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Abstract 
This paper presents a highly sensitive metamaterial-based resonant sensor operating at X-band for rapid and non-
destructive monitoring of food quality. The sensor incorporates an I-beam and C-shaped resonator configuration, 
with quality assessment achieved through resonant frequency shift and resonance broadening, reflected in the 
quality factor (Q-factor). The structure was designed and optimized using Computer Simulation Technology (CST) 
Microwave Studio Suite and experimentally validated using a network analyzer with an X-band rectangular 
waveguide. The unloaded X-band waveguide-integrated resonator exhibited a high Q-factor of 36.463, suitable for 
powder characterization. For semi-liquid and liquid samples, a custom 3D-printed cuvette was introduced to 
improve handling and measurement stability, increasing the Q-factor to 43.498 due to higher moisture sensitivity. 
The sensor’s applicability was demonstrated on cooking powder, oil, and honey. It successfully differentiated soup 
powder and curry powder with a minimal moisture difference of 0.3%, where increasing moisture content reduced 
the Q-factor due to enhanced microwave absorption. For honey samples, the Q-factor showed strong correlation 
with sugar concentration, decreasing with higher glucose and fructose content as reduced free water and increased 
density altered dielectric properties. Viscosity trends reflect not only sugar concentration but also the influence of 
bioactive compounds such as polyphenols and flavonoids. In cooking oil analysis, the sensor clearly distinguished 
fresh and used oil through slight resonant frequency shifts and Q-factor variations, even when FTIR spectroscopy 
showed limited quantifiable color-related changes caused by oxidation and triglyceride polymerization. 
Rheological measurements indicated higher viscosity in fresh oil (2.2–2.7 mPa·s) compared to used oil (1.3–1.5 
mPa·s), consistent with thermal degradation effects. Overall, the proposed metamaterial sensor demonstrates 
enhanced sensitivity, compactness, and versatility, confirming its strong potential for real-time industrial food 
quality monitoring. 
 
Keywords: Metamaterial-based sensor, Q-factor, food quality, X-Band, resonator  
 
1 Introduction 
 
Food quality control constitutes an important area in 
food industry, ensuring it is safe, reliable, and meets 
consumer satisfaction. Traditional techniques such as 
sensory analysis and chemical analysis can be time-
consuming, laborious and might not give a non-
destructive analysis of the product properties [1], [2]. 
This limitation has motivated the development of 

more sophisticated, non-invasive approaches such as 
microwave sensing, which is extremely sensitive to 
moisture content, one of the primary indicators of food 
stability, texture, and shelf-life [3], [4] This approach 
operates on the principle of investigating the 
interaction of the microwave signals and dielectric 
properties on the food, as illustrated by a time-domain 
reflectometry (TDR) and dielectric spectroscopy [5]–
[7]. More recent developments in microwave sensors 
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employing metamaterials have increased the 
sensitivity of the detectors to moisture, detectability, 
and accuracy [8], [9].   

Metamaterials are specially made materials 
that are engineered to regulate electromagnetic 
waves and their unique properties enable the 
detection of any characteristic of food in a very 
sensitive way without altering or affecting the 
sample, preserving its integrity. The design of 
microwave metamaterials is tailored to a certain 
degree to manipulate the microwave frequencies in 
a manner that cannot be done by natural materials. 
Substances of this nature are subject to periodic 
structures which can interact with microwave 
radiation to produce effects such as negative 
refraction, improved transmission, or even cloaking 
[10], [11]. In the context of food quality inspection, 
microwave metamaterials affect the dielectric 
properties of food when exposed to microwave 
radiation [12]. The microwave metamaterials 
utilized in food monitoring offer a significant 
advantage in the sensitivity brought by the 
customization of the structure of the materials. 

Water has a strong interaction with microwave 
radiation, which allows for the detection of moisture 
changes using microwave metamaterials. This ability 
is especially valuable in industries like food 
processing, where precise moisture control is 
essential, such as in baking, meat processing, and 
snack production. These sensors can distinguish 
between foods with different moisture levels by 
analyzing the shifts in the dielectric constant caused 
by moisture. As the dielectric properties of food 
change, the resonator's frequency response also 
shifts, enabling accurate measurement of moisture 
and fat content [12]. Microwave metamaterials can 
also evaluate the fat and protein content in food, as 
these substances affect its dielectric properties. By 
customizing the metamaterial sensor to respond to 
specific frequencies, a system can be designed to 
selectively detect changes in fat and protein levels. 

