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Abstract: Wearable antennas have recently garnered significant attention due to their attractive properties
and potential for creating lightweight, compact, low-cost, and multifunctional wireless communication
systems. With the breakthrough progress in nanomaterial research, the use of lightweight materials
has paved the way for the widespread application of wearable antennas. Compared with traditional
metallic materials like copper, aluminum, and nickel, nanoscale entities including zero-dimensional (0-D)
nanoparticles, one-dimensional (1-D) nanofibers or nanotubes, and two-dimensional (2-D) nanosheets
exhibit superior physical, electrochemical, and performance characteristics. These properties significantly
enhance the potential for constructing durable electronic composites. Furthermore, the antenna exhibits
compact size and high deformation stability, accompanied by greater portability and wear resistance, owing
to the high surface-to-volume ratio and flexibility of nanomaterials. This paper systematically discusses
the latest advancements in wearable antennas based on 0-D, 1-D, and 2-D nanomaterials, providing a
comprehensive overview of their development and future prospects in the field.

Keywords: wearable device; wearable antenna; nanomaterials; carbon nanotubes;
silver nanowires; graphene

1. Introduction

The application of wearable devices in daily life is becoming increasingly extensive [1,2].
These devices are not restricted to wristwatches, exercise shoes, and virtual reality glasses,
and include other medical devices as well [3]. The wearable industry is expected to grow to
USD 54 billion by 2023 [4]. Antennas are one of the essential aspects of wearable gadgets as
they lead to a portable link for the overall effectiveness of the devices [5]. For better application
in wearable systems, several usage specifications of the antenna must be considered, such as
small size [6], low weight [7], power consumption, and flexible structure [8]. In addition, the
impact of the wearable antenna on the host body during use and the possible significant loss
of efficiency and reliability due to antenna deformation should be considered [9]. Therefore,
when designing wearable antennas, several aspects need special consideration. The first is to
deal with the deformation of the antenna when it is worn, as this can significantly degrade
transmission performance [10]. The second is to take into account the coupling between the
wearable antenna and the human body to prevent further performance degradation. Finally,
the robustness of the antenna under various conditions, such as humidity, temperature, and

Biosensors 2024, 14, 35. https:/ /doi.org/10.3390/bios14010035

https:/ /www.mdpi.com/journal /biosensors


https://doi.org/10.3390/bios14010035
https://doi.org/10.3390/bios14010035
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biosensors
https://www.mdpi.com
https://orcid.org/0000-0002-1041-1861
https://orcid.org/0000-0002-8517-5728
https://doi.org/10.3390/bios14010035
https://www.mdpi.com/journal/biosensors
https://www.mdpi.com/article/10.3390/bios14010035?type=check_update&version=2

Biosensors 2024, 14, 35

2 0f 22

distance between the body and the antenna, must be considered [11]. In addition, besides the
basic parameters of the antenna, high electrical and mechanical performance, low cost, light
weight, low loss, flexibility, ease of wearing, and high resolution/precision in the fabrication
method are also very important [12].

With the improvement in nanomaterial development methods and the development of
integrated wearable devices, nanomaterials and nanocomposites have become the focus of
finding new integration concepts to improve antenna performance, which also puts forward
new requirements for materials [13]. These nanomaterials mainly include metal nanoparti-
cles [14-16], carbon nanotubes (CNTs) [17], silver nanowires (AgNWs) [18], graphene [19],
MXene inks [20], conductive polymers [21], etc. Research results show that the wearable
antenna has significantly enhanced antenna parameters due to the addition of nanomaterials,
e.g., bandwidth enhancement, gain improvement, size reduction, and cost reduction.

As zero-dimensional (0-D) nanoparticles, metal nanoparticles have exceptional conductivity
and minuscule size, such as silver, gold, or copper, and can enhance the electromagnetic
properties of wearable antennas. In addition, these nanoparticles are capable of increasing the
antenna’s gain and efficiency, while also preserving its lightweight and flexible nature. For
example, in high-precision positioning systems, metal nanoparticles demonstrate particularly
effective performance [22].

CNTs, as one-dimensional (1-D) nanomaterials, are renowned for their exceptional mechan-
ical strength and good electrical conductivity. In wearable antennas, CNTs can be employed
to enhance the mechanical stability and durability of the antenna, while maintaining certain
electromagnetic properties. For instance, in sports monitoring and health monitoring systems,
CNTs are a guarantee of a combination of mechanical strength and flexibility [3]. AgNWs com-
bine the exceptional electrical conductivity of silver with the flexibility of nanoscale dimensions.
In wearable antennas, AgNWs are primarily used to enhance electromagnetic performance,
particularly in terms of gain and bandwidth. AgNWs are especially suitable for applications
requiring high-frequency broadband communication, including high-speed data transmission
and high-resolution wireless sensor networks [23].

