - 6.06 

C~C 6.02 - 6.25 

C-o 8.33 - 9.52 • • 

'. 
Molecular vibrations come from a composition of interactions between atomic dipole 

moments and the overall position' of the moments in regards to the structure of the 

molecule. 'For example, water molecules can experience three general vibrational forms 

as shown infigure 2.3. 

" 
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, ~-j~O H~ 
Symmetric 

stretching vibration 
Bending 
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stretching VIbration 

Figure 2.3: Vibrational configurations of a water molecule!3]. 

The general"equation for non-linear molecules such as water which gives the number of 

possible energetic configurations for a molecule with a given number of atoms is defined 

in (2.3). So, keeping with the example of a water molecule which has three atoms, 

substituting n for 3 results in 3 possible energetic configurations that were previously 

shown infigures 2.3. 

energetic conformations = 3D - 6 (2.3) 

Additionally, the water molecule has three rotational forms that are show infigure 2.4. 

Figure 2.4: Rotationallibralions of water molecules. 

Such combinations of vibrations and rotations create spectral signatures iliat have been 

noted in molecular databases such as the 970nm absorption band caused by the av 1 + bv3, 

a+b=3 H20 vibrations[6]. Abundant molecules' such as water have been well 
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charllcterized to the point where a wide spectral absorption range is readily available for 

reference. 

These simple molecules retain their vibrational spectral to first order even if they were 

attached to a much larger molecule; however, their spectral signatures are shifted by the 

weighting of the larger molecular structure. For example, by looking for functional group 

vibrations like the O-H group, a larger compound species can be identified by the 

presence of the 0-H vibrational structure and the additional shift from the weighting 

molecular structure. In this way, larger molecules can be identified by the vibrational 

absorption of their attached functional groups. This is the technique utilized to identifY 

the glucose molecule. 

2.2 Molecular absorption features 

When molecules are in an aqueous state, the villrational spectra are significantly 

broadened over their gas phase spectra. Water, being a plentiful molecule in the body, 

can pose significant challenges in a optical based detection system because of its' 

absorbing features. Figure 2.5 shows a logarithmic absorption graph of aqueous water 

from [6]. 
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Figure 2.5: Aqueous water absorption profile{6]. 

The plot displays the numerical value of the absorption coefficient versus wavelength. 

The larger value of the absorption coefficient pertain to larger amounts of absorption by 

water at that given wavelength. Being that the human body composes mostly of water, 

considering the absorption features at the wavelength of the probing source is critical for 

material differentiation. For example, a sample mixture of water and glucose would 

require tile investigator to carefuIly discern between the two absorption spectra of those 

two materials or else concentrations of water could be confused for glucose 

concentrations. This idea leads to the consideration of glucose's spectral profile for 

• comparison. 
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The primary glucose configuration of interest is d-glucose, also known as dextrose and 

blood sugar, has the molecular formula of C6H120 6 just as any other monosaccharide. It 

is the molecular configuration of glucose which makes it distinct from other 

monosaccharides. The isomeric configuration of glucose consist of a five carbon and 

one oxygen atom ring-chair formation as depicted infigure 2.6. This is the most stable 

configuration but not the only one. Glucose has four chiral' centers located at carbon 

2,3,4,5 as shown in figure 2.7, which shows the chain' configuration of glucose. The 

chiral centers are part of the components that gives the molecule its unique spectral 

characteristics. 

o 
HO 
HO~~ __ 

Figure 2.6: Molecular 
configuration of d-glucose. 

OH 

O~ ...... H 
·C 
5 I 

H-C-OH 
4 I 

HO-C-H 
, I 

H-C-OH 
2 I 

H-C-OH 
I 

,CH20H 
Figure 2. 7: Chain 
configuration of d-glucose 

Figure 2.8 shows the absorption spectra of glucose taken from Koashi[4]. The plot 

shows the spectrum in terms of absorbance versus wavelength. The absorbance is 

mathematically defined in equation (2.4). The absorbance A ;./m-1 J is a function of the 

ratio of the resulting intensity 1 [W/~J and initial intensity 10 [Wln?j. The two intensity 

values can be obtained from the Beer-Lambert formulation stated in equations (2.1) and 
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(2.2). For most cases, this means a larger absorbance value indicates a larger absorption 

, 
by the constituent and vice versa. With that stated information,jigure 2.8 shows that the 

absorption of glucose can be measura~ly distinguished through the spectrum of 800-1300 

nanometers except in areas of 948 and 1005 nanometers . 
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Figure 2.8: D-glucose absorption profile[4j. 

A = -log (.!.-) 1\ . 10 I • 0 
(2.4) 

To enhance the spectral features of glucose, wavelength modulation spectroscopy can 

be employed to create more distiriguishable features in the analysis ?f the absorption 

profiles. Having the more pronounced features is a critical component to insure accurate 

identification of glucose from the background constituents. Accuracy in identification is 

a prerequisite for any product which people depend on to ensure their well-being. 
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2.3 Wavelength modulation spectroscopy 

Wavelength modulations allows another layer of analysis of a spectral sigiial that 
• 

would not be observable through direct measurement methods. It provides the tools for a 

researcher to decompose complex information and the ability to investigate components 

from the decomposition. The general theory will be covered in the following. 

According to Fourier theory, any complex semi-periodic or aperiodic signal can be 

expressed as a silm of its components that lie at higher frequency integer multiples. 

Equation (2.5) gives the mathematical formulation of this concept. X represents a 

complex, signal as a function of t {s{ which can be decomposed into a summation of 

sinusoids of varied amplitudes Cn. Each frequency multiple nm (rad/sj is a h~onic of 

the fundamental tone locat~d at 1 m. Figure 2.9 provides a graphical display' of this, 

·which is a Fast Fourier Transform (FFT) performed on a complex signal that has a 4 

kilohertz component. There is a signal at the fundamental tone of Ix4kHz, another at the 

second harmonic 2x4kHz, another at the thiI:d harmonic 3x4kHz, and. one at the fourth 

harmonic 4x4kHz. 

co 

X= L Cnsin(nwt) (2.5) 
n=l 

, 
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Figure 2.9: FFT plot of a complex signal with 4 kilohertz component. 
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In order to implement hallllonic detection, a means of modulating the signal and 

demodulating at the output is necessary. This can be mathematically modeled by 

introducing a sinusoid of given amplitude and frequency into the spectral profile of 

interest as done in the left side of equation (2.6). A represents a detected spectral profile 

that is a function of its modulation parameter. The modulation parameter expressed is 

composed of the source's center probing frequency W() the amplittlde of the modulation 

p, modulation frequency Will Irad/s], and the time based variation t Is}' As previously 
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mentioned with the Beer-Lambert formulation as a function of frequency, ideally a laser 

would be used as the source in order to maintain a singular probing point at Wo rather 

than broad spectral source. The sinusoidal modulation defined by f3cos{ wmt) is 

introduced at the laser source by electrically modulating its current input. 

(2.6) 

The modulated spectral profile can be decomposed through a Taylor expansion to give 

the right side of equation (2.6), by expanding the modulation parameter around the 

expansion point Wo with a order greater than seven. Taylor expansion is used to isolate 
.. 

the harmonic components as cosines of the modulation-frequency integer multiples 

shown in equation (2.7) similar to the form presented in equation (2.5). The superscripts 

on A indicate the derivative order with respect to the modulation parameter. 
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,1(00)=( A(O)+A(2) p2 +A(4) p4 + ... ) 

+ A(1)p'+A(:)p3 +A~~L+ ... )cOS(oo t) 
8 192 m 

+A(2)p2 +A(4)P\A(6)L+"')COS(2oo i) 
4 48 1536 m 

+ A(3)p3 +A(5) p5 +A(7) p7 +. )COS(3oo t) 
24 384 15360" m , 

(2.7) 

The expansion is reordered with a collection of cosine multiples to illustrate what occurs 

when the modulation frequency p approaches zero. As p approaches zero, many terms in 

the expression also approach zero. The only terms 'that still remain as P becomes very 

small are the derivatives of the spectral profile at each of the harmonic frequencies. 

The meaning behind P approaching zero inlplies that'the amplitude of modulation is 

significantly small enough to prevent the center frequency of the laser from swinging past 

spectral features of interest. The laser's center frequency can be tuned according a 

sinusoidally modulated input current, which will correspond to a spectral jitter 

proportional to p. This is illustrated in figure 2.10. If the amplitude of P was twice as 

large, the dominant spectral feature could' be overlooked in data analysis procedures, 

because the modulation was too broad. Keeping the modulation amplitude comparably 

small to the features of interest is what defines wavelength ';1odulation . 
• 
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Figure 2.10: Modulating the laser source 
while probing spectral feature. 

