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ABSTRACT This study presents a new approach for characterizing the 3D printing electromagnetic
properties in Polylactic Acid (PLA) using a novel cross-fractal sensor. The CST Studio Suite simulation,
employing the finite element method (FEM), and the ADS simulation software, based on the equivalent
circuit of this novel sensor, are utilized to enhance confidence in the convergence of simulation and
measurement results. The analysis confirms that the real sensor, based on a cross-sectional fractal resonator,
exhibits excellent sensitivity, selectivity, and linearity. Sensor performance is evaluated through twomethods:
the frequency-based approach and the S11 parameter analysis. In the frequency-based method, the sensor
demonstrates a typical sensitivity of 0.0302 GHz/cm3, while in the S11 parameter analysis, it exhibits a
typical sensitivity of 0.3065 dB/cm3. These results underscore the high sensitivity and linearity of this
innovative sensor. The using of this novel cross fractal sensor, it promises to show how to properly adjust 3D
printer parameters, potentially setting the ‘‘infill percentage’’ of the 3D print, this is because the proportion
of air present changes when the printing percentage is changed, which can lead to (εr) and loss-tangent
(tan (δ)) with varying the infill percentage, by the resonance frequency (fr) approach demonstrates a
characteristic sensitivity of 0.1822 GHz/RIU. The experimental study confirmed that the fabricated sensor
exhibits miniaturization (with an electrical size of λ0/8), high sensitivity, and excellent linearity in the
frequency approach, with a typical sensitivity of 0.004615 GHz/%. The suggested biosensor demonstrated
its capability to detect low concentrations of ethanol. These aqueous solutions, containing known alcohols
like ethanol in low concentrations, enables identification of Halal and alcohol-free products in food sensing
applications.

INDEX TERMS Fractal forms, 3D printing, sensor, biosensor, network analyzer, loss-tangent, sensitivity,
permittivity.

I. INTRODUCTION
In 1988, Dr. Nathon Conen successfully developed the first
fractal resonator that met various user requirements, such as
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compact size, wider bandwidth, affordable price and ease of
fabrication. The term ‘‘fractal’’ was originally introduced by
B.Mandelbrot, derived from the Latin word ‘‘fractus’’, which
means irregular or broken. Resonator technology requires
the creation of antennas with wider bandwidths and smaller
sizes than traditional resonators to improve communication
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systems. Famous mathematicians such as W. Sierpinsky, N.
Von Koch, D. Hilbert and H. Minkowski have significantly
contributed to fractal geometry [1]. Their fractal concepts
inspired the resonator engineering community to explore the
potential use of these geometries in antenna research and
design in Ghz regime to minimize the size of the antennas
which has a high radiation efficiency, they are considered the
fractal geometry in the manufacturing of the antennas [2],
[3], [4]. In references [5], [6], [7], [8], [9], and [10], frac-
tal forms were utilized to enhance antenna characteristics,
whereas a combination of metamaterials and fractal shapes
was employed to improve properties in references [11], [12],
[13], and [14]. Using fractal forms at the nanotechnology
level has proven its importance in improving the antenna
characteristics in the Terahertz Regime [15]. Recent works
have also demonstrated the importance of using fractal shapes
in the biosensor field to improve its properties in identifying
viruses and diseases, such as diabetes and cancer [16], [17],
[18], [19].

Recent research has concentrated on the use of fractal
sensor for knowing 3D printing properties in Polylactic Acid
(PLA), yielding promising results. One notable advantage of
employing fractal resonators is their ability to detect a broad
spectrum of frequencies, thus facilitating the recognition of
3D printing properties across different frequency ranges. Fur-
thermore, fractal resonators exhibit heightened resistance to
noise and interference, enabling them to maintain accuracy
in recognizing 3D printing properties [20]. The proposed
cross-sectional fractal resonator sensor controls the different
properties of fractal geometry to improve the recognition of
3D printing objects in Polylactic Acid (PLA). Fractals exhibit
self-similarity across various scales, enhancing sensitivity
and pattern recognition accuracy. This novel resonator design
into the detection system significantly improves the accuracy
and reliability of recognizing 3D printing electromagnetic
properties. The application of this groundbreaking fractal
cross-resonator extends to the field of artificial intelligence,
especially in the development of intelligent systems capable
of recognizing and understanding 3D printing properties.
This sensor can be utilized in smart sensor networks and
radio-frequency identification (RFID) systems. Its compact
size and multiband capabilities make it suitable for integra-
tion into small sensors, tags, and devices used in intelligent
systems.

