Results in Engineering 20 (2023) 101506

Contents lists available at ScienceDirect

Results in

Engine

Results in Engineering

journal homepage: www.sciencedirect.com/journal/results-in-engineering

ELSEVIER

The effect of temperature on permittivity measurements of aqueous
solutions of glucose for the development of non-invasive glucose sensors
based on electromagnetic waves

Renu Karthick Rajaguru Jayanthi?, Bal S. Virdee™ , Innocent Lubangakene ?,
Priyanka Ganguly ", Dion Mariyanayagam *

& Center for Communications Technology, School of Computing and Digital Media, London Metropolitan University, 166-220 Holloway Road, London, N7 8DB, UK
b School of Health Sciences, London Metropolitan University, UK

ARTICLE INFO ABSTRACT

Keywords:

Permittivity

Dielectric constant
Temperature effect
Non-invasive biosensor

This article presents for the first time an empirical study that shows the importance of considering temperature
when analyzing the permittivity (dielectric constant) of aqueous glucose solutions of various concentrations. The
permittivity is a parameter that is investigated by researchers as a biomarker for non-invasive measurement of
glucose without drawing blood. The development of this technology will allow personalized healthcare di-
agnostics to monitor and prevent diabetes. Since human glucose levels in the blood vary in the range of a few
milligrams per decilitre, estimating such small variations of glucose will require a highly accurate and repeatable
sensing technology. Electromagnetic (EM) waves, specifically in the microwave and terahertz frequency ranges,
have shown promise in detecting changes in the electrical properties of blood plasma as they relate to glucose
concentration. However, it’s important to note that while this technology shows promise, it is still in the research
and development phase. It is shown here that the body temperature can affect the accuracy of the blood glucose
measurements. Experiments were conducted with different glucose concentration solutions under various tem-
peratures and the complex permittivity of the glucose was studied across a wide frequency range from 400 MHz
to 11 GHz. The rise in thermal energy normally causes dipolar liquids like water to vibrate and rotate disrupting
the alignment of the dipoles in response to an electric field thereby reducing its permittivity. Empirical results
however show that for aqueous solution of glucose the permittivity increases with rise in temperature from 16 °C
to 37 °C. This is attributed to the polar nature of the water and glucose molecules that becomes more pronounced
with increased thermal energy. Based on the experimental results an accurate analytical expression is derived
that considers the temperature of the aqueous glucose solution. The accuracy of the analytical expression is
shown experimentally to be above 99%. The findings from the study should enable the design of accurate non-
invasive glucose monitoring devices based on electromagnetic sensing techniques.

Glucose

1. Introduction

According to the World Health Organization there are currently 420
million people globally that are living with diabetes [1]. In fact, deaths
related to diabetes have increased by 70 % between 2000 and 2019. This
debilitating disease affects about 8.8% of the world’s population, and it
is estimated to increase to 9.9% by the year 2045, which translates to
roughly one person in ten [2]. The consequence of diabetes is that it can
severely damage the major organs, including the heart, eyes, kidney,
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and brain [3]. However, the effects of diabetes can be kept at bay by
controlling the blood glucose level. In adults, the glucose concentration
in the range of 50-180 mg/dL is considered to be healthy.

Glucose monitoring plays a crucial role in helping people to lead a
healthy lifestyle. Even though there are several ways to measure the
level of glucose in the body they are all essentially invasive techniques
including the continuous glucose monitor (CGM). Traditional tech-
niques of measuring glucose involve drawing blood by pricking the
finger [4-6]. A person afflicted with diabetes needs to prick their finger
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at least twice daily, and over a year they would have pricked their finger
more than 700 times. However, CGM works by inserting a miniature
sensor needle under the skin to measure the glucose level in the inter-
stitial fluid. This sensor determines the level of glucose every few mi-
nutes and wirelessly transmits the information to a remote monitor.
Even though CGM can be used to manage Type 1 or Type 2 diabetes, the
sensor needs to be replaced every seven days, which can be expensive.
CGM modality of body glucose measurement has several limitations,
which are (i) it underestimates glucose excursions, i.e., fluctuations in
the blood sugar, (ii) it requires daily calibration for accuracy, and (iii) it
can take about five to 25 minutes longer to show rise in glucose readings
compared to venous blood glucose.