The derivative effect, as P becomes signific~ntly small, implies that the harmonics 

indicate subtle changes in the spectral profile. With each succeeding harmonic, the 

changing features are more distinguishable. This ability to distinguish subtle changes 

leads to an enhancements of the sensitivity in the detection scheme. 

A benefit wavelength modulation provides for the spectroscopic analysis is ability to 

filter the detected signal by demodulating the detected signal at com' This process alone 

will'increase the probability of accurately differentiating between desired signals and 

background noise. More benefits can be gained by adding another optical component into 

the wavelength modulated spectroscopic system, which is the next topic to be presented. 

2.4 Fabry-Perot etalon 

The Fabry-Perot interferometer is the creation of two French physicists, Charles Fabry 

and Alfred Perot, developed in 1913. Current-day deployment of this technology lies in 

optical communication networks, where banks of Fabry-Perot etalons are used as optical 

filters for Wavelength Division Multiplexing(WDM) systems. The difference between a 
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eta Ion and interferometer is an etalon has a fixed cavity length whereas a interferometer 

cavity has an adjustable length. Typically both terms are used interchangeably, but the 

teIrn "etalon" will be used for the remainder of this document because a fixed length 

cavity is utilized. Both fOl illS are defined by a cavity of a given length that have internal-

reflecting surfaces at two ends. The two internal-reflecting surfaces are essential to 

building a resonant cavity which causes an incoming signal to form constructive and 

destructive nodes on the transmitted signal. This is illustrated infigure 2.11[11] . 

n 

Figure 2.11 : Optical transmissiol1through a Fabry -Perot cavity[llj. 

This resonant behavior creates a certain spectral profile according to the etalon and 

optical source characteristics. The spectral profile of the transmitted signal can be 

mathematically modeled by equation (2.8). The transmission profile T is a function of 

the cavity's internal reflection coefficients R and the phase difference between each 

succeeding reflection fl. ¢! can be further expressed as a function of the etalon's cavity 

length d [ml, cavity's index of refraction II, source's emission wavelength AIm] and angle 

of incidence 8 i as shown in equation (2.9) 

-) 

T= 
2 

(2.8) 
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(2.9) 

An example of a Fabry-Perot transmission profile is displayed in the figure 2.12. The 

plot was generated for an air gap cavity with reflection coefficients of 10% pertaining to 

the two internal- reflective surfaces, refractive index of I for medium between the two 

internal-reflective surfaces, cavity length of 1 centimeter, source wavelength of 940 

nanometers and an angle of incidence of 00. The axes labeling would be in terms of 

transmission coefficient versus wavelength. 

x 

ur"-'} 9 .4515 10'-' 9.465 11!, ..... -? 

Figure 2.12: Fabry-Perot transmission profile. 

By adjusting the physical properties of the etalon, the shape ofthe transmission profile 
'. 

can be altered significantly, which also defines the quality· of the etalon. Two 

mathematical design parameters are typically used in the discussion oCa Faliry-Pe10t 

• 
transmission profile, which are the etalon's Free Spectral Range(FSR) and Finesse(F) . 

. -• 
28 

• 



2.4.1 Free spectral range 

~he free spectral range defines the spacing between Fabry-Perot transmission peaks, 

which figure 2.13 illustrates. Theoretically, each transmission peak is evenly spaced in 

frequency from their adjacent peaks for a typical Fabry-Perot etalon. Knowing that the 

transmission peaks are evenly spaced, they can serve as spectral markers for signal 

referencing. 

Figure 2.13: Free spectral range 
example, 

Equation (2.10) is the mathematical expression for the free spectral range in terms of 

frequency spacing between the transmission peaks .dvFSR{HzJ as a function of speed of 

light constant c {mlsJ, cavity's index of refraction n, and cavity length d Jm}. For ease of 

observing how the source wavelength plays a role in spacing between transmission peaks 

and to stick with a convention of viewing spectral profiles in terms of wavelength, the 

free, spectral range equation can be expressed in terms of wavelength after some 

manipulation to give equation (2: II). The new term introduced in this derivation is the 

free· space wavelength of the source AO{mJ. 

c 
.d v FSR = 2nd 
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FSR ~2nd 

.. (2.11) 

The free spectral range parameter determines how often transmission peaks occur for a 

set wavelength range and should be' designed according to the size of the spectral profile 
i - - . 

of interest. If the free spectral range is too large, then the profile of interest' could be 
1 

missed because it is coincident on a low transmission point. Conversely, if the free 
. 

spectral range is too small, that would defeat the purpose of using a Fabry-Perot 

transmission profile, because it allows most of the initial spectral profile through as a 

semi-continuous feature. The sharpness of the transmission peaks are partially defined by 

the free spectral range. An example of this y.'ould be to decrease the free spectral range 

value infigure 2.13. This would cause the transmission plot to compress and effectively 

force the peaks to be sharper. The sharpness of the peaks has a more complete definition 

in terms ofthe finesse of the Fabry-Perot etalon. 

2.4.2 Finesse 

The cost of a Fabry-Perot' etalon is determined by the numerical value of its finesse. A 

high quality etalon will have a high finesse value and very sharp transmission peaks in its 

spectral profile. Infigure 2.14[11], two profiles are shown with the same free spectral 

range value but different finesses. The value that causes the finesse between these two 

plots to differ is the Full-Width Half Max (FWHM), meaning the value of separation 

between two horizontal points of a transmission peak that is half of the transmission 
~, 

spectrum's maximum value. Equation (2.12) shows the mathematical expression for the 

value of finesse. Finesse can be defined by the ratio of the free spectral range LlA.FSR 



/m/and full-width half max value 8A./mj or alternatively as a function of the coefficient 

of finesse F. The coefficient of finesse F is defined in equation (2. 13) as a function of 

the reflection coefficients R of the internal reflecting surfaces of the etalon. For a simple 

calculation of finesse based on the reflection coefficients R, equation (2.14) gives a rough 

approximation of Finesse suitable for numerical comparisons. 

• \/~ • 
100'. 

• 

= o 
• 

'F - 2 • 

S). / 

j 
./ '- ./ " 'Fa 10 

l: I 0' '0 

Wavelength A 

Figure 2. 14: Fabry-Perot transmission plots with 
different Finesse values[/Ij. 
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(2.12) 

(2.13) 

(2 .1 4) 

Depending on tbe spectral filtering requirements, the path to designing the Finesse of the 

Fabry-Perot etalon should be chosen accordingly by either the ratio of the free spectral 

range and full -width half max or fundamentally based on the reflection coefficients oftbe 

internal reflecting surfaces. 
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• 
Like' any other complex waveform, the Fabry-Perot transmission profile has· extra 

information that can be extracted through the use of concepts behind wavelength 

modulation. The next section illustrates the harmonic profiles of the Fabry-Perot and 

behaviors that can be used to further enhance the detection system. 

2.4.3 Harmonic spectral profiles of Fabry~Perot 

Each harmonic of the Fabry-Perot transmission, profile can be approximated as a 

derivative through the argument that the amplitude of modulation P produces a freque,ncy 

swing on the optical' probe that is significantly smaller than the spectral' features "of 

interest. In the consideration of the Fabry-Perot etalon, the spectral features of interest 

are the the transmission peaks. P has to be small enough to prevent spectral broadening 

between adjacent Fabry-Perot transmission peaks. Figures 2.15 shows each successive 

derivative plots from the I" to 4~ derivative of the Fabry-Perot transmission profile 

(figure 2.12) corresponding to plots a) to d) respectively, Each derivative profile is 

plotted in terms of relative transmission versus wavelength, 
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Figure 1.15: Harmonic profiles of the Fabry-Perot transmission profile. 6) First, b) second, c) third, and 
d) fourth harmonic.' 
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2.4.3.1 Even harmonic profiles 

Figure 2.16 shows the plot of the original Fabry-Perot transmission profile with an 

overlay of the second and fourth hallllonic orders which have been nOllnalized. The 

original transmission profile is in black, second harmonic is in red, and the fourth 

harmonic is in blue. Axes for the figure is given in relative transmission versus 

wavelength. 

• • • 

• 

• 

• 

- 7 85 10 .... . 41. i 

• • 

• • 

Figure 2.16: Even harmonics with original Fabry-PerOilransmission profile. 

