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Abstract  
 Current methods of monitoring blood glucose use inva-
sive technologies such as collecting blood samples. Devel-
opment of an accurate non-invasive method will present a 
great advantage over current methods. Our research group 
developed a non-invasive glucose-sensing polarimetry sys-
tem within physiologic glucose levels by applying advanced 
opto-electronics technology. The authors of this study 
demonstrated accurate results with the system presented 
here. In a previous study, the authors were successful in 
detecting the optical rotation of in-vivo and ex-vivo glucose 
concentrations within the physiologic range of 0-500 mg/dl 
due to a highly sensitive and stable closed-loop polarimetry 
system. Although preliminary results from this system were 
successfully demonstrated by the authors in a previous 
study, the complication of a closed-loop system creates is-
sues for future applications because it will require more 
components and it is more difficult to design and analyze 
the system. The authors introduce here a new, simplified 
open-loop non-invasive glucose-sensing polarimetry sys-
tem. Theories of the proposed method are introduced and 
preliminary results are demonstrated. This study investigat-
ed the development of an open-loop optical glucose-sensing 
system that used a simpler method to distinguish blood glu-
cose levels within this physiologic range by using the aque-
ous humor of the eye.  This is because it has extremely fast 
response and recovery profiles without significant delay, 
when compared with glucose concentrations in blood plas-
ma. The results demonstrate that not only is this non-
invasive glucose-sensing detector capable of monitoring 
glucose accurately enough to satisfy medical-use criteria, 
but is also capable of employing a more simplified method 
than existing conventional closed-loop optical glucose-
sensing technologies.  

 

Introduction 
 
 Diabetes mellitus is a serious disease when the human 
body does not produce or properly use insulin. It has been 
one of the major health problems in society. Often, diabetes 
can lead to many serious medical problems including 
blindness, kidney disease, nerve disease, limb amputations, 
and cardiovascular disease (CVD). According to the Amer-
ican Diabetes Association, the estimated cost of diabetes-
related health care in the United States is approximately 
$91.8 billion, annually, including $23.2 billion in direct 
medical costs [1]. The recent studies [2] of multi-center 

National Institute of Health (NIH) [2] indicated that the 
health risks associated with diabetes are significantly re-
duced when blood glucose levels are properly and frequent-
ly controlled [3]. It is clearly indicated that it is prudent to 
measure blood glucose as often as five or six times a day. 
Thus, it is very important that proper monitoring should be 
done by diabetics at home or at work [4] [5]. At present, all 
existing methods of home blood-glucose monitoring require 
obtaining a blood sample by pricking a fingertip with a 
needle. This method strongly discourages patients’ compli-
ance, and has serious drawbacks because of its associated 
pain, inconvenience, and invasive nature [6]. 
 
 A non-invasive method of monitoring blood glucose 
would present major advantages over current methods us-
ing invasive technologies. The authors attempted to devel-
op and demonstrate accurate results with a non-invasive 
closed-loop optical-glucose system, within the physiologic 
glucose range of 0-500 mg/dl. The proposed open-loop 
glucose-sensing opto-electronic system used in this study 
also needed to be capable of monitoring very low glucose 
levels with the accuracy and precision that would satisfy 
medical-use criteria; this method is also expected to be fast 
and simple. The cost of the proposed testing device would 
be significantly lower than for existing methods because 
only a monitor with an optical sensor would be required, 
and the high monthly expense of testing strips would be 
avoided. In addition, patient acceptance for this methodol-
ogy was expected to be high, due to its non-invasive na-
ture, and the fact that it would be a simple and safe testing 
procedure.  
 
 There has been an increased demand for continuous, non-
invasive glucose-monitoring techniques [7], due to the in-
creasing number of people diagnosed with diabetes and the 
recognition of the fact that the long-term outcome of these 
patients can be dramatically improved by a careful, frequent 
and accurate glucose-monitoring method with control.  In a 
previous study [8] [9] [22], the authors reviewed several of 
the newest, minimally invasive and non-invasive glucose-
monitoring technologies under development or recently in-
troduced. These include near infrared spectroscopy (NIR) 
[10], mid infrared spectroscopy (MIR) [11], radio wave im-
pedance, optical rotation of polarized light [11], fluid ex-
traction from the skin [12], and glucose-sensing contact 
lenses with fluorescence detection [11]. Although recent 
advances in basic research and clinical applications in non-
invasive optical glucose monitoring are very encouraging 
for the future of this field, none of the attempts with non-
invasive optical glucose-sensing techniques have resulted 
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thus far in the development of a sensor, which allows moni-
toring of glucose with sufficient accuracy and precision [7], 
[23]. Therefore, it is necessary to develop a new technique 
to satisfy criteria such as accuracy, low cost, simplicity in 
sampling and testing, portability, and safety. 

