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A hybrid graphene-based material, composed of reduced graphene oxide
(rGO) and silver nanoparticle (AgNP), has been proposed for a near field
communication (NFC) tag antenna with an integrated, flexible temperature
monitoring circuit. The limited availability of high-conductivity graphene-
based materials in the market has restricted the use of graphene in NFC tag
applications. Therefore, this paper proposes a hybrid graphene-based
composition featuring a high conductivity of 3.95x106 S/m. The feasibility
of this material for NFC tags had not been validated previously, which is the
main motivation for this research. The synthesis of the materials, along with
the design, fabrication, and characterization of the NFC tag, is also
presented. Results show that the inkjet-printed tag achieves a good reading
range of up to 3 cm and demonstrates robustness against bending from 60° to
190°, maintaining a maximum reading range of 1.3 cm. Performance on
various materials, such as plastic, paper, and carton, also shows minimal
impact on frequency shifting. Additionally, the graphene-based NFC tag
integrates well with the temperature circuit, effectively monitoring
temperatures in the 20-60 °C range in real-time. This makes the developed
tag suitable for applications such as food safety monitoring systems through
NFC-integrated packaging.
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1. INTRODUCTION

Wireless communication is essential for sensing technology due to its flexibility in facilitating
seamless data exchange, enabling real-time monitoring, and enhancing the adaptability of devices across
diverse applications. One of the most popular wireless communications systems is the radio frequency
identification (RFID) technology, which is widely used in many sensing applications, including health
monitoring, food safety monitoring, temperature as well as humidity monitoring [1]-[3]. RFID can operate in
different frequency ranges, which are low frequency (LF), high frequency (HF) and ultra-high frequency
(UHF). Among all the available RFID technologies, HF as known as near field communication (NFC) system
has attracted great attention due to its capability of communicating in a short distance of less than 10 cm,
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which shows high security, as well as a simple operation process, which can be achieved only by using a
smartphone as a reader [4].

The working principle of the NFC system involves inductive coupling between the reader and the
tag in the near field region at a frequency of 13.56 MHz [5]. The NFC tag can receive energy from the reader
to activate the NFC chip and any integrated electronic components, such as microcontrollers and sensors,
without requiring an external power source like batteries. The primary element of the NFC system is the
antenna, which is utilized for transmitting and receiving radio frequency signals. The antenna comprises a
conductive coil element, a substrate, and a chip. The conducting element of an antenna is often comprised of
a metal-based material, such as copper or aluminium [6], [7]. While these materials exhibit excellent
electrical conductivity and mechanical properties, they have some limitations, such as being easily oxidized
at ambient temperatures and cracked upon bending [8]. Consequently, the electrical conductivity can be
greatly reduced upon oxidation, thus shortening the application life span. Other metal-based materials like
silver nanoparticles (AgNPs) are also widely used as conductive material for antenna, as presented in [9], [10]
due to their high electrical conductivity and oxidation resistance. However, the mass production and raw
materials cost are way too high for AgNPs compared to copper and aluminium, making it less suitable for
low-cost applications [11].

To address these constraints, carbon-based materials have emerged as a possible alternative to
metal-based conductive materials for antennas due to their low cost, oxidation resistance, chemical stability,
and mechanical flexibility [12]. The unusual features of carbon-based materials, particularly graphene, have
attracted the interest of researchers. Graphene is a single sheet of graphite having a two-dimensional (2D)
array of sp2-connected carbon atoms organized in a honeycomb hexagonal lattice structure. The
characteristics of graphene include high electron mobility, light weight, flexibility, and biocompatibility [13],
[14]. Previously, the research on graphene-based antenna was primarily aimed at the terahertz band [15],
[16], but in 2015, some research on the graphene-based antenna for much lower frequency, HF and UHF,
started to emerge [17]-[19]. However, the conductivity values of the graphene-based conductive materials, as
proposed by other researchers [20], [21] are mostly two to three orders lower than the metal-based
conductive materials, which are in the range of ~10* to ~10° S/m. This much lower conductivity compared to
metal-based material will increase the antenna resistance, hence reducing the antenna efficiency. A few
methods have been employed to improve the conductivity of the graphene-based materials, such as using
binders like ethyl cellulose (EC) to prepare graphene ink [22]. However, this method is incompatible with
heat-sensitive substrates like papers, PET, and textiles, as it requires high-temperature thermal annealing of
up to 300 °C. Other methods suitable for low temperature resistance substrates include graphene layer
stacking [20] and rolling compression [23], [24] techniques. However, achieving uniform compression and
stacking poses challenges, as excessive compression and irregular stacking may lead to degradation of
conductivity and graphene performance. One of the most promising methods for increasing conductivity is
incorporating metallic nanoparticles with graphene [13], as it is compatible with a wide range of substrates
and mechanically more stable. However, careful material selection and processing techniques must be
considered to avoid external resistance. Previously, hybrid graphene-based materials have mainly been
applied in flexible electronics and sensors [13], [24], [25], and to date, no HF antenna application has been
demonstrated based on hybrid graphene-based materials.