Recent studies have shown the potential of 
microwave metamaterials in analyzing dairy 
products and meats, offering precise fat content 
measurements without the need for chemical 
additives [13], [14]. Furthermore, microwave 
metamaterial sensors can identify contaminants such 
as foreign objects (metal or plastic) within food 
products. When microwaves interact with different 
materials, their reflection or absorption 
characteristics change. By leveraging metamaterials, 
sensors can become highly sensitive to these 

changes, enabling early detection of contaminants 
that could pose safety risks to consumers. Another 
significant advantage of microwave metamaterial 
sensors is their ability to non-destructively inspect 
the internal structure of food products. For example, 
microwave metamaterials can assess the uniformity 
of food processing (such as cooking or freezing) and 
detect defects like air pockets, ice crystallization, or 
uneven cooking in products like frozen vegetables or 
meat [15]–[17]. This capability ensures that food 
products maintain their desired texture and 
appearance. 

Despite these developments, most metamaterial-
based microwave sensors reported in the literature are 
based on planar or multi-unit resonator designs and are 
primarily focused on biomedical or material analysis 
applications, with less emphasis on food quality 
sensing in a controlled waveguide setup. The use of 
compact single-unit metamaterial resonators in 
rectangular waveguide systems for food sensing, 
especially in the X-band frequency range, which is 
highly sensitive to dielectric changes, has been less 
explored. Most food products have high moisture 
content, which can make it difficult for a resonator 
sensor to detect frequency shifts unless the sensor has 
a high-quality factor (Q-factor). Therefore, it is 
important to use a resonator with a high Q-factor, as 
this indicates a sharper and more well-defined 
resonance dip [18], [19]. Integrating the resonator with 
an X-band waveguide improves the measurement 
process by enabling the sample under test to be 
analyzed in a controlled and convenient manner, while 
also requiring only a small sample volume due to its 
compact size. This configuration avoids inaccuracies 
and increases stability by operating as a closed 
measurement system, where microwave radiation is 
confined and prevented from propagating into 
unwanted or external media [20]–[22]. 

To address the research gap, this research aims 
to provide a compact metamaterial-based resonant 
sensor using a hybrid I-shaped and C-shaped 
resonator in an X-band rectangular waveguide. The 
sensor is designed and simulated using CST Studio 
Suite to improve the localization of the 
electromagnetic fields while ensuring simplicity and 
stability in the structure. The sensor is fabricated and 
measured using food samples in both powder and 
liquid forms, and the sensing capability of the sensor 
is evaluated based on the analysis of the shifts in the 
resonant frequency corresponding to the variations in 
the moisture content, sugar concentration and 
material composition of the food samples. 
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2 Materials and Methods 
 
2.1 Design and simulation of a metamaterial-based 

sensor 
 
The design of the metamaterial-based sensor was 
inspired by [23], with specific dimensions shown in 
Figure 1 (a); however, this work utilizes only a single-
cell metamaterial, which was selected to simplify 
fabrication while maintaining strong electromagnetic 
field localization and higher resonance sensitivity. The 
design is essentially a combination of I-beam and C-
shaped structures, with a mirrored replication to form 
a pair of designs. This hybrid geometry was 
intentionally selected to exploit the strong current 
distribution of the I-beam and the capacitive gap 
effects of the C-shaped resonator, which improve field 
confinement and high-quality factor (Q-factor).  
 

 
 

 
 
 
Figure 1: (a) Dimension of the copper structure (b) 
defined boundary conditions for the simulation model. 

The sensor was created using CST Microwave 
Studio Suite software. It features a copper structure 
mounted on a 1.4 mm FR-4 substrate, with a thickness 
of 35 µm. FR-4 was selected due to its mechanical 
stability, cost-effectiveness, and suitability for X-band 
microwave applications. The overall substrate size 
conforms to the American Electronic Industries 
Alliance (EIA) Standards for WR90 X-band 
rectangular waveguide dimensions.  

The boundary conditions for the designed sensor 
are illustrated in Figure 1 (b), where the top, bottom, 
and side walls are defined as conducting walls, while 
the front and back are modeled as open space. This 
configuration provides a controlled environment for 
waveguiding and improves resonance stability, 
enabling precise interaction between the 
electromagnetic fields and the sensor structure. This 
open area is the transmission medium of the waves, 
and the simulation method used in this case is a 
reflection and transmission method. However, the 
properties of reflection are only considered relevant in 
the application of sensing detection. The 
metamaterial-based sensor successfully demonstrated 
a resonant frequency of approximately 10.7 GHz. This 
resonance is known for its sharpness and localization 
at the resonator’s edges and gaps, making it sensitive 
to even minor dielectric changes caused by food 
materials. 

