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Introduction 
 

iabetes is a widely spread disease in 

both industrialized and developing 

countries (1). It is a chronic metabolic 

disorder that impacts vital organs of the body, 

where continuous monitoring of blood glucose 

concentration prevents further complications D 
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Abstract 
Objective: Today, there are various non-invasive techniques 

available for the determination of blood glucose levels. In this study, 

the level of blood glucose was determined by developing a new 

device using near-infrared (NIR) wavelength, glass optical 

waveguide, and the phenomenon of evanescent waves. 

Materials and Methods: The body's interstitial fluid has made 

possible the development of new technology to measure the blood 

glucose. As a result of contacting the fingertip with the body of the 

borehole rod, where electromagnetic waves are reflected inside, 

evanescent waves penetrate from the borehole into the skin and are 

absorbed by the interstitial fluid. The electromagnetic wave rate 

absorption at the end of the borehole rod is investigated using a 

detection photodetector, and its relationship to the people's actual 

blood glucose level. 

Following precise optimization and design of the glucose monitoring 

device, a statistical population of 100 participants with a maximum 

blood glucose concentration of 200 mg/dL was chosen. Before 

measurements, participants put their index finger for 30 seconds on 

the device. 

Results: According to this experimental study, the values measured 

by the innovative device with Clark grid analysis were clinically 

acceptable in scales A and B. The Adjusted Coefficient of 

Determination of the data was estimated to be 0.9064. 

Conclusion: For future investigations, researchers are 

recommended to work with a larger statistical population and use 

error reduction trends to improve the accuracy and expand the range 

of measurements. 

Keywords: Non-invasive measurement, Hollow beam, Detection 

sensitivity, Divergence angle, Probe rod 
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(2). Researchers have continued to attempt to 

study a variety of techniques for measuring 

blood glucose concentration while 

emphasizing the accuracy of the measurements 

as a critical factor (3). 

There are many articles about the 

classification of various methods of 

monitoring and controlling blood sugar. 

During the past three decades, many blood 

sugar monitoring and diet management 

technologies have been used and a variety of 

techniques have been compared. Blood 

glucose measurements are mainly classified 

into invasive, non-invasive, and minimally 

invasive methods, with the majority of studies 

that focus on the development of non-invasive 

measurements (4). Non-invasive sensors, 

however, measure other markers in addition to 

blood sugar (5). Such sensors are at the top of 

research to control blood sugar due to 

extensive investigation in diabetic patients (6). 

Many companies are engaged in researching 

and developing commercialized non-invasive 

blood sugar sensors, but there are still serious 

obstacles to the development and mass 

manufacturing of these user-friendly devices 

due to their complexity and indirect nature of 

measurements (6). Despite such obstacles, 

recent research shows that current invasive 

methods are painful for patients and come with 

a financial burden for families. Thus, the 

development of non-invasive methods is 

necessary and interesting for the market and 

companies (7). Various classifications are 

available for non-invasive methods of 

measuring blood sugar (4,8-10). Among all of 

the available methods, transdermal 

measurement methods are more popular, 

including iontophoresis (11), bioelectric 

impedance (12,13), and optical methods (14-

16). Optical methods are nevertheless more 

attractive as they come with fewer biological 

side effects than other methods (17,18). 

Many articles and reports have been published 

on utilizing optical methods, but research has 

not ceased to propose a suitable, accurate, and 

affordable measurement method (19). In 

optical methods, the structure and optical 

devices are improved and the results are 

compared (8,20-22), or the effect of external 

factors (e.g., data collection from different 

parts of the body such as fingertips, palms, or 

blood vessels) is investigated (23-25). 

Since reports on non-invasive measurements 

have covered the use of optical methods due to 

the high sensitivity of blood glucose (26), in 

this study we attempt to propose a new method 

based on the same spectral range but using an 

optical waveguide. In this article, the level of 

blood glucose was determined by developing a 

new device using near-infrared (NIR) 

wavelength, glass optical waveguide, and the 

phenomenon of evanescent waves. The light, 

at the contact point of the fingertip and the 

borehole rod, penetrates from the optical 

waveguide into the skin and is absorbed 

proportionally to the blood glucose level. The 

light absorption is recorded in the detector and 

used to measure the blood glucose. 

 

Materials and Methods 
The body's interstitial fluid has made possible 

the development of new technology to 

measure the blood glucose. The interstitial 

fluid contains glucose, salt, fatty acids, and 

minerals such as calcium, magnesium, and 

potassium. Hence, blood sugar can be 

measured by measuring the glucose of this 

fluid. 