Therefore, this paper proposes a new high-conductivity material composed of a hybrid composition
of reduced graphene oxide (rGO) and AgNPs, intended for use as a conductive element in an NFC tag
antenna and a flexible temperature monitoring circuit. The characterization of the hybrid graphene-based
material and the design process of the NFC tag antenna are detailed in the methodology section. The
validation process of the proposed material in NFC tag application is presented in the results and discussion
section, where the simulation and experimental results of the NFC tag antenna are analyzed, focusing on its
electrical properties and robustness, including bending and surface material sensitivity. Additionally, this
section covers the embedded temperature sensor circuit and the enhancement of the NFC temperature
monitoring app. The final section provides a summary of the paper and recommendations for future work.

2. MATERIALS AND METHODS
This section describes the characterization of hybrid graphene-based conductive ink, the design of
NFC tag antenna and the fabrication process of the graphene-based NFC tag antenna.

2.1. Synthesis and characterization of hybrid graphene-based conductive ink

The hybrid graphene-based conductive ink was formulated through a chemical reduction method
involving a combination of rGO and AgNPs, as explained in [26]. rGO is produced by applying further
reductive exfoliation treatment to graphene oxide (GO) from Graphenea, USA, which was utilized as the
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precursor for synthesizing graphene. By having fewer oxygen functional groups, rGO produces greater
electrical conductivity and carrier mobility compared to GO [27]. A solution consisting of 50% rGO and 50%
silver nitrate (AgNO3), along with a reducing and encapsulating agent, was prepared and then incubated to
facilitate the formation of AgNPs/rGO. Subsequently, the resulting black composite, collected post-
centrifugation, was crushed, and deionized water was introduced to create the hybrid graphene-based colloid.
The colloid was then converted into inkjet printable ink with a proprietary water-based formulation which are
called Mi-GraphPrink (MIMOS Berhad, Malaysia) with <10% solid content, pH ~6.8 and viscosity of ~2.39 cP.

The samples' structural characteristics were evaluated utilizing a scanning electron microscope
(SEM) and transmission electron microscope (TEM). As illustrated in Figure 1, the TEM micrographs verify
the configuration of AgNPs on rGO nanosheets. It is evident from Figure 1(a) that an abundance of AgNPs in
spherical shape were deposited on the surface and at the border of the rGO. The AgNPs exhibit a particle size
distribution ranging from 10 to 25 nanometers (Figure 1(b)). The lattice fringe spacing, as determined
through measurement, is 0.24 nanometers (Figure 1(c)), which corresponds to the FCC lattice of the crystal
plane (111) [26]. Figure 1(d) depicts the SEM image of the printed pattern, revealing a smooth and defect-
free microstructure that facilitates electron movement. From the SEM image, the presence of AgNPs on the
rGO nanosheets is confirmed. A good attachment between graphene and silver particles may contribute to the
high conductivity of the material.