 
2.2 Fabrication and measurement of a 

metamaterial-based sensor 
 
The designed sensor was outsourced to JAC 
Engineering Sdn Bhd for high-precision fabrication 
due to its small size. After fabrication, the sensor was 
precisely inserted into the rectangular waveguide, as 
shown in Figures 2 (a) and (b). It was then connected 
to an X-band waveguide adapter and an N5234B 
PNA-L Microwave Network Analyzer to complete the 
detection system. This detection technique is suitable 
for various types of samples, including solids, semi-
solids like paste, powders, and liquids. The volume 
required for both solid and pressed powder samples 
matches that of the X-band rectangular waveguide 
cavity used in this study, which measures 22.86 × 
10.16 × 3 mm. The powder sample was manually 
compacted using a specialized pelletizing tool with the 
same dimensions as the rectangular waveguide and 
pressed by hand to ensure conformity with the cavity's 
shape.  

For liquid samples, a holder (customized 
cuvette) made from a low-loss material must be used 

(a) 

(b) 
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to prevent significant signal loss. The cuvette was 
designed using CST Microwave Studio Suite and 
fabricated using a 3D printing technique with 
Polyethylene Terephthalate Glycol (PETG) filament. 
PETG is a thermoplastic polyester known for its 
durability, chemical resistance, and ease of processing. 
It also exhibits favorable dielectric properties, making 
it suitable for use in radio frequency (RF) and 
microwave applications. Additionally, PETG exhibits 
high volume resistivity, indicating excellent insulating 
properties. 

The outer dimensions of the cuvette were 
designed to match the size of the rectangular 
waveguide, allowing it to fit securely within the cavity. 
With a wall thickness of 1 mm, the resulting inner 
dimensions of the cuvette are 21.86 × 8.16 mm, and 
with a length of 10 mm, the internal volume is 
approximately 1,784 mm³. The cuvette is open at the 
top, with only the bottom part serving as the base. 
Figure 2 (d) illustrates a perspective view of the cuvette 
integrated with the metamaterial-based sensor in the 
rectangular wave cavity. Figures 2(c) and 2(d) illustrate 
the sample setup configurations for the powder and 
liquid samples under test, respectively, while Figure 
2(e) presents the complete measurement setup. 
Transmission-reflection-line (TRL) calibration was 
performed in the X-band frequency range to provide 
accurate reference planes for the waveguide ports, 
ensuring the accuracy of the sensing measurement. 

2.3 Material Characterizations 
 
2.3.1 Moisture content 
 
Three types of commercial cooking powders were tested: 
turmeric powder (TuP), soup powder (SoP), and curry 
powder (CuP). These samples have been selected based 
on their ability to represent different powdered food 
products that are commonly consumed and have different 
compositions, processing methods, and moisture 
retention characteristics, thus making them useful for 
assessing the sensor's sensitivity to small moisture 
variations. Moisture content (MC) of these powders was 
determined by using A&D Weighing MX-50 Moisture 
Analyzer, 0.001g of accuracy, with a 5g initial weight of 
sample. Three honey samples: bitter gourd, stingless bee, 
and nectar were analyzed concurrently. These samples 
were selected based on their distinct botanical origins, 
which are likely associated with variations in moisture 
and sugar content. Such differences provide an 
appropriate range for evaluating the sensor’s response to 
liquid food samples. These honey samples were dried in 
a conventional oven (Memmert UF110). Triplicate 
weighing gave almost the same final dried mass for every 
sample, illustrating consistency and reproducibility 
between replicates as shown in Tables 1 and 2. The 
average value of these measurements was then used to 
determine the moisture content percentage using 
equation (1),  

 
Figure 2: (a) Fabricated metamaterial-based sensor (b) metamaterial-based sensor fit into the X-band 
rectangular waveguide holder (c) powder sample configuration (d) liquid sample configuration (e) 
measurement setup. 

(a) (b) 

(c) (d) 

(e) 
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MC= 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

 × 100%                           (1) 
 
Table 1: Moisture content (%) of different types of 
cooking powders. 

Sample 
Dried sample mass (g) Average 

mass (g) 

Moisture 
content 
(%) 1st 2nd 3rd 

CuP 4.553 4.545 4.567 4.555 8.900 
 SoP 4.534 4.544 4.541 4.540 9.200 
TuP 4.401 4.391 4.390 4.394 12.120 

 
Table 2: Moisture content (%) of different types of 
honey. 