The scientists assessed the performance of the resonator
for recognizing 3D printing properties in Polylactic Acid
(PLA) [20]. The resonator consistently demonstrated accu-
rate recognition of 3D printing properties in Polylactic Acid
(PLA), even in the presence of noise and interference [20].
The researchers conducted a comparative analysis between
their fractal resonator and a conventional unipolar resonator.
The results indicated that the fractal resonator outperforms
the conventional resonator in terms of both accuracy and sen-
sitivity [21], [22], [23]. Utilizing this innovative cross-fractal
sensor shows promise in revealing how fine-tuning the

parameters of a 3D printer, specifically the ‘infill percent-
age,’ can influence permittivity (εr) and loss tangent (tan
(δ)) by varying the infill percentage. Through the resonance
frequency (fr) technique, it demonstrates a distinct sensitivity
of 0.1822 GHz/RIU.

The effectiveness of this antenna was verified by sim-
ulating it with the CST program to be implemented in a
private companyALMITECH.Next, wewill characterize this
antenna resonator by using the network analyzer to compare
the experimental results with the simulation results. Finally,
this resonator is used as a sensor to recognition of 3D printing
properties in Polylactic Acid (PLA), of the difference of
different dimensions of the same polyhedron and the size of
the three polyhedrons (cube, cylinder and sphere). The pro-
posed fractal antenna design has many potential applications,
including surveillance systems and robotics. For example,
resonators can be used in surveillance systems to detect
human movements in robots and to track humanoid robots
in industrial environments. In addition, the resonator can be
used in industrial environments to monitor product quality
and detect any other abnormalities. Fractal geometry has
proven to be very useful in proposing small resonators [15],
[16], [17], thanks to the advantages of fractal shapes. In this
modest work, we have been able to create a fractal resonator
with the properties of a sensor. This antenna allowed us
to control and recognition of 3D printing properties of the
difference in the sizes of objects (cube, cylinder and sphere).

The importance of this research lies in designing and devel-
oping a sensor capable of working with high characteristics
that allow it to be connected with robots to augment their
capacity to know the objects. This device can be used as
an antenna and a sensor simultaneously, so this idea is new
and has not been spoken before. The value of this sensor,
its characteristics (sensitivity, selectivity, and linearity) were
compared with recent works [19], [20], [21], [22], and it has
proven effective in recognizing the objects. This is considered
a contribution to the development of the field of smart robots
and the AI applications. This sensor shows experimental
miniaturization (with an electrical size of λ0/8), a regular
sensitivity of 0.004615 GHz/%, and good linearity in the
frequency approach. This biosensor has successfully demon-
strated its capacity to sense low concentrations of ethanol.
These aqueous solutions, including familiar alcohols such
as ethanol at low concentrations, permit the identification
of halal and alcohol-free products in applications within the
food sensor fields. This work focuses on the miniaturiza-
tion and fabrication of a Novel Cross-Fractal Biosensor and
Sensor designed to characterize 3D printing electromagnetic
properties in Polylactic Acid (PLA). The uniqueness and
innovation of this research lie in its distinctive capability to
discern properties of both solid and liquid materials. This
capability endows the biosensor and sensor with versatile
functionalities, marking a significant advancement in the
field. Most previous research has primarily addressed single-
function sensing. This study stands out as the first to explore
a multi-function sensor, representing a significant step for-
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FIGURE 1. Consecutive repetitions of the novel cross fractal patch
antenna.

FIGURE 2. Schematic design of the novel cross fractal patch.

ward in the field of artificial intelligence, which relies on an
approach closely resembling human functions.

II. DESIGN AND FABRICATION OF THE NEW
CROSS-FRACTAL SENSOR
The cross-fractal geometry can be provided using an iterative
that exhibits the characteristics of self-similar geometry [14].
In this optimization, the starting point is the structure shown
in Fig. 1, the shape of which has been modified. The innova-
tive cross fractal resonator is manufactured at the private SNC
ALMITECH printed circuits center. This specific model was
selected based on simulation results, demonstrating its ability
to detect various objects. The resonators were manufactured
on a dielectric substrate called FR4, with a thickness of
1.56 mm. The FR4 substrate has a relative permittivity of
4.3 and a loss tangent of 0.02. A metal pattern of 0.035 mm-
thick copper was utilized, with a conductivity of σ = 5.96
× 107 S/m. The dimensions of the cross-fractal patch can
be observed in Fig. 2. The novel cross fractal sensor fab-
ricated see the Fig. 3. The simulation software ADS based
on the equivalent circuit of the novel sensor is shown in
Figure 4.