Wireless wearable healthcare devices are becoming very popular.
These small electronic devices can measure multiple body parameters
such as temperature, blood pressure, blood oxygen, breathing rate,
physical movement, and the electrical activity of the heart. However,
there is a need for intelligent wearable non-invasive sensor for real-time
monitoring of blood glucose. This sensor must be designed such that it
be accommodated into a smart watch-like device. It should be able to
determine the level of glucose from biofluids such as perspiration. Re-
ported in Ref. [7] is a distinct correlation between the glucose concen-
tration, permittivity, and microwave signals [7]. This means the
permittivity of glucose can be used as a direct biomarker to determine
the level of glucose in the blood. It should be noted that microwave
signals are non-ionizing radiation and are not harmful to human health
at low power levels of exposure. The Federal Communications Com-
mission (FCC) and other regulatory agencies around the world have
established guidelines and safety standards to limit human exposure to
non-ionizing radiation. The license free frequency bands centered at
915 MHz, 2.45 GHz and 5.8 GHz are classified under the industry, sci-
entific and medical (ISM) bands. The maximum power at ISM bands is
restricted to 1 Watt (30 dBm) [8,9].

In the literature published to date on non-invasive measurement of
glucose using electromagnetic (EM) waves, no one has considered the
effects of temperature on the measurements [5,7,10]. This paper pre-
sents the results of a new study showing how the permittivity of aqueous
solutions of glucose are affected by temperature variations. The exper-
imental results presented here show that if the temperature of the
aqueous glucose solution is not considered in the permittivity mea-
surements there will be error in the prediction of the glucose concen-
tration level. It is shown here that a small error in permittivity can
translate into a significant error in the glucose concentration level.

The paper is structured as follows: Section 2 covers materials and
methods, Section 3 presents experimental results, Section 4 discusses
overall results, and the work is concluded in Section 5.

2. Materials and methods
2.1. Tested solutions

According to the World Health Organization (WHO) normal fasting
blood glucose concentration is between 70 mg/dL and 100 mg/dL [11].
It is recommended that the glucose level in blood be maintained in the
range between 80 mg/dL and 130 mg/dL prior to eating a meal. Hy-
poglycemia is a condition when the glucose level falls below 80 mg/dL
and immediate medical treatment is required. On the other hand, Hy-
perglycemia occurs when the glucose level is above 180 mg. Hyper-
glycemia that lasts can exacerbate and cause serious health problems
including a diabetic coma. After eating a meal, glucose in the blood
climbs up to 180 mg/dL but this will eventually fall after a couple of
hours. Considering these glucose levels, six solutions of different glucose
concentrations were accurately prepared as listed in Table 1. The solu-
tion medium was prepared using deionized water. These glucose solu-
tions were used in the subsequent experiments to understand how the
permittivity of each of these solutions was affected by temperature. A
sample of glucose solution with 5000 mg/dL concentration was
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Table 1
Aqueous glucose solutions used in the study.

Sample Glucose concentration level (mg/dL) Clinical condition
1 55 Hypoglycemic

2 80 Normal

3 120 Normal

4 180 Normal after meals
5 300 Hyperglycemic

6 5000 hyperglycemic

considered only for research purposes as it is very unlikely for blood
glucose levels to reach such high levels.