Sample Trial Petri 
dish (g) 

Wet 
sample 
(g) 

Petri 
dish + 
dried 
sample 
(g) 

Moisture 
content 
(%) 

Nectar 
honey 

1st  17.4642 0.5162 17.8757 20.28 
2nd  17.6586 0.5139 18.0679 20.35 
3rd 17.8075 0.5142 18.2169 19.88 

Mean 17.6434 0.5147 18.0535 20.17 
Bitter 
gourd 
honey 

1st  17.6377 0.5121 18.0364 22.14 
2nd  17.6789 0.5135 18.0784 22.20 
3rd 17.8234 0.5134 18.2245 21.87 

Mean 17.7133 0.5130 18.1131 22.07 
Stingless 
bee 
honey 

1st  17.8128 0.5134 18.1779 28.88 
2nd  17.4277 0.5122 17.7924 28.80 
3rd 17.5046 0.5141 17.8704 28.85 

Mean 17.5817 0.5132 17.9469 28.84 
 
2.3.2 Sugar content 
 
The sugar content of the honey samples was 
determined using a digital handheld refractometer 
(ATAGO PAL), with the final value calculated as the 
average of three independent readings, as presented in 
Table 3. 
 
Table 3: Sugar content (Brix %) of different types of 
honey. 

Sample Trial Brix % 1st 2nd 3rd 
Nectar honey 80.30 80.30 80.40 80.33 
Bitter gourd honey 78.50 78.60 78.60 78.57 
Stingless bee honey 72.80 73.00 73.00 72.93 

 
2.3.3 FTIR spectroscopy 
 
Fourier Transform Infrared Spectroscopy (FT-IR) was 
performed with a Spectrum Two™ FT-IR 
spectrometer (PerkinElmer) to analyze cooking oil 
and honey samples. Measurements were performed in 
the mid-infrared region by choosing a spectral range 
from 4000cm⁻¹ to 400 cm⁻¹ with 1 cm⁻¹ resolution. 
Ten scans were acquired for each sample to attain a 
suitable signal-to-noise ratio. Spectra were recorded 

and collected using the Spectrum software. FTIR does 
not provide any direct quantitative relationship with 
electromagnetic parameters, but the detected chemical 
functionalities offer supporting insight into the change 
in moisture content, sugar composition, and oxidation 
products that contribute to the dynamics of dielectric 
properties after the response of a microwave sensor. 
 
2.3.4. Viscosity 
 
Rheological measurements of cooking oil (palm oil 
type) and honey were performed using a Hybrid 
Rheometer HR20 (TA Instruments) to evaluate the 
flow behavior of the samples. The analysis was 
conducted under controlled conditions at a fixed room 
temperature of 25 °C. A viscosity versus shear rate test 
was carried out to assess the characteristics of the 
materials. Shear rate was systematically varied, and 
the corresponding viscosity values were recorded 
using the rheometer's integrated software. This 
method enables the characterization of the flow 
properties and viscosity profiles of the samples under 
varying shear conditions. 
 
3 Results and Discussion  
 
3.1 Metamaterial-based sensor characteristics  
 
Figure 3 presents the reflection coefficient of the 
proposed metamaterial-based sensor in the X-band 
frequency range. The measured resonant frequency 
(𝑓𝑓𝑜𝑜) is observed at 10.720 GHz, where the reflection 
coefficient reaches a minimum value of 0.453. This 
resonant behavior is consistent with the simulation 
result obtained using CST Microwave Studio. The 
bandwidth ( 𝑏𝑏𝑏𝑏𝑜𝑜 ) at full width half maximum 
(FWHM) is 0.294 GHz, corresponding to a reflection 
coefficient of approximately 0.7, with the minimum 
and maximum frequencies at 10.594 GHz and 10.888 
GHz, respectively. The quality factor, Q-factor (𝑄𝑄𝑜𝑜) 
quantifies the sensor sensitivity, which is related to 
resonant frequency and bandwidth by the formula, 
𝑄𝑄𝑜𝑜 = 𝑓𝑓𝑜𝑜

𝑏𝑏𝑏𝑏𝑜𝑜
 . According to the formula, this resonator 

has a narrow and a high Q-factor of 36.463. 
Figures 4 and 5 show contour plots representing 