 

Theory and Plan of Study 
 

 The first precision optical polarimeter using the Faraday 
effect was introduced by Gilham [13], [14] in 1957. Rab-
inovitch and March [15] introduced the concept of using the 
aqueous humor glucose as a detector of the blood glucose 
concentration by measuring the polarization rotation. Sub-
sequently, Cote, Northrop, and Fox [16], [17] developed a 
true phase optical-glucose sensor to monitor glucose con-
centration. In 1997, Jang and Fox [18], [19] demonstrated 
that a closed-loop polarimeter could be realized with a sin-
gle Faraday rotator.  
 

In previous studies [18], [19], the authors introduced new, 
simplified non-invasive glucose-sensing polarimetry 
technology by introducing theories and demonstrating 
preliminary results. Conventional optical glucose sensors 
[7], [11], [20], [21] are very complicated in systemic design 
and performance because they adopted outdated closed-loop 
systems, which are inefficiently designed and implemented 
using additional optical components and electronic devices 
including a beam splitter, photo detectors, polarizers, 
Faraday modulators, and lock-in amplifier with additional 
analyzing devices. In this study, the authors attempted to 
investigate and develop the open loop-optical glucose-
sensing system due to its simplicity for achieving higher 
accuracy and stability, while ensuring system sensitivity. 
The optical rotation due to the glucose cell will be 
proportional to the concentration of the glucose and the path 
length of the cell. The entire system sensitivity can be 
controlled by changing the gain constant of the lock-in 
amplifier. 
 
 Figure 1 shows a basic open-loop polarimetry system. The 
linearly polarized wave is emerging from the first polarizer, 

where θ represents the axis of the first polarizer. x̂  is the 

horizontal component of θ and ŷ  is the vertical component 

of θ. The linear polarization of the interrogating beam is 
modulated by the optical chopper, which replaced the Fara-
day modulator used in previous research, and is then trans-
mitted through a glucose cell, second polarizer, photo detec-
tor, and lock-in amplifier, respectively. As illustrated in 
Figure 1, the linearly polarized wave emerging from the first 
polarizer, can be represented as the following vector equa-
tion, 

yExE ˆcosˆsin θθ +=
1

E                                (1) 

 
 
The linear polarization of the interrogating beam is modu-

lated by the action of the modulating optical chopper such 

that tcc ωφφ cos=  

Then, equation (1) becomes, 
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Figure 1. Block diagram of an open-loop glucose polarimetry 

system including glucose cell with first polarizer (P1) and se-

cond polarizer (P2) 

 
The ‘x’ component of the electric field can be expanded to 
yield, 

tEE ccx ωφ cos≈    (4) 

 
The frequency-doubling effect for crossed polarizers, where 
the axis of the second polarizer is at a right angle with re-
spect to the axis of first polarizer, can be demonstrated by 
the following development, since optical detectors are sensi-
tive to the intensity of light 
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The change ‘∆’ in linear polarization due to the optical rota-
tion effect is 
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It was found that the detected intensity will be 
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where:  cφ = optical rotation due to the optical chopper 

  ∆ = additional optical rotation due to the 
                      glucose cell 
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Vo

photo diode detector with a reference frequency ωc, its DC 
output is 

c

2

L LEV φ∆=          (8) 

 
where L is the gain constant of the lock-in amplifier and ∆ 
directly contains information about the optical rotation due 
to the glucose molecule in the cell. From the above equa-
tion, we can conclude that the DC level of the lock-in ampli-
fier in our open-loop optical-glucose sensing system will be 
dependent on the gain constant of the lock-in amplifier, in-
tensity of the optical signal, and the optical rotations due to 
the optical chopper and the glucose medium. If we set all 
parameters as constant, other than the glucose medium, the 
system can detect the variance of DC levels due to optical 
rotation, which is proportional to the concentration of the 
glucose molecule in the medium. 
 