FIGURE 3. Photography of the new cross fractal resonator fabricated.

FIGURE 4. Equivalent circuit model of the novel sensor by ADS.

III. 3D PRINTING OBJECTS IN POLYLACTIC ACID (PLA)
The 3D objects are fabricated in the mechanical construction
laboratory of university using SolidWorks software, a 3D
printer (see Fig. 5), and Polylactic Acid (PLA). PLA is one
of the most usually materials used in 3D printing, being
a recyclable polymer industrial from renewable resources.
It possesses dielectric properties with a relative permittivity
(εr) of 2.541 and a loss tangent (tan δ) of 0.0071, partic-
ularly when used with a 100% infill. The three shapes are
realized (cube, cylinder, sphere see Fig. 6), with different
dimensions. The following TABLE 1 presents the dimensions
of the objects produced, in order to use them as samples to
verify the effectiveness of the sensor for recognizing various
volumes shapes.

IV. ANALYSIS OF THE NOVEL CROSS FRACTAL ANTENNA
The object of the study is not the properties of the antenna
but its use as a sensor for objects detection, and this does
not preclude presenting some results about the properties
observed for the new cross antenna at The simulation by CST
resonance frequency fr = 8.565 GHz. The radiation pattern
is an illustration of the antenna’s radiation characteristics as
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FIGURE 5. 3D printer used to fabricate the objects.

FIGURE 6. Photography of fabricated with 3D printer various forms of
objects.

TABLE 1. The dimensions of the objects (cube, cylinder, sphere).

a function of spatial coordinates (8, θ ). It is resolved in
the far-field region, where the spatial distribution of radiated
energy is independent of distance. Let’s delve deeper into this
characteristic. In Figs. 7 and 8, we present the 3D radiation
pattern of gain and direction for the new fractal cross antenna
operating at 8.565 GHz, along with specific patterns in the
E-plane and H-plane. Evidently, the antenna predominantly
radiates in the Z direction, exhibiting a highly favorable
radiation pattern. Furthermore, it’s noteworthy to examine the
antenna’s performance in the E-plane (i.e., Y-Z plane) at 8 =

90◦, as depicted in Fig. 9, and the H-plane (i.e., Y-Z plane)

FIGURE 7. Three-dimensional radiation pattern of gain illustrated for the
novel cross fractal antenna operating at 8.565 GHz.

FIGURE 8. Three-dimensional radiation pattern of directivity illustrated
for the novel cross fractal antenna operating at 8.565 GHz.

at θ = 90◦, as depicted in Fig. 10. It’s worth emphasizing
that the antenna emits precisely in the Z direction, with an
extremely narrow−3 dB beam. The primary lobe along the Z
direction spans an angular width of 65.3◦. The study proves
that this antenna is of high quality in terms of value direc-
tivity 6.02 dBi and gain 3.15 dB. To pinpoint the region of
maximum sensitivity in the sensor, the current distribution is
depicted for the new cross antenna at 8.565 GHz (see Fig. 11).

The network analyzer is used for the resonator character-
ization (see Fig. 12), but first we had to use an electronic
calibration to eliminate measurement errors (S11=0) (see
Fig. 13). After the calibration of the network analyzer, the
characterization of the resonator is made (see Fig. 13).
To ensure the convergence of the simulation results with the
measurement outcomes, we performed an additional sim-
ulation based on the equivalent circuit. This conclusively
demonstrated the consistency of results obtained through two
distinct simulation methods: one utilizing the finite element
method (FEM) with CST simulation software, and the other
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FIGURE 9. E-plane (8 = 90◦) cross-sections illustrated for the new cross
antenna at 8.565 GHz.

FIGURE 10. H-plane (θ = 90◦) cross-sections illustrated for the new cross
antenna at 8.565 GHz.

FIGURE 11. Current distribution illustrated for the new cross antenna at
8.565 GHz.

relying on the equivalent circuit with ADS simulation soft-
ware.