the electric and magnetic field distributions, 
respectively, of the copper-structured metamaterial on 
an FR-4 substrate at three different frequencies: 10.5 
GHz, 10.7 GHz, and 11.0 GHz. The red contours 
denote regions of maximum electric and magnetic 
field intensities, whereas the blue contours indicate 
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regions of minimum field intensities. The maximum 
electric field achieves 40 dB(V/mm) near the 
resonance frequency at 10.7 GHz. The electric field 
distribution is primarily concentrated around the top 
and bottom edges of the I-beam and the split gap 
structure of the C-shaped copper structures. In 
comparison to the other two frequencies, 10.5 GHz 
and 11.0 GHz, the electric field distribution is mainly 
driven by the I-beam at 10.5 GHz and by the C-shape 
at 11.0 GHz, respectively. The magnetic field, 
dB(A/mm), distribution follows a similar trend but 
with different orientations. For instance, the electric 
field is more concentrated at the flange side of the I-
beam, while the magnetic field is concentrated at the 
web side. Conversely, at the C-shaped structure, the 
electric field is more concentrated at the notch areas, 
while the magnetic field is focused at the inside of 
the right angle (90°). Moreover, the concentration of 
the electric field between the gaps of the structure 
enables better coupling with the material under test, 
which is vital for detecting small variations in the 
dielectric constant. All these features ensure that the 
configuration consisting of the I-beam and C-shaped 
structure offers better electromagnetic confinement. 
 
3.2 Metamaterial-based sensor loaded with 

compacted cooking powder  
 
Figure 6 displays the reflection coefficient 
characteristics for three different types of commercial 
cooking powders tested using the metamaterial-based 
sensor.  

 
 

 
 

 
 
Figure 4: Electric field distribution of metamaterial-based 
sensor at (a) 10.5 GHz (b) 10.7 GHz and (c) 11.0 GHz. 

 

 
 

 
 

 
 
Figure 5: Magnetic field distribution of metamaterial-
based sensor at (a) 10.5 GHz (b) 10.7 GHz and (c) 11.0 
GHz. 
 

(a) 

(b) 

(c) 

(a) 

(b) 

(c) 

Figure 3: Reflection coefficient against frequency of 
the metamaterial-based sensor 
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Figure 6: Reflection coefficient against frequency of 
the metamaterial-based sensor loaded with various 
cooking powders. 

 
The result for TuP shows a significant difference 

compared to SoP and CuP, which exhibit nearly 
identical characteristics. Despite this, all results 
demonstrate distinct features, with only a slight 
variation between SoP and CuP, which is 0.3 % 
difference. This indicates that the metamaterial-based 
sensor is highly sensitive, owing to the intrinsic 
permittivity properties of each powder type. The 
differences in permittivity are likely due to variations 
in the materials' composition and moisture content 
[24], [25]. Among these factors, moisture content 
plays a critical role in the quality and shelf life of food 
products like powders [1,3]. As the moisture content 
increases, a corresponding reduction in Q-factor and 
an increase in bandwidth are consistently observed, as 
presented in Table 4. This is due to increased 
microwave absorption because of increased losses 
associated with the presence of water molecules. 

Repeated measurements showed stable resonant 
frequencies with negligible variation, indicating good 
repeatability of the sensing response, although minor 
uncertainties may arise from manual powder 
compaction and sample packing density. Overall, the 
proposed metamaterial-based sensor is very sensitive 
to even the slightest changes in the dielectric 
properties of the powdered food product and is 
therefore suitable for nondestructive sensing and 
quality control. 
 
3.3  Metamaterial-based sensor loaded with semi-

liquid samples (honey) 
 
Figure 7 shows the reflection coefficient 
characteristics for different types of honey. The 
fundamental characteristics of the unloaded liquid 
samples differ due to the presence of the cuvette, 
which was considered in the total reflection coefficient 
as a reference. The resonant frequency for the 
reference shifted to a lower value of 10.048 GHz, 
representing a reduction of approximately 0.7 GHz 
from the previous measurement without the cuvette, 
while the minimum reflection coefficient remained 
nearly the same. The Q-factor increased to 43.498, 
with the bandwidth at FWHM measured at 0.231 GHz. 
The observed increase in Q-factor under the unloaded 
condition with the PETG cuvette is attributed to its 
function as a low-loss dielectric interface, which 
mitigates radiation and impedance mismatch losses 
while enhancing electromagnetic field confinement 
around the resonator. Consequently, energy storage is 
improved and the resonance becomes sharper 
compared to the configuration without the PETG 
cuvette, consistent with predictions from cavity 
perturbation theory [26], [27].  

Loading honey into the cuvette successfully 
activated the sensing mechanism, leading to a 
noticeable frequency shift and broader resonance 
peaks. The reflection coefficient increased, indicating 
a lower Q-factor compared to the cooking powder 
samples. This behavior is attributed to greater energy 
absorption resulting from the higher moisture content 
of the honey samples. [28-30]. Nectar honey has a 
relatively smaller resonant frequency shift with a 
higher Q-factor, which can be explained by the high 
concentration of glucose-fructose and low free water 
content [31].   

Table 5 indicates that the nectar honey contained 
the highest average sugar content of 80.33%, the 
stingless bee honey contained the lowest sugar level 

Table 4: Sensing characteristics and moisture content 
of tested cooking powders. 