Graphene, a two-dimensional (2-D) carbon material, is renowned for its exceptional elec-
tromagnetic properties and mechanical strength. Specifically, graphene is most effective in
scenarios where a combination of high mechanical strength and superior electromagnetic per-
formance is required, e.g., in advanced health monitoring systems and complex environmental
sensing applications [24].

The article classifies the nanomaterials for wearable antennas into three categories including
0-D, 1-D, and 2-D nanomaterials according to their dimensions, as shown in Figure 1, and
summarizes the latest achievements of flexible wearable antennas in recent years. Moreover, the
performance of the wearable antennas based on nanomaterials is analyzed. Finally, conclusions
and future directions are given in this manuscript.

Figure 1. Nanomaterials are commonly used in wearable antennas.
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2. Wearable Antenna Parameters

Antennas play a very important role in wireless data transmission, and wearable
antennas for human body communication are even more different from conventional
antenna designs [25]. A wearable antenna, as an indispensable part of the radio frequency
front-end in wearable devices, usually acts as an energy converter to receive and radiate
radio waves, and its performance directly affects whether the human body’s wireless
communication system can work normally. Therefore, the most intuitive tool to measure
the performance of the antenna is the antenna parameters, which are often evaluated
from the following three aspects: impedance matching, antenna pattern, and gain [26].
Impedance matching describes the appropriate degree of matching between the feeder and
the antenna, which directly determines whether the feeder signal can be transmitted to
the antenna through the feeder. The better the matching, the fewer reflected waves and
the higher the feeding efficiency; conversely, the worse the impedance matching, the more
serious the mismatch, and the lower the feeding efficiency [27]. In studies on wearable
antennas, the degree of impedance matching is usually measured by the return loss (RL) or
the voltage standing wave ratio (VSWR) of the transmission line. The RL represents the
ratio of the power of the reflected wave to the incident wave on the feeder (RL = P,/P;)
and is characterized by decibels (dBs). Usually, when the RL value is greater than 10 dB,
the antenna is considered to have impedance matching in this frequency band [28]. The
VSWR on an antenna refers to the ratio of the amplitude of the antinode voltage to the node
voltage, thatis, VSER = |V|,,,../|V|,,,,- It can be seen that when the VSWR approaches 1,
the matching of the antenna system is the best, but when it approaches infinity, the matching
is the worst, which is a state of total reflection. Usually, the VSWR of the antenna system in
the project is required to be less than 2, that is, to meet the impedance matching [29]. The
antenna pattern describes the radiation characteristics in free space and different azimuths
and characterizes the relationship between the radiation field characteristics (field strength,
phase, power density, gain, etc.) and the spatial angle. The pattern can directly reflect the
directivity of the antenna. In detail, the narrower the lobe width of the pattern, the more
concentrated the energy radiated by the antenna. In addition, the radiation characteristics
of the antenna are usually characterized by a two-dimensional radiation pattern in the form
of two vertically orthogonal planes, namely the H-plane and the E-plane. Gain describes
the strength of the antenna’s radiating ability in a specific direction, usually referring to the
direction of the maximum radiation intensity in space. It is mainly limited by the directivity
coefficient D and the radiation efficiency 7, and can be expressed by the following formula:
G =1-D (5 = P44/ Piy, 17 represents the radiation efficiency, P,,; is the power radiated by
the antenna, and P;,, is the total power input to the antenna). It can be seen that when the
directivity coefficient of the antenna is constant, the gain mainly depends on the efficiency.

3. Wearable Antenna Materials

In the past few years, major research breakthroughs in nanomaterials have enabled
their widespread application in wearable antennas [30]. However, compared with copper,
aluminum, nickel, and other metal materials, nanoparticles (0-D) [31], one-dimensional
nanofibers or nanotubes (1-D) [32], and nanosheets (2-D) [33] show better physical, elec-
trochemical, and performance properties and greater potential for building wear-resistant
electronic composites [34]. In addition, the high surface-to-volume ratio and high flexibility
of nanomaterials endow the antenna with small size and high deformation stability, making
it more portable and wear-resistant [35,36].

3.1. 0-D Nanomaterial Structure Antenna

0-D nanostructured materials refer to materials that have dimensions at the nanoscale
in all directions, primarily including quantum dots, nanoclusters, and nanocrystals. The
main example of this part is to incorporate metal and metal compound nanoparticles into a
polymer matrix or flexible film through specific technical means to better realize the physical
properties of wearable antennae in terms of flexibility, adaptability, and electromechanical
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stretching [37]. Over the past few years, the demand for wearable devices has increased
with the miniaturization of electronic systems. Therefore, the field of wearable devices
has become the most attractive topic for researchers who have developed various small
antennas with good performance [38]. However, for small wearable devices, it is one of the
challenges of the current technology that the antenna can be operated at low frequencies
without interfering with radiation efficiency and gain [39].