FIGURE 12. The network analyzer used.

FIGURE 13. Network analyzer before and after calibration.

The results obtained from the network analyzer are illus-
trated in Figure 14 to enhance confidence in the convergence
of simulation and measurement outcomes. Figures 15 and 16
depict the S11 curve, showcasing the simulated frequency
response by CST and ADS, alongside the measured curve
of the new cross-fractal resonator as provided by the net-
work analyzer. A comparison of the two curves reveals close
alignment between practical and simulated results. The res-
onance frequency obtained through CST simulation is fr =

8.565 GHz, while the resonance frequency from ADS simu-
lation is fr = 8.565 GHz. The practical resonance frequency
is also measured at fr = 8.56 GHz.

V. THE CROSS-FRACTAL-SHAPED SENSOR FOR
RECOGNIZING 3D PRINTING PROPERTIES IN POLYLACTIC
ACID (PLA).
In this work, the elementary characteristics of 3D printing
in electromagnetism are briefly summarized. This is the
primary difficult that always arises when using novel mate-
rials to make radiofrequencies devices [20]. This involves
characterizing their electromagnetic properties in relations of
dielectric constant (permittivity (εr)) and loss tangent (tanδ).
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FIGURE 14. Analysis of the cross fractal resonator by network analyzer.

FIGURE 15. Simulated by CST and measured results of reflection
response cross fractal resonator.

FIGURE 16. Simulated by ADS and Simulated by CST results of reflection
response cross fractal resonator.

One approach to solve this problematic is to use this novel
cross-shaped sensor for sensing characteristics of Polylactic
acid (PLA) 3D printing (see Fig. 17). By employing this inno-
vative cross-fractal sensor, there is potential to demonstrate

FIGURE 17. 3D-view of the cross-fractal-shaped sensor for recognizing
3D printing properties in Polylactic Acid (PLA).

FIGURE 18. 3D-view of the cross-fractal-shaped sensor for recognizing
3D printing properties in Polylactic Acid (PLA).

how adjusting the 3D printer factors, specifically the ‘infill
percentage’ of a 3D print, can result in variations in per-
mittivity and loss tangent. This can be achieved through the
utilization of the resonance frequency technique (see Fig. 18).
When the 3D printer is configured to a specific filling ratio,
it results in a change in electromagnetic properties for Poly-
lactic acid printing, as the permittivity of the air affects
the material’s characteristics (see TABLE 2). As changes
in permittivity are associated with variations in frequency,
this sensor was specifically designed to detect the printing
percentage with PLA. In the future, it can be extended to
assess the printing quality with other materials

The linear curve fit of the dielectric PLA parameter εr by
frequency approach (Fig.19), the line curve fit is found as
follows,

εr= −5.489fr+50.57 (1)

where the sensitivity S of this sensor is known by,

S
(
%

)
=

1fr
1εr

×100% (2)
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TABLE 2. Polylactic acid (PLA permittivity and loss-tangent with varying
the infill percentage, the reflexion response (s11), and the resonance
frequency.

FIGURE 19. Linear curve fit of the dielectric PLA parameter εr vs.
frequency (GHz).

Sensitivity is determined by the slope of the resonant fre-
quency 1fr change in relation to the change in relative
permittivity1εr. Where is found: S = 0.1822 GHz/RIU

The linear curve fit of the loss-tangent tan (δ) by frequency
approach (Fig.20), the line curve fit is found as follows,

tanδ = −0.01975fr+0.1796 (3)

where the sensitivity S of this sensor is given by,

S (%) =
1fr

1tanδ
×100% (4)

Sensitivity is determined by the slope of the resonant
frequency 1fr change in relation to the change in the loss-
tangent 1tan(δ). Where is found: S = 50.633 GHz/RIU

Where RIU is the permittivity (εr) and the loss-tangent (tan
(δ)) unit.

Figs. 19 and 20 illustrate a direct correlation between
Dielectric PLA parameter and loss-tangent with varying the

FIGURE 20. Linear curve fit of the loss-tangent tan (δ) vs. frequency (GHz).

FIGURE 21. The control of cubes with side of 2.5 cm and 3.0 cm by
network analyzer.

infill percentage and the resonance frequency. This relation-
ship highlights the sensitivity of the sensor. At this moment,
it’s concluded that the sensor’s antenna is working optimally
in the characterization of the 3D printing electromagnetic
properties in Polylactic Acid (PLA) in terms of permittivity
(εr) and loss-tangent (tan (δ)).