As a result of contacting the fingertip with the 

body of the borehole rod, where 

electromagnetic waves are reflected inside, 

evanescent waves penetrate from the borehole 

into the skin and are absorbed by the 

interstitial fluid. The wavelength in this 

research is chosen so that it is absorbed more 

by the interstitial fluid glucose than other 

elements. The electromagnetic wave rate 

absorption at the end of the borehole rod is 

investigated using a detection photodetector, 

and its relationship to the people's actual blood 

glucose level. Extrapolating this relationship, 

people's blood sugar can be remeasured and 

reestimated by experimental proofing. 

Where LED is the light source consists of 

SMD LED with a wavelength range of 780 to 
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850 nm and a divergence angle of θ , PR is a 

glass probe rod (SiO2: 72%; 8 mm in diameter 

and 150 mm in length), one side of which is 

flat and the other side is cut at an angle of 45°, 

and PD is a TCS3200 photodetector (made by 

TAOS, U.S.A.). The detector is installed at a 

distance D from the cross-section of the flat 

side and at a height d from the central axis of 

the probe rod. All the assembly is inside the 

aluminum holder. In the central area of the 

aluminum holder, there is a 1.5×1.5cm
2
 space 

for direct contact of the finger with the probe 

rod. 

Given the initial cutting angle of the glass rod, 

the light emitted from the LED source enters 

the prob rod with a divergence angle θ . A 

large portion of photons distributed in the 

spatial profile of the LED output reaches the 

end of the probe rode due to the general 

reflection phenomenon. See the following 

structure for a better understanding. 

Where θ  is LED divergence angle, θ i is the 

angle of irradiation, θ ƒ′  is the refractive angle, 

n1 is airrefractive index, and n2 is average glass 

refractive index for the LED irradiation 

wavelength range. Using Snell-Descartes 

computational relations, it can be shown that: 

(1): 

2

22
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Equation (1) shows the refraction angle of the 

light output from the probe rod in terms of 

incident light. According to Equation (1), θ ƒ′  

will never be equal to zero. In simple terms, 

the light will not be emitted vertically from the 

cross-section of the glass from the end of the 

probe rod, and the output beam will be hollow. 

Due to the light scattering from glass n2= n2 

(λ ), the values of θ ƒ′  will be different for 

various wavelengths. We can substitute 

different values of n2 in Equation 1 using 

Sellmeier equations. 

Sellmeier equations are, in fact, equations that 

show the refractive index in terms of 

wavelength. The Refractive index of a glass 

borehole rod depends on various factors such 

as its composition, transmission light 

wavelength, ambient temperature. Since the 

glass composition and the ambient temperature 

are constant while testing, only the 

transmission wavelength can be variable, 

which the effect of this quantity on the output 

data will be examined in the next section. 

In this research, measurement and its errors 

depend on different factors such as 

temperature, cutting angle of the borehole, 

optical noise of the environment. Although the 

measurement of the absorption rate and the so-

called output power to input power ratio is 

investigated in 30 seconds, and the changes of 

these factors in this time will not be large, the 

impact of these factors should be minimized to 

design the device. Changes in the ambient 

temperature of more than 10 °C within 30 

seconds of finger contact with the borehole 

can lead to a measurement error that will not 

occur. The cutting angle of the borehole rod 

will also be checked using the Vernier scale 

before assembling the device. Moreover, 

considering the small cross-section of the 

fingertips contact with the borehole, the 

ambient light noise is minimized as much as 

possible, and will not have a significant effect 

on the measurement. 

In this work, a total of 100 people of varying 

ages visiting a specialized laboratory for daily 

blood sugar sampling were randomly selected 

to form the statistical population. Since most 

patients were aimed at standard checkups and 

measurements, there were no blood sugar 

concentrations above 200 mg/dL in the data 

collected. 

 

Ethical considerations 
The study received ethical approval from 

Shahid Sadoughi University of Medical 

Sciences and oral consent was also obtained 

from all individuals and volunteers before 

enrolling them to study. (Ethics code: 

17/1/47799). 

 

Results 
In various studies, the refractive index of glass 

has been obtained for different wavelengths 
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using Sellmeier equations and reported 

separately (27-31). 

Figure 1 is the scatter diagram graph of glass 

refractive index in various wavelengths, which 

is plotted based on the Sellmeier equation 

measured by Malitson in the wavelength range 

of λ = 200-3725nm (32). 