Points of interest in this figure are the valleys in the second harmonic and the peaks in the 

fourth harmonic. At these points of interest, a transmission peak of the original Fabry-

Perot profile occurs for the same wavelength. FurthelUlOre, the corresponding 

derivativelharmonic that is of higher or lower order will have a corresponding zero-

crossing point. In other words, the extrema in the even hatmonics will occur at the same 

spectral positions of the zero-crossings in the odd halUlOnics. 
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2.4.3.2 Odd harmonic profiles 

Figure 2.17 displays the same original Fabry-Perot transmission profile as in figure 

2.16 with an overlay of the first and third harmonic orders, which have been nOllnalized. 

The original transmission profile is in black, fust harmonic is in red, and the third 

hannonic is in blue. Axes for the figure are given in relative transmission versus 

wavelength. This is done to illustrate that the zero-crossings of the odd harmonics occur 

in the same spots that the even haIlllonic extrema appear. Another behavior to note is 

how to the slope of the zero-crossings alternate between each successive odd hrumonic 

profiles. The same can be said for the peaks and valleys in the even harmonics, which a 

valley in the second harmonic corresponds to a peak in the fourth harmonic . 

• 

• • • • 

• 

-

• 

• 

• 

• 

Figure 2. 17: Odd harmonics with original Fabry-Perollransmission profile. 

While in theory each odd haIlllonic has a zero crossing that corresponds to a peak of 

the transmission profile and has an increasing slope, in practice the signal-lo-noise ratio 

and amplirude modulation associated with laser diodes dictate use of third harmonic for 
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• 
locking. With the characteristic of certain even-harmonic peaks/valleys and certain odd-

harmonic positively/negatively sloped zero crossings spectrally coinciding with the 

transmission peaks of tlie Fabry-Perot transmission profile, application of the mentioned 

characteristic between the harmonics in the detection system will be discussed in the next 

section. 

2.5 Using features generated in the harmonics of the eta/on 
profile 

Knowing that central extrema of the even harmonics correspond to transmission peaks 

of the original Fabry-Perot transmission profile and that central zero crossings on the odd 

harmonics indicate the location of the mentioned extrema, these two properties are 

utilized to improve the accuracy and performance of the detection system. 

2.5.1 Detection 

Since the even harmonic extrema line up spectral~y with the extrema of the original 

transmission profiles, the even harmonics will be used. acquire the absorption signals. 

Unfortunately, the consideration of equipment stability will become an issue during 

system implementation and the extrema of the even harmonics are be subject to change 

over a period of use due to temperature drifts, equipment degradation, or etc. Making 

sure the peaks of detection remain spectrally stable is important because source drifts 

could lead to misinterpreted or even missing data. Providing source stability is where the 

zero-crossings in the odd harmonics can be utilized. 

2.5.2 Laser stabilization 

The odd hllfI!1onics ·have corresponding zero-crossings at the extrema of the even 

harmonics that can be used as a negative feedback signal to control the laser source. This 
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allows the system to keep the laser source locked to the extrema in the even harmonic 

profiles. Primarily a negative sloped zero-crossing will be used as the feedback control. 
, 

If the laser source is drifting to a point higher than its intended transmission peak, then 

the signal on the odd harmonic will move into a negative value, which can be scaled and. 

redirected back into the laser source to push the spectral probe back down to the 

transmission peak, and vice versa for a source drifting lower than its intended peak. 

- ~ Using harmonic detection with· the Fabry-Perot etalon afford;;' equipment stability 

~-~ . 
through the process of locking to transmission peaks by using the odd harmonic zero-

crossmgs. As for the even harmonics, though certain extrema do line up with the ,. , 

transmission peaks of the original transmission profile, there are benefits to doing the 
r 

detecti~n with the even harmonics as will be discussed next. 

2.6 AmplifYing changes in/eatures 

Though the finesse of a Fabry-Perot. etalon can be, improved by increasing the 

reflection coefficients, it may be cost prohibitive to opt for a high fmesse etalon, if the 

application calls for one. An alternative approach would use some observed properties of 

the harmonic mo'deling to effectively amplifY the spectral features of the transmission 
~ 

profile. Each successive derivativelharmonic from the original spectral transmission 

profile will create another profile that is sharper than the' last one. By utilizing the 

sharpened features ih each succeeding even harmonic, an effective improvement to the 

finesse can be realized. Figure 2.18 has four plots of Fabry-Perot transmission profiles 

for different reflection coefficients with the original profile, second harmonic, and fourth 

harmonic extrema displayed. The second harmonic was inverted and both even 
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harmonics were then nOllnalized for an illustrative comparison to the original 

transmission profile. 
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Figure 2.18: Half-width f ull-max comparisons between eLalon harmonic profiles!l). Refiection coefficients 
of a) 10%, b) 15%, c) 20%, and d) 30%. 

The reflection· coefficients used to generate each plot are R= \ O%(a), R=15%(b), 

R=20%(c), and R=30%(d) . The other parameters for the Fabry-Perot transmission 

profiles calculated here are the same as the ones used to create figure 2.12. Each 

increasing even harmonic from the original Fabry-Perot transmission profile produces a 

sharper half-width full max profile, which is the effective increase of finesse that was 

previously mentioned. The plot of different reflection coefficients shows that an increase 

of fmesse in the actual etalon will provide diminishing returns when improving the 
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effective finesse through harmonic detection. Table 2.2 gives numerical values for the 
e' 

finesse of each plot in figure 2.18 and the ratios between the finesse calculations to 

further illustrate the diminishing returns. Being able to enhance the fmesse through each 

even harmonic order is a benefit to the process, and implies' that a low-quality finesse 

etalon is suitable for this detection scheme, and thus, reducing the overall cost of the 

system. Next, a wrap up of this chapter will be given. 

Table 2.2: Finesse comparisons between different reflection coefficients and even harmonics[lj. 

Reflection coefficient 10% 15% 20% 30% 

Direct Finesse I • 
I • 1.41 12.26 

2nd Hannonic Finesse 4.43 5.21 6,06 18,01 

4th Hrumonic Finesse 6,78 8.26 . 9.75 13.05 

Finesse Ratio 2"'lDirect 4.43 * 5.21 • 4.29 3.54 

Finesse Ratio 4"'lDirect 6.78 * 8.26 • 6.91 5.77 

Finesse Ratio 4th/2nd 1.53 1.58 1.60 1.62 

I * denote the actual finesse values that cannot he 'computed because the plot does not reach the respective 
half-max full width mark, so a low finesse is assumed 

2.7 Chapter Summary 

Applying harmonic detection offers increased sensitivity and stability to the detection 

of a material absorption signal when used in conjunction with a Fabry-Perot etalon. The 

added benefits of the etalon make the system less prone to noise due to the selectivity of 

the transmission peaks and provide spectral markers in order to reference the signaL 
,. 

These developed concepts all play an integral part in the detection system. The next 

chapter will describe physical implementation of the detection system and 

data/observations collected in several deve1opn;ental phases for invasive system. 
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Cliapter 3 

.. The Experimental Setup 

This chapter covers the' experiments and data collected for the research. An 

experimental layout will be given. Then, data supporting the theory presented in ,the 

previous chapter will be given and analyzed. After justifYing the theory ~th 

experimental data, data from test measurements of various substances will be provided. 

3.1 Experimental layout 

I Feedbackl, ______ -1i\~y' wm 
IController \6 I Detector 

I 
L :=J 

, DC Biasr- Em[oo ~O50150 
Lens . ' Beam Splitter Detec . ,,---,,-- jx 

Laser v:Jl -cV- 11/ 1 Aqueous I- r-!3 sinew t) Diode ''''~ I I- Test Samplei'--m - IL--J 

tor 

Optical 

Digital c--- Diode 

Ramp 

2,4 w 
I m 

Microprocessor ~ 
wi Display 

Figure 3.1: Current test setup for non-invasive design. 