VI. DETECTION OF OBJECTS 3D PRINTING IN
POLYLACTIC ACID (PLA) USING CROSS FRACTAL SENSOR
The cross fractal resonator was used as a sensor to detect the
shape change of objects. For the control, we used two cubes
25mm and 30mm (see Fig. 21), the cubes are in the figure.19
According to the results presented in Fig.22 and TABLE 3,

we notice a change of S11 according to the size of the cubes,
when the size of the cubes increases, then the parameter S11
decreases. So, the parameter S11 decreases according to the
contact surface of the object with the patch.

The results obtained are presented in the curves Fig. 23.
According to the results presented in Fig.24 and TABLE 4,
we notice a change of S11 according to the size of the
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FIGURE 22. The measured reflection response of the cubes with changed
dimensions.

TABLE 3. The resonance frequency variation and s11 as a function of the
dimensions of the cubes.

FIGURE 23. The control of cubes with side of 2.5 cm and 3.0 cm by
network analyzer.

cylinders, when the size of the cylinders increases, and the
parameter S11 decreases. So, the parameter S11 decreases
according to the contact surface of the object with the patch.
According to the results presented in TABLE 5 and Fig. 22-
24, parameter S11 increases when we change the object’s
dimensions. So, parameter S11 decreases each time the con-
tact surface of the object with the patch increases.

According to the applied results for comparing shapes of
the same type, the sensor proved effective in identifying the
difference through a change in the resonance frequency and
reflection coefficient (S11). After that, we compared different
shapes to verify its ability to recognize objects of different
volumes, and this was confirmed through the applied results.
This confirms the effectiveness of the sensor. According to

FIGURE 24. The measured reflection response of the cylinders with
changed dimensions.

TABLE 4. The resonance frequency variation and S11 as a function of the
dimensions of the cubes.

TABLE 5. The reflexion response (s11 ) and resonance frequency vs.
volumes of objects.

the curves from Figs. 21 to 27, our resonator works well,
it detects size variation of objects (same shape) and volume
variation of three different objects (form detection), from
which our resonator is selective and from the result of fitting
curves the resonator achieves linearity and gives us resonator
sensitivity, then we can treat this cross fractal resonator as a
sensor. The analysis demonstrated that this new cross fractal
resonator-based realization sensor has the high sensitivity and
high linearity of this new device with two approaches:

The frequency technique has a typical sensitivity of
0.0302 GHz/cm3 and the parameter technique S11 has a
typical sensitivity of 0.3065 dB/cm3.

According to the applied results for comparing shapes of
the same type, the sensor proved effective in identifying the
difference through a change in the resonance frequency and
reflection coefficient (S11). After that, we compared different
shapes to verify its ability to recognize objects of different
volumes, and this was confirmed through the applied results.
This confirms the effectiveness of the sensor.
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FIGURE 25. The control of sphere with radius of 25mm by network
analyzer.

FIGURE 26. The measured reflection response of volume of three
anthropomorphic shapes (cube, cylinder; and sphere).

FIGURE 27. The zoomed results detection of three objects.

The curve fit frequency technique (Fig.28), the line curve
fit is found as follows,

fr= −0.0302V + 8.735 (5)

FIGURE 28. The linear curve fit of volume of three anthropomorphic
shapes vs. frequency (GHz).

FIGURE 29. The linear curve fit of volume of three anthropomorphic
shapes vs. reflection coefficient (S11).

The curve fit reflection coefficient (S11) approach
(Fig.29), the line curve fit is found as follows,

S11 = −0.3065V − 8.44 (6)

where the sensitivity S of this instrument are given by,

S (%) =
1fr
1V

×100% (7)

S (%) =
1S11
1V

×100% (8)

Sensitivity is determined by the slope of the resonant fre-
quency 1fr (or the reflection coefficient 1S11 ) change in
relation to the change in object volume 1V . Where the
sensitivities are found:

S= 0.0302 GHz/cm3

S=-0.3065dB/cm3

VII. BIOSENSOR CROSS FRACTAL FOR ETHANOL
CONCENTRATION DETECTION
Fig. 10 illustrates the radiofrequency measurement system
employing a vector network analyzer for the suggested pro-
posal with varying concentrations of ethanol. In Fig. 30, the
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FIGURE 30. The measured reflection response of detection of alcohol
using cross fractal biosensor.