The upper and lower limits of the angle of 

light emitted from the probe rod depend on the 

angle of the incoming light (θ ). Thus, θ = 

0,15,30,45,60,75,90 deg, the values of the 

upper (θ ƒ′ ,max) and lower (θ ƒ′ ,min) limits were 

obtained using Equation 1 and the simulation 

in Origin Pro 8. 

As demonstrated in Figure 2, with an increase 

in wavelength and the angle of the incoming 

light (θ ), the lower limit of the output light 

(θ ƒ′ ,min) of the probe rod decreases. For θ = 

90, the minimum irradiation of the output 

scattered light from the end of the probe rod is 

 

Figure 1. The scatter diagram graph of glass refractive index in wavelengths. 

 

Figure 2. The lower limit of the light output angle of the probe rod for θ = 0,15,30,45,60,75,90 deg. 
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θ ƒ′ ,min= 0, i.e., there will no longer the output 

hollow beam at the end of the probe rod. The 

diagram in Figure 6 shows that θ ≥ 75, the 

output light beam will no longer retain its 

hollow state. 

Figure 3 shows the upper limit of the output 

light, where the value of the upper output light 

limit (θ ƒ′ ,max) decreases with increasing 

wavelength, while it increases with an increase 

in the angle of incoming light from the probe 

rod (θ ). For θ = 90, or the scratch state on the 

edge of the probe rod, the output light will be 

emitted nearly tangential to the flat plate at the 

end of the probe rod. 

According to Figures 5 and 6, it can be 

concluded that the beams enter the probe rod 

with an angle of divergence greater than zero 

(θ = 0), due to having larger θ ƒ′ ,max, leave the 

end of the probe rod with the greatest impact 

on the glass-air cylindrical interface and the 

multiplicity of the general reflection 

phenomenon. Therefore, such beams are more 

sensitive and proper for detecting and making 

evanescent waves. In other words, since the 

 

Figure 3. The upper limit of the angle of light output from the probe rod for θ = 0,15,30,45,60,75,90 deg. 

 

Figure 4. Spatial profile of the He-Ne laser at a distance of 3 mm from the inlet edge of the probe rod. 
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light output from the end of the probe rod is a 

mixture of incoming lights with different 

angles, the radius of the output light is useful 

for detection that has the longest optical path 

inside the glass rod and the greatest impact 

with the glass-air cylindrical interface. 

According to Figures 5 and 6, the larger radii 

of the output beam from the probe rod show 

the longest optical path. 

Blood glucose concentration, however, is not 

sensitive to all wavelength ranges. As reported 

previously, the best wavelength for detecting 

blood sugar levels is within the NIR range 

(26). In this study, an LED source with a 

wavelength range of 780 to 850 nm was used 

for the non-invasive determination of blood 

glucose concentrations. 

First of all, to show the accuracy of the 

analytical calculations, the spatial index of the 

output of the probe rod was measured. a He-

 

Figure 5. Experimental diagram of determining the sensitivity of a blood glucose meter in terms of changes θ d,D in the 

displacement of the PD detector. 

 

Figure 6. Experimental diagram of intravenous blood glucose determination considering the values of absorption 

coefficient recorded by the blood glucose meter. 
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Ne laser with Gaussian spatial profile, 5 mW 

power, and a divergence angle δ θ =1.13 mrad 

at a distance of 1300 mm from the laser output 

opening was used. 

The laser output index was measured at a 

distance of 1300 mm from its outlet and 3 mm 

from the inlet edge of the probe rod using the 

optical knife-edge technique (33). 

In Figure 4, the laser beam diameter was 

d=3.40 mm and the beam diameter at half 

maximum was dFWHM=1.54 mm. The laser 

output profile from the end of the probe rod 

will be as follows: 

Since the perforated profile is hard to reveal 

using the optical knife-edge technique (33), 

this index is swept using the required scanner 

(34). 

The diameter of the hole in the output profile 

was 16.2 mm and the divergence angle was 

which differs from its calculated value by 

approximately 1 degree. This measurement 

shows the accuracy of analytical calculations 

and graphs plotted. 

According to the analytical calculation and 

experimental results, the spatial position of the 

detector (PD) and the LED source in the 

designed sensor are of great importance. 

Figure 10 shows the measurement sensitivity 

of the designed sensor in terms of PD position. 