2.2. Measurement setup

The permittivity of the aqueous glucose solution samples in Table 1
were measured using a precision dielectric measurement system from
SPEAG. The probe used in the study is Dielectric Assessment Kit (DAK)
3.5 mm designed to measure the permittivity from 200 MHz to 20 GHz.
The measurement setup is shown in Fig. 1. The probe, which is con-
nected to a Vector Network Analyzer (VNA), was immersed into the
glucose sample such that the electromagnetic (EM) fields at the probe
end are perturbed by the glucose solution under test and the resulting
reflection coefficient (S1;) was measured with the VNA. The complex
permittivity was then computed from using the following expression
[12]:
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where ¢ is the real part of the permittivity and represents the ability of

the glucose solution to store the EM energy, and ¢ is the imaginary part
of the permittivity and represents the degree of EM energy is lost in the
solution. 6* = ¢ +jo is the complex electric conductivity and o is the
angular frequency.

The permittivity of the six glucose samples of various concentrations
listed in Table 1 were studied over a temperature range (10°C to 37°C)
encompassing the human body temperature and across the frequency
range between 400 MHz and 11 GHz. The measurement of the dielectric
constant was taken at an interval of 100 MHz in the specified frequency
range. Prior to conducting the experiment, the DAK probe was cali-
brated. The calibration was crucial prior to taking measurements for
several reasons, i.e., (i) to mitigate any systematic errors in the readings
and ensure that the probe provides accurate and reliable measurements,
(ii) to negate manufacturing variations and differences between indi-
vidual probes, (iii) to account for temperature-related variations, (iv) to
adjust the probe’s response to different frequencies, ensuring that
measurements are accurate and consistent across the desired frequency
range, and (v) to account for environmental factors, such as humidity
and pressure, which can influence dielectric measurements. Three high-
quality standards were used in the calibration. The initial standard was
‘open’, in this case, the probe is exposed to an open environment. In the
next stage, the probe was ‘shorted’ using a Copper (Cu) strip. And
finally, the probe was immersed in a defined load. In this case, the load
was deionized water at room temperature (23°C).

2.3. Measurement procedure
The steps taken to measure the permittivity were as follows:

1. Preparation: Calibrate the dielectric measuring probe using reference
standards with known permittivity values. This step ensures that the
instrument is set up correctly and provides accurate measurements.

2. Sample Preparation: Prepare the glucose solutions of specified con-
centrations. Ensure that the solutions are at the desired temperature.
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Fig. 1. (a) Measurement setup showing SPEAG’s dielectric probe sensor (DAK 3.5 mm) inserted in a glucose solution to measure its permittivity (please note, red dye
was added to the glucose solution purely for the purpose of clarity in the picture), (b) close-up view of the probe sensor, and (c) cross-section of the coaxial probe

sensor. Note, the coefficient of thermal expansion of water is 210 x 107°/°C.

3. Measurement Setup: Immerse the probe into the glucose solution.
Make sure it is properly positioned.

4. Measurement: (i) Initiate the measurement on the instrument, (ii)
Allow the measurement to stabilize over 10 min, and (iii) Record the
permittivity value provided by the instrument.

5. Repeat Measurements: Take multiple measurements of the same
solution and calculate the average.

6. Cleansing: Clean the probe with deionized water and dry before
taking new measurements.

Initially the temperature of each glucose sample was lowered to
precisely 10°C. This was done by refrigerating the samples. However,
when the samples were exposed to the lab environment for measure-
ment, the temperature of the sample began to increase. It was therefore
necessary to stabilize the temperature of the samples. The temperature
of the samples was continuously monitored using a digital thermometer.
All measurements were conducted in a temperature-controlled

environment. The permittivity of each sample at the specified temper-
atures were measured with the DAK probe across 400 MHz and 11 GHz
at intervals of 100 MHz. The permittivity measurements were made
after immersing the probe fully in the aqueous glucose solutions for 10
min to negate the effects of the thermal expansion coefficients consti-
tuting the probe. To maintain the measurement accuracy and prevent
contamination the dielectric probe was cleaned with deionized water
each time it was used with a different glucose solution.