Figure 3.1 depicts 'the current bench-top non-invasive system. To illustrate " the 

operation of the setup, the description begins from the driving circuit, which includes a 

DC bias, sinusoidal modulation and digital tamp. The DC bias is used to bring the laser 
, 

current above the threshold point, allowing it to lase. The sinusoidal modulation is used 
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to sinusoidally modulate the emission wavelength of the laser. The digital ramp block, 

which is an amplitude controllable current source that increases the current in periodic 

saw-tooth fashion, is intended to sweep the emission wavelength of the laser throughout 

the spectral region of interest. In the proof of concept experiments, a ramp was used that 

continuously and linearly varied the input current of the laser. For experiments that 

record only laser-locked peaks, a digital ramp was used, where the amplitude was varied 

by discretely increasing increments. The combination of the three components, ramp, 

DC; and sinusoidal modulation, provides the driving current fo~ the laser. The output 

beam of the laser is directed to a lens for focusing. Following thi's, the light encounters a 

Fabry-Perot etalon which gives the signal a periodic spectral profile that will be utilized 

in the detection process. After the etalon, the light encounters a 50150 beam splitter 

which splits the signal into two beams of equal parts. One beam will continue to 

propagate through the system and the other is used for the feed back loop for spectral 

stability by detection at the third harmonic. As stated previously, the third harmonic must 

be used for locking because it has a sizable signal-to-noise ratio and does not have the 

amplitude modulation component like the first harmonic. Following the signal that 

continues propagating after the beam splitter, the light is directed through the sample to a 

detector that monitors the even harmonics for the primary signal detection. The signal is 

then put through a low-pass filter to clean up high frequency noise. Finally, the 

information is relayed back to the user through the microprocessor with display. Though 

the experimental diagram indicates that the detection is done for the second, third and 

fourth harmonic, the direct measurement (i.e., that without sinusoidal modulation) and 

first harmonic were also recorded over the scanned spectrum. The next section will cover 
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, 
how the lasers' driving current relates to a spectral emission. This becomes a key to ' 

conducting the analysis of recorded data,. because the experimental data acquisition 

instruments record with respect to time. 

3.2 Translation between lasing current and wavelength 

Figure 3.2 shows a plot of the laser emission wavelength with a periodic linear saw-

tooth sweep of the laser's input current. Again, this input signal corresponds to the ramp 

component of the driver circui( shown infigure 3.2. As the input current to the laser was 

increased linearly with time, the wavelength also increased. During the experiments, the 

wavelength was not measured because the wavemeter, the instrument that measures the 

wavelength, is a very slow sampling device and severely impacts the 'measurement speed. 

Therefore, during the experiments, the laser input current was monitoring and assumed to 

have a linear relationship to the emission wavelength. The validity of this approximation 

can be determined by examination of the next'tigure. 

42 



Laser characterization 
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Figure 3.2: Laser characterization by linear saw-tooth sweep of laser's inplll current. 

Figure 3.3 zooms into a single saw-tooth waveform and a li near regression line is 

created according to those data points. The coefficient of determination (R2) is calculated 

for the correlation between wavelength and time. Since the ramped current is a linear 

function of time, the correlation between wavelength and time, and wavelength and 

current is identical . R2 for the data in figure 3.3 is 99.78%, which indicates a good 

degree of linear correlation between wavelength and time. 
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Figure 3.3: Linear regression line oJlaser characterization. 
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The laser behaves non-linearly at the bottom of the saw-tooth, where the laser is very 

close to lasing threshold and exhibits a exponential increase of its output. This indicates 

that the data collected at the beginning of the saw-tooth edges are spectrally shifted and 

need to be corrected or neglected. For the purposes of this research the beginning 118th 

of the ramp was neglected. It should be noted that the spectral information contained at 

these wavelengths could be examined if desired. This would be implemented by shifting 

the laser's central emission wavelength to a lower point through temperature controlling 

the laser. This effectively tunes the laser in the direction of the temperature change (e.g., 

increased wavelenb'lh for increased temperature). Doing so will avoid the non-linear 

lasing threshold region at that spectral range. Having established a relationship between 
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the input current' of the laser and the optical emission wavelength, laser locking will be 

explained in the next section which relies on this relationship. 

3.3 Laser locking mechanisms 

To give a picture of how the experimental setup implements the detected harmonic 

• profiles as a process for laser locking, asynchronous state machine (ASM) diagrams will 

describe the sequence of data acquisition. Figure 3.4 depicts a peak monitoring routine, 

where the signal is set at a Fabry-Perot transmission peak and attempts to maintain its 

spectral location using the odd harmonic zero crossing. 

Te~inate data ~i'cquisition 

I
~ Acquire :ignal data I 

L Averaging data 

I ~ta acquisition ~ 
• 0 I Perfonn :-a-ta-fj-'t-c-o-rr-el-a-tio-n'! 

1

_ t ____________ ~ 
I Detennine the closest zero cross value 

• 
,---------y._-----------..., 
J Feed the signal back to the optical source controller 

Figure 3.4: Transmissio~ peak: monitoring routine diagram. 

Let the diagram start from acquiring the signal data. The data is averaged to minimize 

amplitude flu.ctuations in the signal. Then the detected dat..a at the second harmonic 'is 

fitted to either a previous calibration set of data or itself to judge 'itself against any trends, 

The next step involves looking at the odd harmonic profile for a negatively sloped zero-

crossing in order to feed a scaled version of that signal back into the laser driver to lase~ 
.. 

lock the source at a wavelength' corresponding to the transmission peak; From there, if 

data acquisition is to continue, then the cycle would repeat itself from the beginning . 

• 
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Otherwise, the data acquisition sequence would terminate. The next diagram will depict 

how stepping between peaks is handled. 

Figure 3.5 shows a diagram that goes through the process of stepping-between Fabry-

Perot transmission peaks in the detection system. 

Finish monitoring ,-=-_J ,--.--.-------i I I
' ~ Peak ,:onitoring 

L-___ • . Tune optical source to next 

I~ theoretical peak that is M FsR 

t St t away from current location 
~ ep onewpe _ 

o ~ 1 "~~-___ ~ 
• IDetermine the closest zero cross value 

at new peak location 
.,---------~ 

'----.. ~ Feed the signal back to the optical source controller 
I 

Figure 3.5: Transmission peak stepping routine diagram. 

The diagram' starts from the -- peak monitoring block, which is a subroutine that 

encompasses the diagram injigure 3.4. When given the switch to move to the next peak, 

data termination is asserted in order to prevent data from th~ previous transmission peak 

being carried over into the current peak. The optical source is then tuned to the next peak 

• that is M FSR away. Accounting that the tuning sequence may not be perfect, the next step 

is to check the odd harmonic for the negatively sloped zero-crossing in order to lock onto 
( 

the new transmission peak location. Any discrepancies will be feed back into the optical 

source. If the command is sent to step to a ne.w peak, then the cycle restarts. Otherwise, 

the routine finishes its monitoring sequence at that transmission peak. 

By maintaining a controlled l?ck on the transmission peaks through the negatively 

sloped zero-crossings of third harmonic, features that are narrow as 100 megahertz can be 

successfully locked to. The next section presents data that fit the concept -of using the 
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third harmonic as a means to maintain spectrally stable detection of the even harmonic 

transmissiop profiles to ensure consistent measurements. 

3.4 Even harmonic demodulation 

Figure 3.6 displays data coll~cted for three blood samples with manipulated glucose 

concentrations. The plot is given in terms of detected amplitudes versus wavelength of 
I ' 

the second harmonic signal acquired from the experimental setup. The three series shows 

that for .. each blood sample, increased glucose concentrations correspond to a lower 

detected voltage at the corresponding wavelength position. For each series, there are only 

six points, because those si~ points were extracted from peaks of the second harmonic 

transmission profile. Each peak was spectrally locked to a negatively sloped zero-

crossings of the third harmonic, which will be shoWn in the next figure. 

Figure 3.7 shows a plot similar to figure 3.6, but displays where the negatively sloped . . 
zero-crossings of the third harmonic occur. Further analysis indicates that the spectral 

deviation of the second harmonic peak from the 'negatively sloped zero-crossing is ±O.OOI 

nanometers. 

., 
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A similar treatment is done for the fourth harmonic profiles of the same', blood 

samples. Figure 3.8 displays fourth harmonic data collected for three blood samples with 

manipulated glucose concentrations. The plot is given in terms of detected amplitudes 

versus wavelength. The three series shows that for each blood sample, increased glucose 

concentrations correspond to a smaller detected voltage at the corresponding wavelength 

position. 'Similar to the second harmonic data, there are only six data points, but this time 

they correspond to six pointos that were extracted from the valleys of the fourth harmonic 

transmission profile. Each peak was loosely locked to a negatively sloped zero-crossings 

( 

of the third harmonic, as shown in figure 3.9. The spectral variability of the fourth 

harmonic profile is greater than that of the second harmonic by a factor of ten. 