Figure 1. TEM images of (a) AgNP/rGO nanocomposites, (b) particle size distributions of AgNPs,
(c) particle size distributions of AgNPs, and (d) SEM image of AgNP/rGO nanocomposites

The conductivity measurement of the hybrid-graphene-based ink, shown in Figure 2, was performed
using the 4-Point Probe Loresta GX MCP-T700 from Mitsubishi Chemical Analytech Co. Ltd., as illustrated
in Figure 2 (a). Four graphene square samples, each measuring 1x1 cm and with a thickness, t of 1 um, were
printed on the flexible PET substrate and measured using the 4-Point probe as shown in Figure 2(b). The
resistance, R for each square was measured four times and the conductivity, o value was then calculated
using (1) until (3), where p,, ps and RCF indicates volume resistivity, surface resistivity and resistivity
correction factor, respectively. The value for RCF used in this calculation is a constant value of 3.891 [28].
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The distribution of the conductivity values for each of the samples is illustrated in Figure 2(c). From
the box plot, it can be seen that sample 1, 2, and 4 show a positively skewed distribution of the conductivity;
meanwhile, only sample 3 shows a negatively skewed distribution. This trend indicates that the collected data
is reliable and consistent, and some unavoidable human error during measurement might contribute to the
high dispersion of the data set in sample 3. The mean conductivity value achieved from all the collected data
and samples is 3.95x10°% S/m. Therefore, this conductivity value is used for NFC tag antenna design in the
subsequent section.
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Figure 2. Conductivity measurement: (a) using 4-Point Probe Loresta GX MCP-T700, (b) measurement
conducted on graphene samples, and (c) distribution of conductivity values for 4 samples

2.2. NFC tag antenna design

The NFC tag antenna in Figure 3 comprises an RLC resonance circuit, as illustrated in the
simplified equivalent circuit model in Figure 3(a). The DC antenna resistance, R, indicates the loss of the
antenna coil, which is specified by the width (w) and the length of the antenna coil. Meanwhile, the antenna
inductance, L,, depends on the geometrical parameters of the coil antenna, including the antenna length (a),
width (b), number of turns (n), conductor’s width (w), and conductor’s gap (g) as illustrated in the common
HF band printed circuit board (PCB) antenna structure in Figure 3(b). C, is the parasitic capacitance of the
antenna, which exists between the coils. In designing the NFC tag antenna, it is crucial to minimize the
antenna resistance to reduce heat loss in the antenna. Therefore, the graphene-based NFC tag design must
prioritize achieving the lowest possible antenna resistance while maintaining small dimension of the antenna.
This effort is essential for minimizing heat loss and enhancing the Q-factor, as the two are directly related, as
described in (4).

La
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T Ra
a
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Figure 3. NFC tag antenna: (a) equivalent circuit model and (b) structure
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The NFC tag antenna design in Figure 4 was simulated using CST Microwave Studios with different
numbers of coil turns, widths and gaps between the coils, in order to achieve the optimum performance. Three
antenna designs namely design A, design B, and design C were simulated, as shown in Figures 4(a) to 4(c),
respectively. The hybrid graphene conductor was modeled with a conductivity value of 3.95x10° S/m, as
achieved in section (2.1) and a thickness of 1 um. An ISO/IEC 15693 compliant chip from Texas instrument,
RF430FRL152HCRGE, with an internal capacitance of 35 pF [29], was integrated at the port of the antenna
design. The geometry and simulated values of La, R,, and Q-factor for all designs are summarized in Table 1.
The L, and R, values were measured at 1 MHz, as recommended in [30], to neglect the capacitive part of the
coil antenna, while the Q-factor was measured at 13.56 MHz. Among the three designs, design A and design B
have similar Q-factor values, both of which are twice as high as design C. This is due to the wider coil width
of design A and design B compared to design C, which reduces the antenna resistance and increases the
cross-sectional area for current to flow. Since resistance is inversely proportional to the Q-factor as referred
to (4), reducing the antenna resistance contributes to an increase in the antenna’s Q-factor. However,
compared to design B, design A has 20% smaller dimensions, making it more suitable for placement on
various items and surfaces without being overly bulky. Therefore, design A was chosen as the most optimum
design for printing and further analysis.
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Figure 4. Structure of antenna design for (a) design A, (b) design B, and (c) design C