3. Experimental results

The permittivity (¢") of the glucose samples of concentration 55 mg/
dL to 300 mg/dL were measured with the DAK probe between 400 MHz
and 10.9 GHz. The measured results in Fig. 2(a) show the permittivity of
glucose to decrease from 78 to 60 with increase in frequency from 400
MHz to 10.8 GHz. At low frequencies, the glucose molecules in the
dipole fluid (deioniszed water) have enough time to polarize and align
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Frequency vs Permittivity (80mg/dL)
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Fig. 2. Measured permittivity of the glucose sample as a function of frequency, (a) real part of glucose concentrations from 55 to 300 mg/dL, (b) real part of 80 mg/
dL glucose concentration as a function of temperature, and (c) imaginary part of 80 mg/dL glucose concentration as a function of temperature.

themselves with the alternating electromagnetic field. This alignment
contributes to a higher permittivity. However, at higher frequencies, the
molecules don’t have sufficient time to adjust their orientation fully,
resulting in reduced polarization and a lower permittivity. The permit-
tivity of the glucose solutions of different concentration converge at 400
MHz however the differential in the measurements becomes pronounced
with increase in frequency. In fact, the permittivity at any given fre-
quency tends to increase with increase in glucose concentration. This is
because glucose is a polar molecule which reacts to an applied electric
field. As the concentration of glucose in the solution increases, more
polar molecules are available to respond to the electric field, thus
increasing the overall permittivity of the solution. This graph confirms
the use of permittivity as a biomarker for determining the concentration
of glucose in body fluids.

Fig. 2(b) and (c) show the real and imaginary parts of the

permittivity, respectively, of the 80 mg/dL glucose sample measured at
five different spot temperatures, i.e., 10°C, 16°C, 23°C, 29°C, and 37°C,
across 400 MHz and 10.8 GHz. Fig. 2(b) shows the real part of the
permittivity decreases with increase in frequency, and at any given
frequency the permittivity increases with temperature. Both water and
glucose are polar molecules and as the temperature is increased, the
kinetic energy of molecules in the solution increases. The resulting
molecular motion leads to more rapid oscillations of molecules resulting
in a greater ability to respond to an applied electric field, which in turn
leads to a higher permittivity. A close up view between 2 GHz and 2.6
GHz show the variation in permittivity with freqency to be approxi-
mately linear. Also, at any frequency between 2 GHz and 2.6 GHz, the
permittivity gap between 10°C and 16°C is much closer. Also, the
permittivity gap between 10°C and 23°C is much tighter at frequencies
between 5.6 GHz and 7.6 GHz.
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The imaginary part of the permittivity of glucose increases with in-
crease in frequency, as shown in Fig. 2(c). As explained earlier at higher
electromagnetic frequencies the glucose molecules don’t have enough
time to fully reorient themselves, leading to incomplete alignment and
energy dissipation. This energy dissipation is manifested as an increase
in the imaginary part of the permittivity. Across 400 MHz and 10.8 GHz,
the imaginary part of the glucose permittivity increases from around 2 to
32. Also, the gap of the imaginary permittivity tends to increase with
increase in frequency. A close up view in Fig. 2(c) between 2 GHz and
2.6 GHz shows that the imaginary part of the permittivity having a linear
relationship with increase in frequency, and the gap between the
imaginary part of the permittivity is approximately the same for the five
spot temperatures between 10°C and 37°C.

The mechanism behind the change in permittivity with frequency
and temperature can be explained using the equation for complex
permittivity is given by Ref. [13]:

€ — €
1+jot

@
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where ¢, is permittivity at low frequency, ¢, is permittivity at high
frequency, o is angular frequency, 7 and is relaxation time. This rela-
tionship of relates permittivity with frequency. According to Ref. [14]
the imaginary part of the dielectric constant are given by:
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where n dielectric constant, u is dipole moment, g is parameter related to
dipole interaction, and T is the temperature. Eqn. (4) shows how the
permittivity is related to temperature. Precise mathematical models that
predict the permittivity as a function of temperature are presented in
Section 3.2.