Experimental observations indicate that the fourth harmonic signals were'fairly weak and 

close to the noise floor, which would introduce a significant amount of variability into the 

signal's amplitude and spectral content. These variations become more evident as the 

concentrations of glucose "rises to a~enuate the optical signal. Having presented' data 

which show the relation between the odd and even harmonics and how combination of 

the two can be used for stabilizatIon measurements, a substantiation of water's spectral 

signature and how it is accounted for in the measurement process will be discussed in the 

next section. 
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Figure 3.B: Fourth harmonic chart comparing three blood samples of different glucose concentrations. 
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3.5 Spectral signal of water 

Figure 3.10 shows the recorded experimental transmission profile of water and its 

harmonics from first to fourth, which were recorded through LabView®. The axes are 

given in terms of amplitude versus time. Though the horizontal axis is given in terms of 

time, it has a direct relation to a wavelength sweep, which was proven in section 3.2. Plot 

a) displays the direct measurement as seen from the oscilloscope. Plot b) through e) 

displays the first through fourth harmonic ofthe detected signal, respectively. 

., 
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Figure 3.10: Recorded experimental transmission profiles of water. aj Direct measurement, bj first 
harmonic. cj second harmonic, d) third harmonic. and ej fo urth harmonic. 
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Any absorption done by water has to be taken into account when making quantitative 

calculations for the concentrations of glucose in blood samples, meaning th.e~' absorption 

of aqueous water alone must be known. To illustrate the absorption of water,jigure 3.11 

contains a Lab View® plot that overlays the normalized fourth harmonic profiles 'of air 

and water for comparison. The plot is given in terms of normalized amplitude vt?rsus 

wavelength, which can also be expressed as wavelength through the proof given in 
. 

section 3.2. The fourth harmonic is used for this comparison, because the most distinct 

differences appear for this profile as proposed theoretically and observed experimentally. , 

There are slight differences between the two plots which implies the separation' is , 
attributed to water absorption. The next section will present data' acquired for different 

aqueous test samples which is the precursor for the section that presents data regarding 

blood sample"s and glucose. 

" 

.. 
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Figure 3.11: Fourth harmonic comparison between air and water. 

3,6 Spectral differences between test substances 

Figure 3,12 shows a LabVieW®plot from a notable experimental run. The referenced 

plot displays the second harmonic profiles of de-ionized water, heprin (a blood anti-

coagulant) mixed with de-ionized water, and whole blood with heprin. The hypothesis 

previous to this experiment was that the water sample would attenuate the least and the 

blood attenuates the most of the three samples. The axes for the graph is li sted in terms of 

amplitude versus time. 
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Figure 3. 12: Second harmonic profiles a/ water, heprin and blood 

For the majority of the spectral sweep, jigure 3.12 shows that the de-ionized water 

sample gives the least attenuation, then the heprin, and the blood offers the most 

attenuation of the three samples, as was hypothesized. The blood sample does contain 

trace amounts of glucose, approximately 49 mg/dl measured with a enzymatic test strip 

system, which theoretically adds to the attenuation of the whole blood sample. 

Figure 3.13 displays similar infollnation as that of jigure 3.12, but the de-ionized 

water sample is replaced by a blood sample with added anhydrous dextrose to manipulate 

the glucose concentration. Theoretical ly, the added glucose concentration should increase 

the amount of absorption. The plot injigure 3.13 COnfilll1S this, where the blood sample 

with the added dextrose has the most signal attenuation compared to heprin, whole blood, 

and water (implied fromjigure 3.12) as was hypothesized. Having presented differences 
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between some of the essential constituents in a blood sample, data consisting of a greater 

variation of blood samples with various glucose concentrations will be covered in the 

next section. 
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Figure 3.13: Second harmonic profiles ojheprin, blood, and blood-sugar. 

3.7 Spectral differences between blood samples with various 
glucose concentrations 

Figure 3.14-3.17 shows charts assembled from blood sample data which consist of 

twelve different glucose concentrations that were experimentally manipulated as the 

control. The glucose concentration manipulation was done by adding increasing amounts 

of anhydrous dextrose to set volumes of blood samples. All the charts are given in 

detected signal versus wavelength. Figure 3.14 displays the direct measurements as seen 
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from the even harmonic detector offigllre 3.1 . Figllres 3.15-3.17 shows the extracted 

peaks from the 1 st to 3rd harmonic profiles respectively. Originally the odd harmonics 

peaks are not used in the detection scheme, but for the purposes of illustrating the 

differences between all the samples they have also been extracted. 
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Figure 3.14: Detected profiles of /Welve different concen/rations of glucose in blood samples. 
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First Harmonic Signal 
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Figure 3_15: First harmonic profiles aJtwelve different concentrations oj glucose in blood samples. 
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Figure 3_16: Second harmonic profiles oJtwelve different concentrations oj glucose in blood samples. 
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Figure 3.17: Third harmonic profiles of TWelve different concentrations of glucose in blood samples. 

The data show a clear indication of the increase in glucose concentration of the sample. 

Note, that the blood glucose measurements are shown in order of increased concentration 

as determined by addition of the concentrate solution. The values listed in the legend 

were those taken by a calibrated (but not clinical gold standard) enzyme strip test glucose 

meter. A comparison of the measurement methods is given in figure 3.16. Here the 

optical measurements are shown for the bench-top system compared to the enzyme 

measurements. A linear regression of the bench-top system measurements, shown in 

figure 3.16, yields a slope of 0.9914 and an R2 of 0.9021. Based on these correlation 

results, the bench-top system excels against the enzymatic system according to 

ISO(Tntemational Organization of Standards) standards. 
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Figure 3.18: Linear regression comparison between bench-top system and enzymatic measurements. 

3.8 Chapter summary 

Data were presented to validate the theory. From that point experimental data relative 

to testing of aqueous samples such as water, water-heprin(blood anti-coagulant gel) 

mixture, and human blood was iilustrated. Furthermore, test data for human blood 

samples with various concentrations of glucose were tested and compared to a enzymatic 

strip test system, which provided encouraging results. 

The next chapter will discuss variations of the system that rely on the base detection 

system. Test plans will be presented regarding the validation of· the measurement 

technique. Finally, future work set for the research will be confabulated followed by a 

wrap up with some final words by the author. 
• 
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Chapter 4 

Discussions and Conclusions 

In the previous chapter, the detection technique used in this research was described . 
• 

The technique itself is adaptable to different system configurations because the light can 

be guided through free space or through an optical fiber. As such, the delivery of the . . .'. 

optical signal to the sample of interest is a modular component. This enables the research 
• 

to apply the detection technique to a invasive and/or non-invasive configuration. For this 

reason, the experimental diagrams will appear very similar except for the signal delivery 

method. 

This chapter discusses the connection of the measurement system to an invasive and 
j 

non-invasive topology, where ilie experimental designs will be presented. Results from 

each system topology will be presented. Then, plans for clinical trails relating to each 

system will be overviewed. Prior to that, the envisioned design will be proposed for each 
: 

system. 

Conclusions relating to each system presented will be discussed. From there, future 

work will be laid out, ranging from immediate to the distant future. Lastly, the author 

will provide some final thoughts. 

4:] The invasive system 

Motivation for such a system is focused toward assisting health care workers tn the 

ICU(Intensive Care Unit) settings, where patients suffering from severe trauma exhibit 

diabetic li\e symptoms. Since most p~tients in such settings will have a catheter inserted 
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to monitor their vital statistics as well as to extract bodily fluids and/or deliver 

medication, monitoring glucose levels in a similar manner would be of great assistance. 

Because the optical glucose measurement presented here can delivered via fiber, glucose ., , 
monitoring can be incorporated intravenously, through the catheter, requiring no more 

invasive procedures than are routinely preformed. This section will'detail the designs for 

a medical catheter which seeks to incorporate the measurement technique developed in 

this research. 

4.1.1 Following the oximeter catheter design 

The goal for the invasive sensor was to design a catheter similar to a disposable 

Edwards LifeSciences' catheter[lO] that is used in blood-oxygen measurements in-vivo 

through the central venous artery. This system uses optical fibers as a waveguides for 

. . 
visible and infrared LED (Light 'Emitting Diode) light, from which, a differential 

scattering measurement is taken to determine the blood oxygen content. Since this 

catheter was already approved for use by the Food and Drug Administration (FDA), it 

seemed a natural model to follow for the invasive implementation of the glucose system. 

Instead of performing blood-oxygen measurements, this system'targets glucose as the 

measured constituent, where the illuminating source is a near-infrared laser instead of an .. ~ 

LED. Overall, however, there is not a discernible difference in the physical impact to the ,. 
patient, and therefore, the existing FDA approval made the~Edward LifeSciences catheter 

design very attractive. 