Sensitivity in Figure 5 refers to loading a 

completely identical wet sample on the 

window of the blood glucose meter and 

measuring the percentage of changes in output 

power to the initial input irradiation power in 

terms of changes in d and D and ultimately 

θ d,D= tan
-1

(d/D) in the position of the PD 

detector according to Figure 2. As 

demonstrated in Figure 10, the sensitivity of 

the detection is largely dependent on the 

spatial position of the PD. At larger values of 

d and smaller values of D, the sensitivity will 

improve because the detector is installed 

where the beams with the new path length are 

emitted from the end of the probe rod. 

Therefore, the best place for installing the PD 

detector in this device is at D= 0.7 mm and d= 

7 mm, provided that the LED is not moved at 

the proximal area of the probe rod. In this 

Table 1. Characteristics of the fitted line graph diagrams in the data of figure 7. 

Equation y = a + b*x Linear Standard error 

Adj. R-Square 0.9064   

FBS 
Intercept (a) 1.72932 0.72556 

Slope (b) 645.10478 10.64734 

 

Figure 7. The Clarke error grid analysis. 
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research, the tip of the probe rod on the LED 

screen is tangent to obtain the maximum 

divergence angle (θ ). 

In this work, a total of 100 people of varying 

ages visiting a specialized laboratory for daily 

blood sugar sampling were randomly selected 

to form the statistical population. Since most 

patients were aimed at standard checkups and 

measurements, there were no blood sugar 

concentrations above 160 mg/dL in the data 

collected. 

Before sampling, all participants were asked to 

hold the index finger of the right hand on the 

blood glucose meter for 30 seconds. The 

intensity of the output light was recorded 

before and after touching the device. 

Following each touch, the contact area was 

completely disinfected with 90% alcohol. Two 

minutes after measurements, blood samples 

were collected intravenously from participants 

using an autoanalyzer for standard blood 

glucose determination. 

Figure 6 shows the relationship between 

intravenous blood glucose determination and 

the value of absorption coefficient recorded by 

the blood glucose meter. With linear fitting in 

the data presented in Figure 6, the second-

order correlation coefficient of the data is 

equal to R-Square= 0.9064, indicating the 

acceptable correlation of the data. 

By using the data from Table 1, we can plot 

the diagram of blood sugar calculated by the 

innovative blood glucose meter with 

laboratory reference data in the Clarke error 

grid analysis (35). 

As demonstrated in Figure 7, the data 

measured and calculated by the new glucose 

monitoring device are located in areas A and B 

and are clinically acceptable. 

 

Discussion 
It is, however, required to consider the larger 

samples and statistical population to improve 

the accuracy as well as the measurement 

range. Users also come with several 

measurement errors which should be 

addressed as much as possible. 

This method is much simpler than other 

optical methods. The FTIR or 

Spectrophotometer has been used in many 

optical methods, while this method uses 

generating unstable waves and a photon 

detector. Using Spectrophotometer systems 

makes it possible to examine the results for a 

wide wavelength range, and researchers can 

adjust and sensitize their results to any desired 

wavelength, however, only the intensity of the 

LED wavelength can be read in this system. 

Measuring the blood sugar by the designed 

sensor of this paper, like other methods, 

depends on the contact pressure of the 

fingertips. The measurement data by the 

proposed system, like other methods, are in the 

clinically acceptable range. 

 

Conclusions 
There are many techniques proposed for the 

determination of blood glucose levels. Among 

all of these methods, non-invasive 

measurements, e.g., precise optical 

measurements with NIR wavelengths, are 

popular for both users and researchers. In this 

study, following the literature review, a special 

model of NIR wavelength utilization using 

glass optical waveguide assisted with the 

phenomenon of evanescent waves was 

proposed. The design and manufacture of this 

device to enhance the accuracy of 

measurements were discussed both 

computationally and experimentally and a 

good agreement was observed between the 

results. According to the results, choosing an 

appropriate wavelength and the location of the 

LED light source and the photon detector are 

influential factors in improving the accuracy 

and sensitivity of blood glucose determination. 

A blood glucose meter was designed and 

manufactured considering all influential 

factors and computational and experimental 

results. 

Then, by choosing a statistical population of 

100 people of varying ages, blood sugar was 

measured by two standard intravenous 

samplings and using the innovative device 

proposed in this study, and the results were 
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compared. Experimental results showed that 

the values measured by the innovative device 

are clinically acceptable with Clark grid 

analysis.  

For future studies, it is recommended to work 

with a larger statistical population and use 

errors diminishing trends to improve the 

accuracy and expand the range of 

measurements. 
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