The above results show different concentration samples of glucose
solution exhibit a similar permittivity trajectory as a function of fre-
quency however the differential in the magnitude of the permittivity of
the glucose solutions (80 mg/dL and 300 mg/dL) is within a fraction of a
percentage at any given frequency. It should be noted that at any given
frequency even though the variation in the permittivity of the different
concentration samples is relatively small and the change in the permi-
tivity with temperature is small too, however this small variation in the
permittivity corresponds to a large variation in the glucose concentra-
tion level as evident in Fig. 3. Hence, the measurement of the permit-
tivity as a function of temperature is crucial in accurately measuring the
glucose concentration in the body.

The relationship of the real part of permittivity as a function of fre-
quency for aqueous glucose solutions of concentration between 55 mg/
dL and 300 mg/dL can be expressed as

£(f) =7 + 107°f(p — 0.0185f) (5)

where y is the permittivity constant with a value of 77.16, f is the fre-
quency in MHz, and constant p is 8.67 for glucose concentration samples
of 55 mg/dL to 300 mg/dL. Table 2 shows the real value of permittivity
calculated with Eqn. (5). The accuracy of the equation is above 99.9%
for the frequency range between 2 GHz and 2.6 GHz. The high accuracy
of theoretical model is essential in biosensors where small errors can
have significant consequences. Such a model is important to predict the
permittivity of the aqueous glucose solutions of various concentration
levels (55-300 mg/dL) with great accuracy over a wide frequency range
(400 MHz - 10.8 GHz). The accuracy of the model heavily relies on the
quality and quantity of the experimental data used for curve fitting. Eqn.
(5) was determined from measurements made using a high precision
dielectric probe and VNA instrument, both of which are highly costly.

Results in Engineering 20 (2023) 101506

Ag,, between 80 mg/dL - 300 mg/dL @ 10°C

0.09

008 e

0.07

0.06

% Change in real part of permittivity

0.05
2 2.1 2.2 23 2.4 25 2.6

Freq. (GHz)

(@)

Ag, between 80 mg/dL - 300 mg/dL @ 10°C

imaginary

1.2

1.15 &

11 :

105 e

0.95 S W

0.9
0.85

0.8
2 2.1 2.2 2.3 24 2.5 26

Freg. (GHz)
(b)

Fig. 3. Difference in the permittivity between the glucose sample of 80 mg/dL
and 300 mg/dL at 10 °C, (a) real part, and (b) imaginary part.
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Table 2
Accuracy of Eqn. (5) with glucose concentration sample of 80 mg/dL.

Frequency (MHz) Measured Calculated Accuracy (%)
8’ 8/
2000 76.5837 76.5934 99.98
2100 76.511 76.52622 99.98
2200 76.4342 76.45534 99.97
2300 76.3537 76.38076 99.96
2400 76.2709 76.30248 99.96
2500 76.1858 76.2205 99.95
2600 76.0978 76.13482 99.95

Frequency vs Permittivity
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Fig. 4. The real part of permittivity of the glucose sample (80 mg/dL) as a
function of frequency when compared with the values calculated using Eqn. (5).
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Fig. 4 shows graphically the accuracy of Eqn. (5) in predicting the real
part of the permittivity of the specified glucose samples.

Similarly, an expression was obtained to predict the imaginary part
of permittivity of the glucose as a function of frequency. It is evident
from Fig. 2(c) the imaginary part of permittivity increases linearly from
400 MHz to 5 GHz, thereafter it begins to deviate from the linear tra-
jectory. The expressions to predict the imaginary part of the permittivity
are:

' +0.0032f,0 < f (MHz) < 4999
() =fx)= { n —50.316}‘0'52,];000 2; (MI-)Iz) < 11000 6)
where f is the frequency in MHz, constant ¢ is 0.586, and constant 7 is
—9.79. Table 3 shows Eqn. (6) predicts the imaginary part of permit-
tivity with an accuracy of over 99 % between 2 GHz and 2.6 GHz. For
frequencies between 5 GHz and 10 GHz, Tables 3 and 4 show that Eqn.
(6) predicts the imaginary permittivity with an accuracy of above 98%.
Fig. 5 shows graphically the accuracy of Eqn. (6.).