Table 1. Antenna geometries and simulated La, Ra, and Q-factor values

Design A B C
Dimension 5040 50x50  50x50
Conductor width, w (mm) 3 25 0.8
Gap between coils, g (mm) 1 1.2 0.9
Number of turns, n 4 6 6
Chamfer width, ¢ (mm) 2 2 0
La (uH) @1 MHz 0.75 121 2.35
Ra (Q) @1 MHz 37.03 6596 308.77
Q-factor @13.56 MHz 1.2 1.2 0.62

2.3. Fabrication of graphene-based NFC tag antenna

Figure 5 illustrates the fabrication process of the graphene-based NFC tag antenna. The tag antenna
was fabricated using inkjet printing technology with the PiXDRO LP50 (SuSS MicroTec). The temperature
of the platen can be adjusted between 28 °C to 60 °C. To prevent the ink from spreading, the platen

Flexible hybrid graphene-based NFC tag antenna for temperature monitoring ... (Najwa Mohd Faudzi)




232 a ISSN: 2502-4752

temperature in this fabrication was set at 40 °C. The antenna was printed with a minimum thickness of 1 um
to reduce the printing difficulty. To ensure flexibility, the graphene conductive material was printed on a PET
substrate with an electrical permittivity of 3 and a thickness of 0.12 mm. After printing, the antenna was
cured at 40 °C for 30 minutes. The antenna coil and bridge were printed separately and subsequently bonded
using silver conductive epoxy, Chemtronics CW2400. The conductive epoxy requires curing at room
temperature (25 °C) for 4 hours, with maximum bond strength achieved after 24 hours.

Curing @ 40°C for

ceRS Y

Bonding using

Ink formulation Inkjet printing Antenna pattern conductive epoxy

Figure 5. Fabrication process of graphene-based NFC tag antenna

3. RESULTS AND DISCUSSION

This section discusses the simulated and measured results of the proposed NFC tag antenna,
including antenna inductance, antenna DC resistance, tag reading range, bending and sensitivity on different
surface materials to validate the feasibility of using hybrid graphene-based material as the conductive
element for the NFC tag antenna. The hybrid graphene-based NFC tag antenna also has been integrated with
the flexible temperature sensor circuit, printed using the same material, and the reliability of the tag for
temperature monitoring applications has been evaluated.

3.1. Antenna inductance, La and antenna DC resistance, Ra

Figure 6 illustrates the measurement of the electrical properties, including La and Ra, of the printed
Design A tag antenna to validate the simulation results presented in Table 1. Three samples of the Design A
antenna, shown in Figure 6(a), were used to measure La and Ra with a Keysight N5232B PNA-L Vector
Network Analyzer (VNA), as depicted in Figure 6(b). From the smith chart result, the L, and R, values were
evaluated at 1 MHz as shown in Figure 6(c), while the Q-factor values were calculated from the network
impedance obtained at the operating frequency of 13.56 MHz using (4). The measured results are compared
with the CST simulation as presented in Table 2. On average, the simulated and measured results exhibit
good agreement with very slight difference for L,, Ra, and Q-factor values. These findings demonstrate that
the graphene-based conductive material is well printed and compatible with the flexible PET substrate,
maintaining consistent conductivity throughout the entire coil design, similar to the simulation conditions.

(@) (b) ©

Figure 6. Design A tag antenna’s (a) prototypes, (b) measurement setup for antenna inductance and resistance
using the Keysight N5232B PNA-L VNA, and (c) example of a Smith chart result

Table 2. Simulated and measured results for design A antenna inductance, resistance, and Q-factor
VNA measurements

Parameter CST simulation
1 2 3 Average
La (uH) @1 MHz 0.75 0.88 0.92 091 0.90
Ra (Q) @1 MHz 37.03 50.15 30.96 37.11 39.41
Q-factor @ 13.56 MHz 1.20 0.97 1.67 1.35 1.33
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3.2. Tag reading range

The tag reading range in Figure 7 is defined as the maximum distance at which the reader can detect
the tag. The tag reading range is determined in the simulation from the magnetic field strength curve, as
shown in Figure 7(a). The distance at 1.5 A/m is considered the maximum reading distance, as 1.5 A/m is the
standard value for the minimum field strength required to activate the chip [31]. According to the graph, the
proposed graphene-based tag antenna achieves a maximum reading range of approximately 3.2 cm.