TABLE 6. The reflexion response (S11) and resonance frequency vs.
concentrations of water-ethanol.

measured reflection scattering parameter S11 is presented for
different concentrations of water-ethanol. It is noticeable that
the resonance frequency shifts from 6.5 GHz to 10 GHz as
the ethanol concentrations range from 1% to 5% in deionized
water at 25◦C (for detailed data, please refer to TABLE 6).
The series of measurements aimed to assess the biosensor’s

capability to detect low concentrations of ethanol in a liquid.
TABLE 7 and Figure 31 demonstrate an increase in resonant
frequency with each increment in ethanol concentration in the
liquid. Conversely, the decrease is observed in the frequency
shift to approximately 10 MHz when ethanol concentrations
range from 1% to 5% in deionized water without sugar.

The linear curve fit frequency method (Fig.31), we have
the line curve fit as follows,

fr= 0.004615C + 8.328 (9)

where the sensitivity S of this sensor is given by,

S (%) =
1fr
1C

×100% (10)

Sensitivity is determined by the slope of the resonant
frequency 1fr change in relation to the change in ethanol
concentration 1C .We find: S = 0.004615 GHz/%

FIGURE 31. The measured reflection response of detection of alcohol
using cross fractal biosensor.

FIGURE 32. The measured reflection response of detection of alcohol
using cross fractal biosensor.

The nonlinear curve fit frequency method (Fig.32),
we have the function curve fit as follows,

fr= −0.001667C2
+ 0.015C + 8.317 (11)

Figures 31 and 32 depict a direct correlation between the
concentration of ethanol (%) and the resonance frequency.
This relationship highlights the sensitivity of the biosensor.
At this juncture, the biosensor’s antenna is functioning opti-
mally in the identification of Halal and alcohol-free products
within the fields of food and biomedical sensor applications.

The present work includes a comprehensive comparison
between the types of resonators used for sensor in the present
study and the resonators used in this study. Themain objective
was to evaluate and highlight the performance and advantages
of this new sensor by comparing it with similar devices
(as shown in TABLE 7). This comparison demonstrates the
effectiveness and importance of the sensor compared to exist-
ing alternatives, thereby confirming the results of this study.
By comparing dimensions, this model has shown the potential
for miniaturization and exhibits favorable characteristics. The
comparison of the two methods has demonstrated remarkable
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TABLE 7. Comparison between our resonator form measurement and
some existing works.

convergence in terms of sensitivity and linearity. It confirms
the proposed sensor’s ability to rely on both methods in a
robust and reliable manner.

VIII. CONCLUSION
In conclusion, the detection of anthropomorphic forms is an
important characteristic of many recent AI technologies, and
the advancement of novel tools capable of identifying these
forms is fundamental. The fractal sensor has shown great
competence in this area and the cross-fractal sensor design
suggested in this work represents an important phase for-
ward in the development of these technologies. With promote
research and development, the fractal sensor could become
a key technology in detecting volumes shapes. We simu-
lated a new fractal pattern proposed in this work as a cross,
which is less complex and gives good results. This proposed
fractal model is realized and characterized, the results of
the parameter S11 given by the measurement are consis-
tent with the simulation results. The sensor works well and
detects the object change well, the characteristics of this
sensor are sensitive, linear, and selective and fast. The study
of sensor shows miniaturization (with an electrical size of
λ0/8), high sensitivity, and excellent linearity in the exper-
imental frequency method, boasting an average sensitivity
of 0.004615 GHz/C%. The proposed biosensor has verified
its capability to sense low concentrations of Ethanol. These
aqueous solutions, including known alcohols like ethanol at

low concentrations, empower the identification of halal and
alcohol-free products in applications within the agro-food
sensor fields. Paying this cross-fractal sensor holds potential
for unveiling the impact of fine-tuning 3D printer parameters,
particularly the ‘infill percentage,’ on permittivity (εr) and
loss tangent (tan(δ)), as they vary with the infill percentage.
Utilizing the resonance frequency method, it showcases an
important sensitivity of 0.1822 GHz/RIU. The novelty and
originality of this research lie in its capacity to identify both
solid and liquid materials, providing it with multifunctional
capabilities.
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