3.1. Relationship between temperature and real part of permittivity

Measurements of permittivity (real part) were conducted at 2.5 GHz
on aqueous solutions of glucose that cover normal fasting blood glucose
levels (70-100 mg/dL), hypoglycemia (<70 mg/dL) and hyperglycemia
(>180 mg/dL). Purely for experimental purposes the permittivity was
also measured at extreme low and extreme high glucose concentrations.
Fig. 6 shows the measured permittivity (real part) of the glucose samples
and how it changes with increase in temperature from 10°C to 37°C. The
permittivity of the different glucose concentration samples follows a
similar trend. The measured values of permittivity can be approximated
to follow an exponential trajectory. Listed in Table 5 are the measured
values of the permittivity (real part) at various temperatures for
different glucose concentration samples.

3.2. Mathematical model of the real part of the permittivity as a function
of temperature

The relationship between permittivity (real part) as a function of
temperature can be modelled by the following expression obtained from
curve fitting of the measured data:

() =a+ pe"' @

where the constant a is 76.05 for the samples with glucose concentration
of 55 mg/dL to 300 mg/dL, f is a constant of magnitude 0.0433, and T is
the temperature in °C. Results in Fig. 6 show the comparison between
the calculated and measured values of the real part of the permittivity
for various glucose concentration samples. Table 6 shows that Eqn. (7)
can predict the real part of the permittivity with an accuracy of above
99.9% for aqueous glucose solutions of concentration between 55 and
300 mg/dL over a temperature range between 10 and 37°C.

The development of non-invasive sensors for glucose monitoring is
for human use. Since the temperature of a human is unlikely to be more
than 40°C, hence this study only considers the dielectric property of
glucose solutions below this temperature. Presented in Table 7 is the

Table 3
Accuracy of Eqn. (6) with glucose concentration sample of 80 mg/dL for freq. up
to 5 GHz.

Frequency (MHz)

Measured (¢)

Calculated (¢")

Accuracy (%)

2000 7.00133 6.986 99.7
2100 7.33366 7.306 99.6
2200 7.66303 7.626 99.5
2300 7.99257 7.946 99.4
2400 8.23351 8.266 99.3
2500 8.65035 8.586 99.2
2600 8.97431 8.906 99.2
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Table 4
Accuracy of Eqn. (6) with glucose concentration sample of 80 mg/dL for freq. >
5 GHz.

Frequency (MHz) Measured (e") Calculated (g") Accuracy (%)

5000 16.5355 16.70424 98.9
6000 19.3988 19.33901 99.6
7000 21.9054 21.77008 99.3
8000 24.08 24.03937 99.8
9000 26.1989 26.17609 99.9
10000 28.0875 28.20156 99.5
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Fig. 5. Calculated using Eqn. (6) and measured imaginary part of the permit-
tivity of the 80 mg/dL aqueous glucose sample as a function of frequency.

measured permittivity (real part) for an 80 mg/dL glucose aqueous so-
lution at various temperatures between 36 and 37.78 °C. The result in
the table shows the permittivity to increase with rise in temperature, in
particular, the magnitude of the permittivity increases from 79.2 to 80.1
with an increase in temperature from 36°C to 37.78°C. The rise in
permittivity is due to the glucose undergoing dissociation and ionization
to a small extent when dissolved in water. As temperature rises, the
kinetic energy of molecules increases, which can lead to more dissoci-
ation or ionization of glucose (solute) molecules. This can result in an
increase in the number of charged particles (ions) in the solution, which,
in turn, can increase the solution’s permittivity.