The graph in Figure 7(b) illustrates the relationship between the tag reading range and the antenna
resonance frequency as a function of the tuning capacitance value. Without any tuning, the tag can already be
detected with a reading range of up to 1.8 cm. Increasing the tuning capacitance to 75 pF maximizes the tag
reading range at a resonant frequency of 15 MHz, with a distance of approximately 3 cm. However, as the
tuning capacitance increases higher, the resonant frequency shifts to a lower frequency and the reading range
decreases. The minimum distance achieved is 1.3 cm with a tuning capacitance value of 200 pF and a
resonance frequency of 11.53 MHz. Below this frequency, the tag antenna cannot be detected as the resonant
frequency does not matched the reader, resulting in no magnetic coupling. The maximum measured reading
range shows very close agreement to the simulation and it is within the typical detection range for a
smartphone, which is between 1 and 5 cm [32].

Figure 8 is measurement setup. The simulated tag reading range was then verified through
measurement using the experimental setup shown in Figure 8(a). In this setup, the antenna was connected in
parallel with the tuning capacitance Cwn 0on the breadboard and the RF430FRL152HEVM board from Texas
Instruments, which includes RF430FRL152H chip. To detect the tag and measure the reading range, an NFC-
enabled smartphone, specifically the Xiaomi 11T, was employed, and the distance between the tag and the
smartphone was measured using a vernier calliper. The tuning capacitance was varied from 50 pF to 200 pF
to determine the highest reading range achievable by the antenna. The resonance frequency was observed
using the VNA, as depicted in Figure 8(b), where the tag antenna is brought closer to a coil antenna with a
resonant frequency of over 50 MHz connected to the VNA.
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Figure 7. Reading range observation through (a) magnetic field strength as a function of distance from tag
surface (z-axis) and (b) measured tag reading range with respective resonant frequency and tuning
capacitance value
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Figure 8. Measurement setup for (a) tag reading range and (b) antenna resonant frequency
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3.3. Effect of bending at different radius

The flexibility of the graphene-based tag antenna has also been assessed by varying the bending
radius. In the simulation shown in Figure 9, the antenna is bent on a cylindrical foam with ¢, of 1, at different
angles by varying the cylindrical bending radius, r, within the 1.5 cm to 4.5 cm range. The relationship
between the bending radius and angle can be determined using the arc length, S formula in (5), where the
bending angle, 8 is inversely proportional to the radius of the cylinder, r. Thus, an increase in radius (1.5 cm
to 4.5 cm) results in a decrease in the bending angle (190.9° to 63.7°). The simulated results of the S-
parameter for various bending radius are shown in Figure 9(a). The result indicates that the antenna resonant
frequency shifts to a higher frequency by less than 1 MHz for the maximum bending angle. This shift is
insignificant and remains within the acceptable operating frequency range for NFC tag (13.56 MHz < fry <
16 MHz) [33]. The frequency shift is attributed to the decrease in antenna inductance, La, as illustrated in
Figure 9(b). However, bending may contribute to a decrease in coupling efficiency with the reader, as the
magnetic field intensity is reduced with an increase in the bending angle, as shown in Figure 9(c). The
increase in the bending angle leads to an asymmetrical distribution of the magnetic field due to the distortion
of the current flow and magnetic field patterns within the antenna structure.

S=0-R~==9 (5)
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Figure 9. Simulation results of (a) S-parameter, S11; (b) antenna inductance, La; and (c) magnetic field
distribution with the variation of cylinder radius, r