 The theoretical response from the lock-in amplifier as a 
function of the angle between the two polarizers is repre-
sented graphically in Figure 2. It was found that this open-
loop polarimetry system worked efficiently when close to a 

45° angle between the two polarizers. A key point is that the 
rotation change ∆, which is indicative of glucose concentra-
tion, is now modulated at the Faraday frequency for coher-
ent detection. 
 
 
 
 
 
 

 

 

 

 

 

 
 

Figure 2. Graphical representation showing how the output 

from the lock-in amplifier depends on the angle (θ12) between 

the two polarizers in Figure 1. 

 

Methodology and Results 
 
 The main components of the closed-loop optical glucose 
sensor using the optical rotation of the glucose molecule are 
illustrated in Figure 3. A HeNe laser (approximately 1mW 
effective output after the first polarizer, 633 nm), and a first 
polarizer were used to provide linearly polarized light. The 
light was then passed through a Faraday modulator driven at 
about 1.2 kHz for the modulation of the polarization vector 
and detected by a photo diode detector after controlling its 
intensity by a second polarizer, which is called an analyzer. 
The lock-in amplifier provided an output signal, which is a 
DC voltage proportional to the amplitude of the 1.2 kHz 
present in the detected signal from the photo detector and 

then fed back to the Faraday modulator to close the loop. 
This dc output voltage is fully monitored and recorded by an 
oscilloscope, and a single Faraday modulator was used as a 
modulator and compensator to provide modulation and 
feedback compensation combined within the system. There-
fore, the lock-in amplifier provided phase and frequency-
locked detection of the 1.2 kHz component, which itself was 
proportional to the net rotation between the two polarizers 

positioned at 45° to each other. The optical rotation due to 
the glucose cell, with a path length of one centimeter, is 
proportional to the concentration of the glucose and the path 
length of the cell. Thus, sensitivity of the entire system can 
be controlled by changing the gain constant of the lock-in 
amplifier. 
 
 
 

 

 

 
 
 

 

 
Figure 3. Block diagram of a designed and implemented 

closed-loop glucose-sensing polarimetry system: P1 and P2 are 

polarizers; FM is a Faraday Modulator; the glucose cell con-

tains various glucose solutions within the physiologic range; 

PD is the photo diode detector; HPF is the high-pass filter 

 
The closed-loop system was first calibrated by measuring 

the DC output signal from the lock-in amplifier, while ap-
plying various modulating frequencies in order to find the 
best fit for the current glucose-sensing system. The data 
shown in Figure 4 (a) was obtained from the DC output of 
the lock-in amplifier by changing the angle of the second 
polarizer. It was found that the system sensitivity was 

37.01V/°, which means that every 10 millidegree of rotation 
gives about 370.1 mV DC offset. Since a practical glucose 
meter would need to detect a few millidegrees [22] of rota-
tion, this system had a significant sensitivity. Figure 4 (b) 
shows a calibration run using the closed-loop system with a 
glucose cell containing dextrose-glucose in concentrations 
of 0, 100, 200, 300, and 500 mg/dl within the physiologic 
range. These data sets were obtained by using a single cell 
that was refilled with various glucose concentrations at each 
measurement. The averaged set of data from Figure 4 (b) 
was plotted after taking 10 measurements for each concen-
tration to minimize errors due to the one-centimeter length 
of the glucose cell. The linear regression shown in Figure 4 
(b) yielded –5.725 – 0.006 [glucose], which indicates that 
for every 18.5 millidegree/(100 mg/dl), the dextrose-glucose 
molecule contributes about 0.2 millidegree of optical rota-
tion to the system. 
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Figure 4-a. Plot of the DC output from the lock-in amplifier 

(LIA) as a function of the second polarizer rotation in the 

closed-loop optical-glucose system illustrated in Figure 3 

 

 
Figure 4-b. Plot of the waveforms includes DC output from the 

lock-in amplifier (LIA) against glucose concentration in the 

closed-loop glucose sensor 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Block diagram and actual system of a designed and 

implemented open-loop polarimetry glucose sensor: CH is an 

optical signal chopper 

 The authors successfully demonstrated accurate results 
with the previously-designed non-invasive closed-loop po-
larimetry glucose-sensing system within physiologic glu-
cose levels. This study also attempted to investigate and 
develop an optical glucose-sensing system, in order to 
achieve higher accuracy and ensure sensitivity with a sim-
pler method using the open-loop glucose-sensing polarime-
try system shown in Figure 5 by applying advanced opto-
electronics technology. 
 