3.3. Mathematical model of the imaginary part of the permittivity as a
function of temperature

The measured imaginary part of the permittivity of the different
aqueous glucose concentration samples at various temperatures are
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Temperature vs Permittivity (80 mg/dL)
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Temperature vs Permittivity (120 mg/dL)
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Fig. 6. Real part of permittivity as a function of temperature at 2.5 GHz for glucose concentration samples of (a) 80 mg/dL, (b) 120 mg/dL, (c) 180 mg/dL, and (d)
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Table 5

Measured permittivity (real part) at different temperatures.

Glucose concentration (mg/dL) Permittivity )

Permittivity (s’)

Permittivity (e’) Permittivity (s') Permittivity (e')

@ 10°C @ 16°C @ 23°C @ 29°C @ 37°C
55 76.1750 76.3466 76.6909 77.4260 79.6611
80 76.1858 76.3021 76.7559 77.491 79.7261
120 76.1847 76.3252 76.6772 77.4123 79.6474
180 76.1804 76.3464 76.7681 77.5032 79.7383
300 76.1829 76.3386 76.6928 77.4279 79.6630
5000 76.4070 76.5534 76.8161 77.5512 79.7863
Table 6 Table 7
Accuracy of Eqn. (7) for different glucose concentration samples. Permittivity (real part) for 80 mg/dL glucose sam-
Glucose Accuracy Accuracy Accuracy Accuracy Accuracy ple at different temperatures.
Level (mg/ (%) (%) @ 16°C (%) (%) (%) Temperature (°C) ¢
dL) @ 10°C @ 23°C @ 29°C @ 37°C
36 79.20
55 99.97 99.99 99.94 99.96 99.92 36.5 70.50
80 99.99 99.94 99.97 99.9 99.99 37 70.79
120 99.98 99.97 99.92 99.94 99.91 375 79.95
180 99.98 99.99 99.95 99.93 99.97 37.78 80.10
300 99.98 99.99 99.94 99.96 99.92

given in Table 8.

The mathematical expression representing the imaginary part of the
permittivity as a function of temperature obtained from curve fitting of
the measured data is given by:

"

e(t)=y+3T ®

where the constant y is 8.15 for the samples with glucose concentration
of 55 mg/dL to 300 mg/dL, § is a constant equal to 0.05, and T is the
temperature in °C. Graphs in Fig. 7 show the comparison between the

calculated and measured values of the imaginary part of the permittivity
for various glucose concentration samples. Table 9 shows the imaginary
part of the permittivity can be predicted using Eqn. (8) with an accuracy
of above 98.8%.

4. Discussion
Glucose sensors reported in literature to date are based on split ring

resonators [15,16]. The permittivity of the material on which the sensor
is fabricated plays a significant role in determining the size of the sensor.



R.K. Rajaguru Jayanthi et al.

Table 8

Imaginary part of the permittivity at different temperatures.
Glucose sample e @ £ @ £ @ £ @ £ @
(mg/dL) 10°C 16°C 23°C 29°C 37°C
55 8.61085 8.91849 9.18881 9.45913 9.72945
80 8.65035 8.94333 9.28832 9.63331 9.9783
120 8.66140 8.89844 9.17792 9.4574 9.73688
180 8.66240 8.89723 9.25883 9.62043 9.98203
300 8.66361 8.89546 9.20110 9.50674 9.81238
5000 8.46670 8.70171 8.96492 9.22813 9.49134

These sensors are designed to operate at a specific frequency and mea-
sure the permittivity to determine the concentration of the glucose. The
sensors reported in literature do not take into consideration the effects of
temperature when measuring the permittivity of the glucose.