Parameters 
Turmeric 
Powder 
(TuP) 

Soup 
Powder 
(SoP) 

Curry 
Powder 
(CuP) 

Resonant 
frequency (fs), 
GHz 

9.628 9.859 9.817 

Reflection 
coefficient  

0.741 0.675 0.660 

FWHM 0.839 0.806 0.797 
Bandwidth (bws), 
GHz 

0.504 0.399 0.378 

Quality factor 
(Qs) 

19.103 24.709 25.971 

Moisture content 
(%) 

12.120 9.200 8.900 
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with 72.93% and the bitter gourd honey had an 
intermediate range with an average sugar content of 
78.57%. The sugars that were predominant were 
glucose and fructose, which are the main 
carbohydrates in honey and strongly influenced its 
physical properties, such as the viscosity and moisture 
content [32]. The increased concentration of glucose 
and fructose in nectar honey causes high density and a 
reduced amount of free water. This treatment results 
in a separation of microwave absorption properties. 
Inversely, stingless bee honey has lower sugar content 
but higher moisture [33]. These compositional 
variations affect shelf life, crystallization and sensory 
characteristics, as will be elaborated in the FTIR and 
viscosity analysis (Figure 8 and Figure 9). These 
alterations directly affect rheological behavior and the 

existence of functional groups attached to sugars and 
polyphenolic compounds. 

The FTIR spectroscopy analysis of nectar, bitter 
gourd honey, and stingless bee honey displays the 
functional group compositions and molecular 
structures among the samples. As shown in Figure 8, 
the broad absorption band centered at 3271 cm⁻¹ is 
attributed to O–H stretching vibrations, indicating that 
honey contains the hydroxyl groups that are typical of 
sugars and phenolic substances. The wide peak 
indicates that all the honey samples had a significant 
amount of moisture, which is important for the texture 
as well as the preservation of honey. The peaks at 2927 
cm⁻¹ refer to the aliphatic hydrocarbons, which are 
present in the sugar portions of honey, corresponding 
to the C-H stretching vibrations. The peak at 1643 
cm⁻¹ is the existence of carbonyl groups, which can be 
related to aldehyde in glucose and ketones in fructose. 
The peaks at 1416 cm⁻¹ reflected C-H bending 
vibrations. These bending modes stand for CH₂ and 
CH₃ groups, demonstrating that honey contains 
aliphatic structures. The peaks at 1344 cm⁻¹ indicate 
the presence of ether or alcohol [34], [35]. 

The presence of C-O stretching at peak 1027 
cm⁻¹ showed a composition of sugar-related chemicals 
in all honey samples. Peaks at 775 cm⁻¹ indicate C-H 
wagging vibrations. In the fingerprint region (1549–
515 cm⁻¹), multiple peaks occur due to C–O, C–C, and 
C–O–H bending vibrations characteristic of 
polysaccharides, flavonoids, and phenolic compounds 
[35]. The FTIR spectra indicate that both botanical 
source and bee species have a considerable impact on 
the chemical composition of honey. The carbohydrate-
based spectra in nectar honey are typical 
characteristics of fructose and glucose-rich honey 
[36]. Bitter gourd honey has spectral characteristics of 
other organic acids and phenolic compounds. The 
stingless bees' honey shows a unique spectrum with 
higher absorbance of both the OH and fingerprint 
region, which shows a richer polyphenolic content and 
higher moisture content (Table 5). 

The rheological behavior of three samples of 
honey was assessed to understand the flow behavior of 
honey. Figure 9 represents viscosity versus shear rate. 
Nectar honey and stingless bee honey show almost a 
constant viscosity (0.48–0.49 Pa·s), indicating 
Newtonian behaviour. This uniformity has been 
attributed to their water-to-sugar ratios, which 
maintain structural stability under shear rate [30]. 
Comparatively, bitter gourd honey exhibits slow 

Figure 7: Reflection coefficient against frequency of 
the metamaterial-based sensor loaded by different 
types of honey. 

Table 5: Sensing characteristics, moisture and sugar 
content of diffèrent types of honey. 

Parameters Stingless 
Bee Honey 

Bitter 
Gourd 
Honey 

Nectar 
Honey 

Resonant 
frequency (fs), 
GHz 

10.006 9.985 10.153 

Reflection 
coefficient  

0.615 0.609 0.597 

FWHM 0.748 0.749 0.742 
Bandwidth (bws), 
GHz 

0.588 0.588 0.672 

Quality factor (Qs) 17.017 16.981 15.109 
Moisture content 
(%) 

28.84 22.07 20.17 

Sugar content 
(Brix %) 

72.93 78.57 80.33 
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viscosity reduction (0.25-0.40 Pa·s), which is a 
characteristic of shear-thinning (pseudoplastic) fluids.  