The measurement at different bending angles, as depicted in Figure 10, were conducted to verify the
simulated results. The tag antenna was attached to different sizes of cylinder foam, as shown in Figure 10(a).
The tag reading range was measured, and the shift of antenna’s resonant frequency from the operating
frequency of 13.56 MHz was observed using VNA, as shown in Figure 10(b). The results in
Figure 11 indicate that the antenna’s resonant frequency remains relatively constant across various surface
bending of cylinder foams, except for the cylinder foam with r=1.5 cm (6=190.9°), which shows a slight shift
of around 1 MHz to a higher frequency, as illustrated in Figure 11(a). Although the resonant frequency is not
significantly affected by the bending, the tag reading range decreases from 2.4 cm to 1.3 cm as the bending
angle is increased from 63.7° to 190.9° which is equal to the decrease of cylinder radius from 4.5 ¢cm to 1.5
cm, as depicted in Figure 11(b). This occurs because the bending angle is more significant when the cylinder
radius is smaller, reducing the antenna's accessible surface area for the reader. Since the surface area is
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directly proportional to the induced magnetic field, the smaller the surface area, the less magnetic field is
induced in the tag antenna, thereby reducing the tag reading range. These results prove that the proposed tag
antenna is robust to curvature, with the smallest detection range achieved being 1.3 cm.

Figure 10. Measurement at different bending angle using (a) cylinder foams with varying radius and (b)
measurement setup for antenna resonant frequency using VNA
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Figure 11. Measurement results of (a) S-parameter, S11 and (b) reading range with variation of bending angle

3.4. Sensitivity on different surface

The sensitivity of the graphene-based tag when attached to different materials, as depicted in Figure
12, was evaluated. The tag antenna was affixed to various materials, including plastic, carton box, wood, and
metal, as shown in Figures 12(a)-(d), respectively, respectively. According to the measurements, the
performance of the tag antenna is not much affected by plastic, carton boxes, or wood materials, where the
antenna resonant frequency remain relatively constant when attached to these materials, with only slight shift
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of approximately 1 MHz from the antenna in free air, as depicted in Figure 13. However, when the tag
antenna is mounted to metal, it loses performance and does not resonate at the required operating frequencies.
This behaviour is due to the presence of an eddy current on the metallic component, which generate a
magnetic field in the opposite direction, weakening the field of the NFC reader. To lessen the influence of
eddy current on the tag antenna, a magnetic sheet such as ferrite or amorphous can be attached to the back of
the tag antenna, as recommended in [34], [35].

(b)

(d)

Figure 12. Antenna attached to different materials: (a) plastic, (b) carton box, (c) wood, and (d) metal

-40

10 12 14 16 18 20
Resonant frequency, ., (MHz)

Figure 13. Measurement results of S11 when different materials are attached to the tag

3.5. Integration with temperature sensor

For the temperature monitoring application, the proposed graphene-based tag antenna in Figure 14 is
integrated with a flexible temperature circuit comprising the RF430FRL152H chip and 100 kQ NTC
thermistor from Sunlord, which serves as the temperature sensor. Figure 14(a) illustrates the prototype of the
tag antenna with the integrated circuit. The tag antenna and the temperature circuit are printed using the
proposed graphene-based conductive material. Surface-mount device (SMD) components, including resistors
and capacitors, are mounted on the circuit using silver conductive epoxy, Chemtronics CW2400, with the aid
of a stencil. Figure 14(b) depicts the schematic circuit diagram of the tag for temperature monitoring
application. The designed antenna is connected to pin 1 and 2 of the chip. Meanwhile, the temperature sensor
(RT1) is connected to the ADC2 pin and grounded to the virtual ground of the sensor reference potential
(SVSS). A reference resistor (Rrer), with the same value as the thermistor (100 kQ), is connected to ADC1
and SVSS to achieve more accurate temperature measurement. The general equation of the temperature
change of a thermistor in (6) is utilized to calculate the measured temperature in relation to the resistance of
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the thermistor [36]. Here, R represents the resistance value at temperature T, Ro denotes the reference
resistance value at the reference temperature To and B represents the material coefficient of the thermistor.