Figure 4.1 shows a picture of the disposable Ed~ards LifeScie~ces catheter. This 
• 

blood-oximeter catheter uses reflectance spectroscopy to make a measurement of the 

blood oxygen concentration. By delivering LED light and collecting the reflected spectral 
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signature through the optical fibers in the catheter, the measurement is performed and 

subsequently analyzed by a separate self-contained unit. This self-contained unit, which 

connects to the catheter, acts as the optical source driver, analysis system, and user 

interface. Figure 4.2 shows a picture of the Edwards LifeSciences Vigilance II monitor, 

which is the self-contained central processing unit that connects to the catheter. Since 

this catheter system is already approved for use on humans by the FDA, tests were 

conducted to determine the possibility of making a glucose measurement through the 

Edwards LifeSciences catheter itself. 

Within the Edwards LifeSciences catheter, there are two polymer fibers with core 

diameters of approximately one millimeter. These optical fibers are side by side, running 

the length of the catheter, and are exposed to the blood stream through the end of the 

catheter. The fibers are coupled to a collector port that also has fibers that lead into the 

central processing. unit. Also built into the catheter are three auxiliary fluid delivery 

ports, which provide an easy access for health care providers to administer a proper fluid 

balance based on the patients vital signs. As part of the whole monitoring system, the 

catheter is the renewable product that is meant to be disposed of after a single use to 

prevent contamination. A single use cycle may last appr~ximately twelve days and no 

longer due to internal plaque buildup that occurs in the blood stream and hinders proper 

use of the catheter. 
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Figure 4./ : Edwards Li/eSciences catheter, product 
reJerence # X3820H K. 

5 7 

• 

Figure 4.2: Edwards Li/eSciences 
Vigilance II monitor. 

4.1.2 Experiments with the catheter design 

• • , 

• 

This section details several key experimentation phases with the catheter design. The 

first experimentation phase started wi th the Edwards LifeSciences catheter and the 

analysis of it. This was followed by several iterations of our own design. 

4.1.2.1 Initial test with the Edwards LifeSciences catheter 

This section describes the detection system with the incorporation of the Edwards 

LifeSciences catheter without any changes to the catheter's design or function. Simulated 

use of the catheter in this experiment encompassed placing the catheter tip into a test tube 

filled with a aqueous substance to simulate catheter placement into an artery. 

4.1.2.1.1 Experimental setup 

Figure 4.3 displays the initial setup with the Edwards LifeSciences catheter. For the 

sake of explanation, the flow starts from the driving circuit, which includes a DC bias, 

sinusoidal modulation, and digital ramp. The combination of the three components 

provides the driving current for the laser, which outputs light to a lens for focusing. 
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After the lens, ~e light encounters a Fabry-Perot etalon which gives the signal a spectral' 

profile that will be utilized in the detection process. After the etalon, the light encounters 

a 50/50 beam splitter, which splits the signal into two equal parts. One portion of the 
~ 

beam will continue to propagate straight through the system and the other will be used in 

the feed back loop for spectral stability. The signal that continues propagating after the 

beam splitter is sent through the input port of the Edwards LifeSciences catheter. Once 

the optical signal exit~ the optical fiber at the end of the catheter, the aqueous sample is 

encountered and any back-scatted or reflected light is returned though the second fiber to 

the output port of the catheter. The retUrned light then encounters the 50/50 beam 

splitter, used earlier to create the signal for the feedback loop, which redirects the light to 

a detector that monitors the even harmonics for the primary signal detection. The signal 
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is then detected by a photo-diode, mixed with the appropriate even harmonic, and put 

through a low pass filter to clean up high' frequency noise. Finally, the information is 

relayed back to the user through the microprocessor with display. 

4.1.2.1.2 Results 

Preliminary testing with the Edwards LifeSciences catheter offered no detectable 

return signal for the 947 nanometer VCSEL(Vertical Cavity Surface Emitting Laser) used 

as a source to probe glucose. Further investigation revealed that the majority of the signal 

was lost due to fiber radiation and absorption in one pass through the optical fiber in the 

catheter. A loss of greater than 3dB was incurred in a single pass through the catheter 

only, which would vary according to the bend radius of the catheter. This was an 

indication that the fiber in the Edwards LifeSciences catheter was a poor waveguide for 

NIR' (Near InfraRed) light and not'itppropriate for this measurement configuration. ,Next, 

an attempt to gain a return signal through' catheter by using a reflector at the catheter tip is 

described. 

4.1.2.2 Testing the Edwards'LifeSciences catheter with a reflector 

Since the results from the initial tests showed that signal loss was a large concern, 

parts of the experimental design were simplified in order to achieve maximum signal 

throughput. Further testing was conducted to determine if the Edwards LifeSciences 

catheter was even an option for the measurement of glucose with the current detection 

system in place. 
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4.1.2.2.1 Experimental setup 

Figure 4.4 de"picts the experimental, setup with the Edwards LifeSciences catheter' 

redesigned for maximum signal throughput. Differences in this experimental design as 

compared to the setup infigure 4.3 are the removal of 50/50 beam splitter, removal of the 

third harmonic feedback path, and the addition ofthe NIR reflector. The input and output 

fibers of the catheter were, repositioned to spatially separate the ports to accorilmodate 

removal of the beam splitter. 
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Figure 4.4: Test setup of Edwards Li/eSciences catheter with NIR reflector. 

As with t~e setup in figure 4.3, once the optical signal exits the catheter, the aqueous 

sample is encountered and may scatter portions of the light back into the collection fiber. 

However, in this configuration, the primary return signal came from the NIR reflector 

placed on the opposite side of the sample from the fiber. The incident lig?t signal was 

redirected from the reflector through the sample back into the collection fiber at the 
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output port of the catheter. The light was then received by a detector that demodulated 

the even harmonics for the primary signal det~ction. Finally, the signal was then put 

through a low pass filter to clean up high frequency noise and relayed back to the user 

through the microprocessor with display. 

4.1.2.2.2 Results 

This experimental setup did produce a return signal at the output port of the catheter. 

Unfortunately, further observa}ions indicated the return signal was disfigured in such a 

way that would suggest optical coupling between the input and output fibers in the 

catheter was occurring. The proof of this occurtence was done by inserting a non-

reflecting, black panel in place of the aqueous test sample .. A sizable return signal at the 

detector above the noise floor was observed. It is suspected that this signal was the result 

of optical coupling between the two fibers that is returned from reflection at the terminal 

end of the fiber (due to an index boundary). Furthermore, speculation concerning the 

optical coupling between the two fibers sugge~t that the coupliIig was intentionally 

designed to create a reference signal for the oximeter measurement. 

4.1.2.3 Testing l?ptical power delivery fiber with reflector 

A new direction stemmed from the results of the catheter with reflector measurement: 

design a new catheter that would suit the glucose detection processes developed in this 

research. The main component of the Edwards LifeSciences catheter to be replaced to 

reduce signal loss and optical coupling was, the optical fiber. • 
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4.1.2.3.1 Experimental setup 

Figure 4.5 shows a final depiction of the system that incorporated the replacement of 

the Edwards LifeSciences catheter. 
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Figure 4.5: Test setup Jor replacement oj Edwards LifeSciences catheter. 

For the purpose of refinement, several iterations of this experim~nt were conducted, to 

the point where the experimental setup for the optical fiber replacement resembled the 

design depicted in figure 4.8. An added component not shown in figure 4.8 was an 

optical diode between the lens following the laser diode and etalon. This component 

prevents reflections that arise in the system from feeding back into the laser cavity and 

causing laser pulling and interference. The Edwards LifeSciences catheter was replaced 

with a silica power delivery fiber with a core diameter of 400 micrometers. A fiber 

collimator was used at one end of the fiber to achieve maximum coupling into the fiber 
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from free space. This experimental design follows the same flow as described for figure 

4.8. 

4.1.2.3.2 Results 

Measurements with the power delivery fiber proved to be a significant challenge in 

terms of repeatability. Figure 4.6 displays a plot of three second harmonic profiles 

overlaid on each other. These plots were taken from the experimental setup show in 

figure 4.5. The plot is used to illustrate how the second harmonic profiles do not line up 

spectrally. Experimental observations suggest this variability in profile positioning is a 

result of being unable to exactly reposition the optical fiber head between sample runs,. 

given the physical limitations experimental setup. Theoretically; the procedure still 

functions correctly, but the limitations of bench-top equipment regulate repeatability of 

the measurement through the invasive study. 

72 
" , 



cu 

" .a .-

Heprin V\ 
Blood "'49 mg/dL (\ 
Blood "'139 mg/dL /\ 

",., •• , ' , ••• , '" "", ..... , 0,<", ... " ' " ••• , ' ,. "1 

Wavelength em] 
Figure 4.6: Second harmonic projiles oJheprin and two blood samples. 