The viscosity of nectar and stingless bee honey 
is higher, which can be attributed to their difference in 
composition. Honey with a prevalence of nectar and 
glucose and fructose has a more compact sugar 
structure and stingless bee honey, though containing 
less sugar, still has more water and polyphenolics. 
This increases the intermolecular hydrogen bonding as 
well as contributes to its viscous behavior [33].  

In contrast, bitter gourd honey contains a little 
less sugar than nectar honey (Table 5) and higher 
percentages of organic acids, which lower its viscosity 
and enhance shear-thinning. These trends of viscosity 
are supplementary to the FTIR results, displaying 
stronger O-H and C-O bands in stingless bee honey, 
indicating the presence of higher levels of moisture 
and polyphenolic compounds, while the spectra of the 

nectar honey indicate higher levels of carbohydrate 
functional groups [35]. The results suggest that 
viscosity is not only dependent on the concentration of 
sugar but also on the slight bioactive molecules like 
polyphenols and flavonoids, which contribute to the 
microstructure through hydrogen bonds and by 
molecular compounds [37], [38]. On the other hand, 
viscosity, sugar composition, and moisture content 
collectively influence the sensor response, confirming 
the sensitivity of the proposed sensor. 
 
3.4 Metamaterial-based sensor loaded with liquid 

(cooking oil) 
 
Figure 10 presents the reflection coefficient responses 
of the metamaterial-based sensor loaded with fresh 
and used cooking oils. Although both samples exhibit 
resonance shifts toward lower frequencies due to 
dielectric loading, a measurable frequency difference 
of approximately 0.1 GHz is observed between fresh 
and used oils. This proves the high sensitivity and 
accuracy of the proposed method in detecting 
differences between oils with closely similar 
compositions.  

 
Figure 10: Reflection coefficient against frequency of 
the metamaterial-based sensor loaded by new and used 
cooking oil. 

 
As shown in Table 6, the used cooking oil has a 

lower resonant frequency and a larger reflection 
coefficient. These observations prove that there are 
increased losses in the dielectric properties of used 
cooking oil due to compositional changes. In addition, 
the used cooking oil has a smaller bandwidth and a 
larger Q-factor compared to fresh oil. These 
differences are due to changes in the physical 

Figure 8: FTIR spectroscopy of different types of honey. 

Figure 9: Viscosity as a function of shear rate for 
different types of honey. 
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properties of used cooking oil, particularly a decrease 
in viscosity due to thermal degradation caused by 
repeated frying. Triglycerides in the oil are degraded 
into smaller fragments, which reduces their 
intermolecular interactions and affects their dielectric 
properties [39], [40]. 

Figure 11 shows the FTIR spectra of the new 
cooking oil and the used cooking oil. The spectra show 
the chemical characteristics of cooking oil by 
identifying the functional group peaks and changes in 
their intensities. The peaks at 2921 cm−1 and 2852 
cm−1 are due to the C–H stretching vibration of the 
aliphatic –CH2 and –CH3 groups. The existence of the 
ester carbonyl (C=O) bond due to triglycerides in oil 
is denoted by the stronger peak at 1743 cm−1. The 
presence of peaks in the fingerprint area (1500–700 
cm⁻¹) indicates various bending and deformation 
vibrations of hydrocarbon chains and the ester group. 
The fingerprint region is used to differentiate the 
identity between the compounds [39], [41]. FTIR 
bands at 1464 cm−1 and 1377 cm−1 represent the 
bending vibration of the alkane group. The peak 
intensities at 721 cm−1 indicate the loss of cis double 
bonds in cooking oil [42]. The spectra of used cooking  

Figure 11: FTIR spectroscopy of new and used 
cooking oil. 

oil show changes in intensity and position of some 
peaks. Notably, there is also an increase in 
absorbance around 3400 cm⁻¹ due to hydroxyl (–OH) 
functional groups, probably due to byproducts of 
oxidation. The carbonyl peak of the ester at 1743 cm⁻¹ 
is still present with a new peak at 1600 cm⁻¹ and 1100 
cm⁻¹, which can be ascribed to carbonyl compounds, 
as well as oxidation products of aldehydes, ketones, 
or acids, [39], [42]. 

These oxidation-related functional groups 
increase dielectric loss, thereby enhancing microwave 
absorption and causing the observed variations in 
resonant frequency and reflection coefficient. 
Although FTIR is less sensitive to the early stages of 
degradation, the joint analysis of electromagnetic and 
spectroscopic analysis confirms that microwave 
sensing can detect the subtle variations in composition 
that are difficult to quantify using FTIR alone.  