)
Ry = Roe'™ To (6)

Figure 15 illustrates the temperature monitoring of the proposed graphene-based tag integrated with
the temperature sensor. The temperature was wirelessly monitored using a Xiaomi 11T smartphone with an
NFC temperature monitoring app, as depicted in the measurement setup shown in Figure 15(a). The
temperature was varied by adjusting the distance of the blower from the tag antenna, and the app’s
temperature readings were compared with the actual controlled temperature. The temperature monitoring app
has been enhanced from the previously developed app by Texas instruments to make it suitable for graphene-
based tag antenna as illustrated in Figure 15(b). The previous app was only applicable for metal-based tag
antennas, providing accurate temperature measurements exclusively for such antennas. However, when this
app is used for a graphene-based tag antenna, the measured temperature significantly increases compared to
the real controlled temperature, as illustrated in the first correlation of Figure 15(c). This discrepancy arises
due to the higher resistance of graphene material compared to metallic material, affecting the voltage present
at the input of the ADC2.
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Figure 14. Graphene-based tag antenna with temperature sensor: (a) prototype
and (b) schematic circuit diagram

To overcome this issue, a two-step linear regression was performed between the actual temperature
and the temperature measured using the app, as shown in Figure 15(c). The first linear regression involves
comparing the real temperature with the app temperature using the original app, whereas the second linear
regression involves correlating the real temperature with the app temperature using the measured values from
the first regression. The linear fit equations for the first and second regressions are given in (7) and (8),
respectively. Both equations are incorporated into the app coding in Android Studio, and the final results of
applying both equations are presented in Figure 15(c). The temperature difference between real and app
temperatures is within +2 °C, making it suitable for temperature monitoring applications.

App Temp = 0.98133 (Real temp) + 21.20369 @)
App Temp = 0.93243 (Real temp) + 2.84593 (8)

The comparison of the proposed tag with recently published graphene-based NFC tags is shown in
Table 3. The proposed conductive material, hybrid graphene-silver, exhibits the highest conductivity value
compared to other graphene-based materials from previous work. Despite its lower printed thickness of 1 um,
the proposed tag achieves performance comparable to other graphene-based NFC tags, particularly in terms
of read range and application. Although its reading range is lower than that of [8], it still meets the required
range for an NFC tag when detected by a smartphone, typically between 1 cm and 5 cm [32]. The low
thickness of printed graphene-based conductive materials also offers advantages in terms of flexibility,
lightweight design, and ease of printing for the NFC tag. Regarding size, most tags from previous work are
bulkier than the proposed tag, which may limit their attachment to certain items. Additionally, the integration
of the tag antenna with a flexible temperature monitoring circuit makes it suitable for attachment to
conformal structures, unlike the tags in [21] and [37], which have sensor circuits mounted on PCB substrates,
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reducing their flexibility. Meanwhile, the tags presented in [20] and [8] only integrate with the NFC chip
without any available sensors.
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Figure 15. Temperature monitoring: (a) measurement setup, (b) enhanced temperature monitoring app, and
(c) correlation between app temperature and real temperature with linear regressions analysis

Table 3. Comparison of the graphene-based NFC tag antenna with the proposed tag

Reader
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(substrate)  (s/m)/thickness 5 (output input power)
(mm?)  (cm) power) sensor
20 dBm
Hybrid - 23
This graphene 3.95 x10%/1 Smartphone dBm RF430FRL152H Temp Yes
. 50x40 3 . . (1200 Texas instrument o
work silver pm Xiaomi 11T monitoring (flex)
(PET) mw- (2.85 mW)
200
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Stacked
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4. CONCLUSION

This paper has successfully validated the feasibility of using the proposed hybrid graphene-based
conductive materials, composed of rGO and silver nanoparticles, in flexible NFC tags. The design A tag
antenna, inkjet-printed using the proposed material, demonstrated a maximum reading range of up to 3 cm.
The tag antenna was also verified to be robust and flexible, withstanding bending at various angles without
significant performance degradation. It remained detectable at a maximum range of up to 1.3 cm at a 190.9°
(r=1.5 cm) bending angle. Additionally, the tag showed consistent performance when attached to various
surfaces, including plastic, carton and wood, except for metal surfaces due to the presence of eddy currents.
Integrating the tag antenna with the flexible temperature circuit also produced reliable temperature readings,
with the difference between the actual and app-recorded temperatures being minimal, within £2 °C. For
future studies, the proposed tag antenna could be applied to real-world food quality monitoring across
different temperature ranges, where both real-time data and material robustness are crucial. Additionally,
alternative substrates, such as thermoplastic polyurethane (TPU), which offer stretchability, could be
explored for use with the hybrid graphene-based material to improve the durability and flexibility of the tag.
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