4.1.3 The conceptual catheter design 

The configuration of the bench-top setup hindered the repeatability of the data, 

because of the limitations of the commercial-off-the-shelf (COTS) components used. 

Measurements with a specially designed and fabricated catheter would be preferred to the 

increase of stability of the components and deliver system. The increased stability would 

result from the tip of the optical fiber and a reflector being embedded into the catheter 

housing and exposed to the blood through an access port. 

This new catheter design required an auxiliary port to allow blood to flow through an 

open cavity while the laser traverses this cavity to probe the blood. The light is returned 

to the fiber by a retro-reflector on the opposite end of the cavity. The returned optical 
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signal is tben guided back through the optical fiber to tbe analysis unit. Figure 4.7 shows 

a depiction of this catbeter design. 

Similar to the Edwards LifeSciences catheter, the overall addition of the glucose 

sensing portion would require only one port dedicated to the sensing process and the rest 

of the catbeter can be designed for delivery of medication or measurement of other blood 

constituents. If three optical fibers can be incorporated into the system, possibly the 

glucose detection portion can be built into the blood-oximetry catheter for a dual 

monitoring system. 

- 1.5mm 
Fluid flow ' . --_ ..... 

Opti cal Ii ber 

Reflector 

Figure 4. 7: Cross-cut Olll of concepilial catheter design. 

The fabrication of such a catheter would lead to prompt preliminary testing of 

measurement stability in multiple aqueous samples such as water, heprin, blood, and 

blood with manipulated glucose concentrations. If stable and consistent measurements 

are observable with the fabricated catheter integrated into the experimental setup, the next 

step will be employing the detection system in animal trail s for a more rigorous proof of 

concept treatment. The next section will detail the procedure for conducting the animal 

trails with the fabricated catheter combined with the detection ystem presented in this 

researcb. 

4.1.4 Animal trials employing the invasive topology 

The use of laboratory animals for the invasive rendering of the optical glucose 

measurement system is a required step in moving toward approval of an investigation 
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device exemption (IDE) for use and testing in humans. The use of animals for this testing 

also allows for long observation periods at minimal expense. In this phase of system 

trials, the blood glucose levels of laboratory rats will be measured and tracked against a 

calibrated reference system (clinical gold-standard measurements) by implementing the 

measurements intravenously via catheter with embedded optical fiber (see design in 

Figure 4.7). The implementation of this optical glucose measurement in the vein is 

similar in nature to that of the PreSep Central Venous Oximetry Catheter Systems 

produced by Edwards Life Sciences and currently used in ICUs around the world. 

A catheter will be constructed with an embedded optical fiber of our own design to 

make these measurements within the vein. The catheter will be inserted into the tail vein 

of the rat and measurements with the optical system will be carried out continuously. The 

optical system employed via catheter will be calibrated against the reference system by 

measuring periodic blood draws (the YSI 2300 STAT only requires 25 )1L of blood for a 

measurement). Measurements from an individual animal will be recorded by computer 

continuously with the optical. system and taken in increments of 20 minutes by the 

reference system over a period of 24 hours. Testing will be performed on diabetic and 

healthy rats, Levin Rats with Diet Induced Obesity (DIO) and Sprague Drawley Rats with 

proper health and weight, respectively. 

To test the validity of the calibration, invasive measurements will be performed on 26 

laboratory rats and glucose concentrations will be predicted using the prototype sensor. 

Equal numbers of Levin Rats with Diet Induced Obesity (DIO) and Sprague Dawley Rats 

with proper health and weight will be used for this study. This set of experiments will 

assess the system's ability to continuously track blood glucose levels and demonstrate the 
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reliability of the optical system calibration. Predicted concentrations will be confirmed 

using the gold standard reference instrument. Use of multiple animals allows assessment 

of the agreement between the optical measurements and the reference instrument as well 
, 

as an evaluation of the following factors: 

• Effect of different hematocrit values 

•. Effect of physiological factors (body temperature, pregnancy, weight, etc.) 

These factors are anticipated to have an impact on the measurement fidelity, and thus, are 

critical to the performance of the invasive device. 

The invasive system measurement is theoretically easier since it samples directly from 
• 

the blood stream, avoiding the process of penetrating from free space through skin and 

tissue. Therefore, the invasive system serves as a stepping stone for the non-invasive 

design which does need to account for penetration through more biological substances 

and adding more variables in the measurement process to keep track of. The next section 

will detail aspects concerning the non-invasive topology. 

4.2 , ~The non-invasive system 

In no way has this research produced a field prototype of a non-invasive glucose 

detection ~ystem at this time. The focus of the research is to develop all the building 

blocks that will lead to the creation of such a system in the possible future. 

Multiple combinations of aqueous samples were tested with this bench-top setup. The 

following list contains the 6 general aqueous samples that were frequently tested with the 

setup: 

I. Water 

2. Water + anhydrous dextrose mixtures of various concentrations 
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3. Saline 

4. Saline + anhydrous dextrose mixtures of various concentrations 

5. Human blood 

6. Human blood + anhydrous dextrose mixtures of various concentrations 

These test were done to isolate as many variables as possible and to prove that the 

changes in the measured results are froJ? glucose and not some other constituent(s). 

4.2.1 Experimental setup 
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Figure 4.8: Current test setup for non-invasive design. 
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Figure 4.8 depicts the current bench-top non-invasive system. This experimental 

setup used a VCSEL diode that has a longer wavelength than that of the setup from the 

previous section with the early water experiments. This was done to avoid any 

interference from water vapor absorption, which is present at 938.9 nanometers. Though 

the experimental diagram indicates that the detection is done for the second, third and 
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fourth ham1onic, the direct measurement and first harmonic were also recorded from the 

even harmonic detector position. The data for each measurement scheme will be shown 

in the next section' for completeness. 

4.2.2 Results 

Figure 4.9 depicts five plots measured from the even harmonic photo-detector which 

was_ acquired and recorded through LabView®. The axes are given in terms of amplitude 

versus time. Though the horizontal axis is given in terms of time, it has a direct relation 

to a wavelength sweep as shown in section 3,2. Ploi a) displays the direct measurement 

as seen from the oscilloscope but without the sinusoidal modulation. The sinusoidal 

modulation is not included in order to clearly display the Fabry-Perot transmission profile 

riding on top of the ramp. Plot b) through e) displays the first through fourth harmonic of 

the detected signal respectively. 
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Figure 4.9: Measurement of human blood and ils harmonics. aj Direct measurement, bj first harmonic, cj 
second harmonic, d) third harmonic, and e) fourth harmonic. 
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Figure 4.10 takes the second and third harmonics signals demodulated from the direct 

measurement of blood and overlays the plots after both waveforllls have been normalized 

for comparison. In the plot, the negatively sloped zero crossings of the third harmonic do 

occur at the same spectral position of the second harmonic peaks as hypothesized in the 

theoretical developments within this research. 
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Figure 4.10: Second harmonic and third harmonic through a blood sample. 

Not only is signal fidelity essential to the experimental setup, the design must also 

account for the diversity of species. For humans, variations in skin pigmentations, 

surface moisture, fat content, and etc. are all variables in the measurements process that 

have to be considered to avoid skewing of the final measurements that are relayed back to 

the user. Preliminary investigation done in this research for a small sample size indicate 

that skin pigmentation does not hinder the measurement process, but penetration depth 
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does become a significant factor with tissue composition. The preliminary investigation 

suggest that a penetration depth of less than five millimeters woul.d be optimal for the 

non-invasive measurement system: With use of more sensitive detectors, for example an 

avalanche photo-diode, this depth can be improved; however, improvement come with 

the trade-off of higher cost. 

Data presented for the non-invasive sensor show evidence to support the theoretical 

developments for the enhancement of absorption features through the use harmonic 

detection in concert with a Fabry-Perot etalon. Another experimental run demonstrated 

the differences found in manipulated blood-glucose samples of various concentrations 

and data which shows an implementation of laser locking by monitoring the negatively 

sloped zero-cr~ssings of the third harmonic profile. From the experiments that have been 

carried out in this research, an envisioned end-product will be mentioned next which its 

feasibility is based upon the on-going results. 

4.2.3 Conceptual non-invasive sensor design 

The envisioned product is a portable device that the average person can wear. The 

power, analysis and user interface will be all contained in a sub unit that could be worn at 

the waist level. A electrical line would connect to another sub unit which contains the 

laser and detector embedded into a clip-on device that would be worn on the upper ridge 

or lobe of the ear. This system could~ also have wireless communication with the 

processing unit, but would require a power source on the clip itself, increasing the size of 

the device. The whole system could operate on battery power or even a combination of 

battery and perpetual motion chargers, which will utilize a person's daily motion to 

partially create power for the system. 
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Though the realization of the envisioned design is in the distant future, clinical trails 

with the bench-top system are ~ necessary and significant step toward the creation of the 

envisioned system. The n:xt section details the test plans set for clinical trails on human 

volunteers with the non-invasive bench-top s~stem. 