The measured results presented here reveal that the variation in the
permittivity level of the glucose with temperature at any frequency may
appear to be very small and this is the reason why the effect of tem-
perature is ignored. In fact, the experimental results presented here
show the difference in permittivity for glucose concentrations between
80 mg/dL and 300 mg/dL is less than 1%. However, a small variation in
permittivity corresponds to a large variation in glucose concentration
levels. Hence, a small error in the measurement of permittivity with
temperature will result in a large error in the computation of glucose
level. The results presented here demonstrate the importance of
considering the body temperature when measuring the permittivity of
glucose based on non-invasive sensors using microwave-oriented tech-
niques. Accurate measurement of glucose levels is crucial for managing
diabetes effectively and preventing healthcare complications. Diabetes
is a chronic condition characterized by elevated blood glucose levels,
and maintaining these levels within a target range is essential to prevent
both short-term and long-term complications. Accurate glucose mea-
surement will help individuals with diabetes make informed decisions
about their diet, medication, and lifestyle choices.
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5. Conclusions

Daily blood glucose monitoring is vital for people with diabetes
mellitus to manage their disease and prevent complications. Existing
tests for glucose monitoring including GGM are invasive and with
associated disadvantages. It’s important to note that while there has
been significant progress in the development of non-invasive glucose
monitoring techniques, many of these methods are still in the experi-
mental or early stages of development. Hence, research in the devel-
opment of non-invasive techniques for glucose monitoring is evident in
scientific literature. The scientific studies reported in literature on the
development of non-invasive glucose sensors measure the permittivity
of glucose using electromagnetic radiation to determine the glucose
level. However, these techniques do not consider the effects of tem-
perature on the permittivity measurement. The study presented in this
paper demonstrates the importance of considering temperature in
permittivity measurements. The experimental results show that the
variation in the permittivity level of the glucose with temperature may
appear to be relatively small however a small variation in permittivity
translates to a large variation in glucose concentration levels thus
rendering the reported glucose sensors subject to inaccuracy [17,18].
The temperature of the human body varies based on several factors such
as the surrounding environment, the human’s health levels etc. Based on
the findings of this study, it can be concluded that non-invasive glucose

Table 9

Accuracy of Eqn. (8) for different glucose concentration samples.
Glucose Accuracy Accuracy Accuracy Accuracy Accuracy
Level (mg/ (%) (%) (%) (%) (%)
dL) @ 10°C @ 16°C @ 23°C @ 29°C @ 37°C
55 99.53 99.65 98.89 98.53 97.3
80 99.99 99.92 99.90 99.65 99.78
120 99.86 99.50 98.90 98.51 97.36
180 99.85 99.54 99.57 99.78 99.82
300 99.85 99.38 98.93 99.02 98.12
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Fig. 7. Imaginary part of permittivity as a function of temperature at 2.5 GHz for glucose concentration samples of (a) 80 mg/dL, (b) 120 mg/dL, (c) 180 mg/dL, and

(d) 300 mg/dL.
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monitoring devices using electromagnetic sensing techniques should
also consider temperature as a biomarker of the individual. Because the
change in the permittivity of the glucose fluid with temperature is
marginal it is recommended the sensor use an artificial intelligent
classification algorithm such as KNN (K-Nearest Neighbor) to signifi-
cantly improve the accurately of the glucose levels. Accurately charac-
terizing the permittivity of aqueous glucose solutions is an important in
the development of non-invasive biosensors. To further improve the
methodology for these measurements, several future improvements and
developments must be considered. This includes (i) development of a
more sensitive measurement technique or instrument to detect even
smaller changes in permittivity, (ii) using advanced signal processing
and data analysis methods to enhance the precision of measurements,
and (iii) develop method for precise temperature control during mea-
surements since temperature can affect permittivity. This work should
help in the development of highly precise non-invasive glucose moni-
toring devices, which are crucial for determining appropriate insulin
dosages, managing blood sugar levels, and preventing hyperglycemia or
hypoglycemia episodes.
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