 The data shown in Figures 6-a to 6-i were obtained from 
the DC output of the lock-in amplifier with the angular ori-
entation of the second polarizer. Various gains were also 
applied in order to calibrate system sensitivity and stability. 
Then, the system sensitivity was measured by monitoring 
the DC output of the lock-in amplifier using a fit of the data 

as shown in Figure 6-j. It was found that the system sensi-

tivity was 6.442 V/°, which means that every 10 millidegree 
of rotation gives about 64.42 mV DC offset output. This 
sensitivity would be enough to detect a few millidegrees of 
rotation for a glucose molecule.  
 
 Although the system sensitivity was lower than the previ-
ously developed closed-loop glucose-sensing polarimetry 
system, the authors are confident and optimistic about this 
new open-loop system because the system sensitivity can be 
improved by a factor of 10 without encountering major 
problems. From previous experience, the optical rotation of 
the glucose molecule was observed within the physiologic 
range at the system sensitivity, 370.1 mV DC offset for eve-
ry 10 millidegree analyzing the polarizer rotation. Due to 
the fact that an absolutely dark room was not available for 
testing this system, there were certain levels of interfering 
optical noise involved in the current study. To improve sys-
tem sensitivity and stability, future measurements will be 
made in an absolute dark room.  
 

 
Figure 6-a 

 
 The general configuration of the system presented in Fig-
ure 7 is similar to the previous setup; however, the authors 
added an ex-vivo goat eye or an artificial eye to the system 
in order to detect penetrating light through the anterior 
chamber of the eye filled with aqueous humor. Also, the 
measured VDC output depends on the glucose concentration, 
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Figure 6-b 

 

 
Figure 6-c 

 

 
Figure 6-d 

 

 
Figure 6-e 

 
which can be detected by the lock-in amplifier. The system 
analysis with an ex-vivo goat eye or artificial eye will be 
completed in a future study. In this present study, the au-
thors have presented a simplified, non-invasive glucose-
sensing polarimetry system by presenting theories and 

 
Figure 6-f 

 

 
Figure 6-g 

 

 
Figure 6-h 

 

 
Figure 6-i 

 

demonstrating preliminary results. In a follow-up study, the 
authors hope to achieve the intrinsic optical rotatory effect 
using conventional optical rotation in the presence of ex 
vivo living tissue or an artificial eye. 
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Figure 6-j 

Figure 6. Demonstrated calibrations of the open-loop glucose-

sensing polarimetry system. (a) to (h) are plots of VDC output 

from the lock-in amplifier as a function of the second polarizer 

rotation in the open-loop system illustrated in Figure 5 at vari-

ous lock-in amplifier sensitivities. (i) is a composite plot of all 

sensitivities in the lock-in amplifier. (j) is a plot of the VDC out-

put from the lock-in amplifier in the linear regression range at 

the sensitivity 5×1×mV 

 

 
 
 
 
 
 
 
 

 

 
 

Figure 7. Schematic block diagram of the open-loop glucose-

sensing polarimetry system including an artificial eye 

 

Conclusion 
  
 Optical glucose-sensing techniques using the optical rota-
tory effect of glucose have many advantages over existing 
invasive and noninvasive methods, since the method is 
based on shining a brief pulse of light into the front of the 
eye. The authors previously showed that it is possible to 
isolate the lens/aqueous reflection and detect polarizational 
changes. However, measurements in the presence of a living 
eye will present many challenges because the tissues are 
more variable than nonliving optical components due to the 
nature of corneal birefringence. Further work will optimize 
this system in order to achieve the desired sensitivity, stabil-
ity and accuracy. Once these hurdles are overcome, the opti-
cal glucose-sensing method studied and developed in this 
study can be miniaturized using current integrated optics, 
electronics, and advanced micro-fabrication technologies. 
This technique also has great potential for providing an in-
expensive, fast, reliable, accurate, and compact non-invasive 
glucose sensor for diabetic patients in the near future. 
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