'4.2.4 Human trials employing the non-invasive topology 

The mathematical algorithms established in this research through the bench-top 

calibration must be adjusted to the noninvasive application of the optical system on 

human soft tissues. Differences in individuals such as skin pigmentation, skin hydration, 

fatty tissue composition, device application, and surrounding environment, can have a. 
, 

significant impact on the detection algorithms required to faithfully detect the glucose 

concentration. While initial transmission studies performed in the lab within the 

wavelength range of the optical system show that skin pigmentation does not impact the 

measurements as much as skin moisture and fatty tissue composition, this will need to be 

determined through statistically valid trials. Hence, this phase of clinical trials is 

imperative establishing the bounds of utility for the optical system presented here. 

Because the system in this topology is to measure blood glucose levels non-invasively, 
.. 

the use of non-human animals is not a required step in moving toward IDE approval. 

For the human trials, the optical system.will be tested non-invasively on volunteers 
l 

with various ethnicities, skin pigmentation, dietary habits, and diabeiic conditions. 

Adjustments; wiil comprise of compensating for effects of tissue components and' 

physiological factor on the optical system performance. For these'measurements, an ear . , 

clip will be applied to the earlobe and/or upper ear' of volunteers for 1 minute during 

which 5 optical measurements will be performed. A total of 4 different measurement sites 
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will be tested. The results will be compared to a reference glucose meter and the effect of 

variability in blood composition, blood type and physiological factors will be assessed. 

For this purpose, blood samples of 15mL will be drawn as the optical measurements 

are conducted. The optical measuring process only requires a few seconds per 

measurement, thus only one blood sample will need to be drawn for comparison. Clinical 

analysis of the blood sample will be carried out immediately with the clinical gold

standard measurement device, which will be properly calibrated prior to use. A 

comparison of the two measurement methods will be used to calibrate the optical system. 

To test the results of this calibration, noninvasive measurements will be' performed on 

40 volunteers of diverse physiology and glucose concentrations will be predicted using 

the prototype sensor. Predicted concentrations will be confu'ined using the reference 

instrument. To insure statistical validity a wide spread of natural glucose concentrations 

(40 - 4~Omg/dL), approximately 1/3 hypoglycemic (40-80mg/dL), 1/3 normoglycemic 

(80-200mgidL) and 1/3 hyperglycemic (200-400mg/dL) volunteers will be assessed .• 

Further, to assess and compensate for physiological differences, the noninvasive glucose 

sensor will be tested on soft tissues of 40 volunteers of different ages, ethnicities, skin 

pigmentations, and diabetic conditions. At least two of the 40 volunteers will be asked to 

return each day for one week to assess the day to day measurement variation. When 

determining glucose concentrations, assessment will include: 

• The agreement of measurements to the reference instrument by assessing agreement 

between the two methods using Bland-Altman analysis 

• Effect of skin pigmentation by assigning each volunteer a defined pigmentation degree 

according to an established table 
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• Effect of different hematocrit values by clinical blood analysis performed by the 

University's Health Service 

• Effect of different blood types by clinical blood analysis performed by the University's 

Health Service 

• Effect of physiological factors (body temperature, age, weight, etc.) by recording 

physiological data of each volunteer. 

4.3 . Conclusions l 

This section of this thesis will remark on the ideas presented. Then what lies in the 

future for this research in terms of duties and research direction will be discussed. 

Finally, this thesis will be consummated with final words regarding the research. 

4.3.1 Invasive system 

For the bench-top development stages; the invasive system contains more complexity 

in producing repeatable measurements due the the added challenge of re-coupling light 

back through the fiber after encountering the aqueous sample. Otherwise, the 

measurement technique for the invasive system is much simpler than the non-invasive 

version, due to the limited number of interferers in the measurement (i.e., there are no 

additional tissues or boundary layers to traverse and interstitial fluids are nonexistent). 

This prioritizes the creation the catheter interface for the patient which can accurately 

acquire the needed data in a form similar to that of Edwards LifeSciences catheter[lO]. 

Since the Edwards LifeSciences catheter was designed as a one-time-use product to avoid 

contamination between patients, a fabrication challenge imposed on the proposed catheter 
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design is to keep development cost minimal, or else consumer acceptance of such a 

catheter will be less feasible. 

If such a catheter can be fabricated and used to detect glucose levels in the leU 

environment, the next developmental step is to have the gl~cose sensing system control 

an insulin pump. Unlike the present day method, which is a periodic checkup by a health 

caregiver that will manually adjust the insulin pump' based on their observations, a 

digitally controlIed system will not be prone to subjectivity when making the adjustments 

and will work continuously around-the-clock. The control for the pump wiIl follow the 
. 

same algorithm that the detection system developed in this research relies on, which is a 

negative feedback to maintain stabilization. This control scheme will maintain a target 

range for the glucose concentration. If the concentration becomes too high; the control 

system will dispense insulin to counterbalance that level. The converse wiIl be done for . . 
glucose levels that are lower than the target range, which glucose will be dispensed to the 

patient. 

4.3.2 Non-invasive system 

The non-invasive data indicate that the detection process is realizable, but day-to-day 

reproducibility is ~ti1l something sought after in the current system. With so many 
. 

variables to account for in the setup, being able to simplifY subsystems is a great' asset to 

reducing the factors of day-to-day variability. A primary setback to the current system is 

• 
the limited tunability. of the laser source. As of now, the current sources used in the 

experimental setup hav~ approximately I nanometer of tunability which does not reveal 

much in a broad spectral profile of any biological molecules. Achieving a broader tuning 

capability from the optical source will be entailed into the future work of this research. 
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4.4 Future work 

The main priority for future work is initiation of the clinical trials and insuring day-to-

day data reproducibility. Current work is underway to bring a Ti:Sapphire ring laser 

system into operation which will serve as a valuable tool in determining what other 

constituents can be detected, increase the current system's sensitivity to the detection of 

glucose, and to quantifY performance criteria including reproducibility and accuracy. 

Once operational, the Ti:Sapphire laser will allow for greater optical probing power with • 

a large range of spectral tunability. Unfortunately, the expected date to complete the 

facility for the Ti:Sapphire laser is still unknown. 
" 

Work that can be done in the mean time involves miniaturizing the subsystems such as 

the laser driving circuitry, photo-detectors, and signal analysis equipment. An added 

benefit to the miniaturization of the sub systems will be the elimination of several 

variables that prevent day-to-day data reproducibility through integration of equipment. 

Ultimately, the envisioned non-invasive sensor will be a very compact system, so 

miniaturization at this stage of the research will provide the ground work for the 

envisioned design. 

Currently, the research uses a commercial off-the-shelf invasive blood-glucose 

monitoring system as a measurement comparison. This system, while good for diabetes 

• monitoring, is not ideal for calibration of the; optical system. For more accurate 

calibration measurements, a YSI gold standard gluco-meter would be preferred for 

referencing acquired data. Being able to reference to accurate data is a critical aspect to 

developing a product used to maintain the health care of an individual. 
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Having more accurate data will also be a valuable asset to forming the algorithm for 

the invasive measurements during the clinical trials. 'If the reference data used is 

unreliable, the algorithm ~ll be incapable of extracting a proper signal to concentration 

conversIOn. 

Recently, a 980 nanometer VeSEL was acquired and a plot presented by Koashi[4] 

indicates that an examination in the 980 nanometer region would be worthwhile. Testing 

of this can be done in parallel with the process of miniaturizing the experimental sub

components. 

In the distant future, if the non-invasive or even the invasive design enters the 

commercial market, further research would move toward detection of other constituents 

using a similar detection technique. Doing so would only require changing certain 

components of the developed system to suit the new wavelength attuned for the intended 

target constituent. Recently, preliminary studies have shown that this system can be used 

to detect alcohol in blood. Further examination may reveal significant potential with in 

this arena. 

4.5 Final words 

As the number of cases of diabetic related health problems increase with each passing 

year, the demand for a eaSy to use, accurate and pain free method for monitoring blood

glucose concentrations also increases. Much research, funding, and effort has been 

invested into finding an answer to this public demand. It is the hope of the author that the 

research presented here will provide a solution to diabetes monitoring, and further, that it 

will evolve to answer other demands that can be adapted from what has currently been 

developed. 
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