FTIR spectra of functional groups of new and 
used cooking oils have numerous similarities, 
particularly in the presence of characteristic peaks like 
aliphatic, CH stretching and carbonyl ester. This 
similarity is expected as the fundamental structure of 
triglycerides is not usually altered even when they are 
exposed to heat during frying. However, the baseline 
absorbance of new and used cooking oil only slightly 
increases because less unsaturated waste cooking oil 
is altered [41]. 

Along with the FTIR result, the used cooking oil 
showed substantial colour deterioration when 
compared to the new oil. Along with the FTIR result, 
the used cooking oil indicated a good colour 
deterioration compared to the new oil. This visual 
transformation of light yellow to dark brown is 
suggested by the oxidation and polymerization of 
triglycerides that resulted in conjugated carbonyl 
compounds and polymerized pigments and byproducts 
of the Maillard reaction [43], [44]. The resulting 
coloration resulting from oil degradation, reflecting 
the oxidation of the food products and high-molecular-
weight compounds formed by prolonged heating [45]. 
This observation can be compared to the results of the 
reflection coefficient (Figure 10), where the used oil 
exhibits a slight variation in resonant frequency and a 
higher response. This proves the ability of the sensor 
to identify the difference between new and used oil 
according to their compositional and physical 
differences. 

Figure 12 demonstrates the viscosity of new 
cooking oil and used cooking oil, which indicates a 
clear difference in flow behavior. The viscosity of new 

Table 6: Sensing characteristics of new and used 
cooking oil. 

Parameters New Cooking 
Oil 

Used Cooking 
Oil 

Resonant frequency (𝑓𝑓𝑠𝑠), 
GHz 

9.985 9.880 

Reflection coefficient 0.495 0.512 
FWHM 0.726 0.738 
Bandwidth (𝑏𝑏𝑏𝑏𝑠𝑠), GHz 0.294 0.252 
Quality factor (𝑄𝑄𝑠𝑠) 33.963 39.206 
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cooking oil (2.2–2.7 mPa·s) is significantly higher 
than that of used cooking oil (1.3–1.5 mPa·s). At the 
initial rate, new and used cooking oil show nearly 
Newtonian behaviour. However, the increasing shear 
rate of the new oil tends to display a weak shear-
thinning pattern. The used cooking oil maintains a 
more constant profile, indicating behaviour closer to 
an ideal Newtonian fluid [46]. This decrease in the 
viscosity after repeated use could be explained by 
thermal degradation and oxidation during the frying 
process that breaks down triglycerides to smaller 
molecules and weakens intermolecular bonding. Thus, 
leading to a less viscous fluid [47], [48]. This viscosity 
degradation not only reflects the deterioration of oil, 
but it is also correlated with the variations of the 
reflection coefficient, as was observed by the 
metamaterial-based sensor. Overall, the consistent 
correlation between the microwave sensing 
characteristics, the FTIR spectral changes, the 
reduction in viscosity, and the visual degradation 
verifies the capability of the proposed metamaterial-
based sensor to sensitively and non-destructively 
differentiate between fresh and deteriorated cooking 
oils. 
 
4 Conclusions 
 
A highly sensitive metamaterial resonant sensor has 
been successfully developed and validated for 
nondestructive food quality monitoring. In the 
proposed sensor, strong resonance characteristics have 
been achieved with a high Q-factor of 43.498. The 
sensor's sensing characteristics are determined based 

on changes in resonant frequency, reflection 
coefficient, and FWHM bandwidth. The sensor 
successfully demonstrated its ability to detect a 
minimum difference of 0.3% moisture content in 
cooking powder samples, thus proving its high 
sensitivity characteristics. For liquid food samples, 
honey and cooking oil, significant changes in resonant 
frequency and Q-factors have been observed and 
correlated based on moisture content, sugar content, 
viscosity, and molecular structure. The sensor 
successfully distinguished between new and used 
cooking oil via a measurable shift of 0.1 GHz 
frequency and changes in Q-factors, thus proving its 
ability to detect oil degradation due to thermal 
oxidation. These results demonstrate the reliability, 
sensitivity, and applicability of the sensor in real-
world applications like food quality analysis, oil 
degradation analysis, and non-destructive testing in 
food processing industries. However, the use of an 
FR-4 substrate with quite high dielectric losses may 
limit further sensitivity enhancement, and the study 
was conducted under laboratory conditions with a 
limited range of samples. Future work will focus on 
low-loss substrates, improved resonator optimization, 
and validation across a broader range of food products 
to enable real-time industrial implementation. 
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