In the design of antennas, flexibility is the primary factor in the choice of substrate
materials, which directly affects the performance of the wearable antenna such as efficiency,
bandwidth, resistance to physical bending, and torsional effects. Among them, polyethy-
lene terephthalate (PET) material itself has good properties such as transparency, firmness,
and adaptability, and becomes the preferred antenna substrate, helping the antenna to
achieve flexibility, wear-resistance, and reversible deformability [40]. Matyas” team [41]
(Figure 2i) developed a new method for how to mount nanomaterials into polymer sub-
strates. They used solvothermal precipitation to synthesize 0-D silver nanoparticles for
the first time. Particles ranging in diameter from 20 to 200 nm were then screened and
printed onto PET using inkjet printing [42]. By this method, the fabricated antennas op-
erate in the 2.02 GHz (—16.02 dB) and 2.3 GHz (—19.33 dB) frequency bands, and are not
only soft but also as light as 0.208 g. Using the same substrate material and fabrication
method, Guo et al. [43] designed an all-printed coplanar waveguide feed antenna suitable
for Industrial Scientific Medical (ISM). Furthermore, to maximize the integration of wireless
technology into smart applications for miniaturization, flexibility, light weight, and low
cost, Jilani et al. [44] designed a millimeter-band flexible antenna for 5G wireless networks
by exploiting the cost advantages of PET materials and utilizing inkjet printing technol-
ogy. This antenna successfully combines multiple-input multiple-output and frequency
reconfiguration schemes to achieve frequency selection and multi-channel transmission,
providing a multifunctional and diverse network for wearable devices.

In addition to PET substrates, wearable antennas have also enabled the deployment
of metal nanoparticles onto a variety of flexible materials, such as polydimethylsiloxane
(PDMS), paper products, textiles, polymers, polyimides, and polyesters. PDMS has unique
water resistance, heat resistance (up to 400 °C), ultraviolet (UV) resistance, and chemical
stability due to its molecular structure, which makes PDMS still have considerable elasticity
under extreme conditions. However, PDMS has the problem of poor adhesion to metals, so
Simorangkir et al. [45] studied a method to embed conductive fabrics in PDMS. This design,
which utilizes the conductive fabric as the heat sink and PDMS as the substrate, combined
with a protective encapsulation, has good applicability to provide a robust flexible antenna
or RF electronics for wearable applications. In addition, they combined PDMS and ceramics
for antenna substrates, which reduced the size by more than 50% compared with pure
PDMS and further demonstrated the versatility of the proposed technique. Although
Simorangkir et al. solved the problem of poor metal adhesion, conductive polymer-based
fabrics present a new problem of insufficient RF radiation due to the skin effect. Thus,
Li et al. [46] designed a poly (3,4-ethylenedioxythiophene): polystyrene sulfonate (PE-
DOT:PSS) screen-printed fabric patch antenna. This antenna is based on high-frequency
conductive fabric and uses a multi-strand structure and template to assist PEDOT:PSS
phase separation, effectively improving the shortcomings of insufficient RF radiation and
showing good flexibility and constant resonant frequency when simulating human body
models. In addition, the Doppler radar system developed based on it shows satisfactory
speed and distance detection accuracy. Compared with PDMS, paper substrates also have
practical advantages in the design of portable devices. Specifically, paper-based materials
have the characteristics of flexibility, thin structure, and low-cost, and are suitable for mass
production with low carbon emissions. Baytore et al. [47] used Mitsubishi photo paper
with a thickness of 0.14 mm as the substrate of the wearable antenna, and combined inkjet
printing technology to design a dual-frequency, coplanar, and flexible antenna. Further-
more, considering the good flexibility and robustness of polyester amide (PEA) material,
Adhami et al. [48] fabricated a small coplanar waveguide-fed slot antenna using PEA
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instead of PET as the substrate. As a result, the antenna performs well in terms of gain,
bandwidth, and operating efficiency in the bending case, and the size of the antenna is
reduced to 20 x 10 mm?. It is worth mentioning that the antenna has a very low Specific
Absorption Rate (SAR) value when it is close to the body.

In addition to considering the flexibility properties of the material, ductility is also
an important factor because the antenna needs a certain level of cyclic strain to provide
effective conductivity before it stretches and breaks [49]. Thus, Ramli et al. [50] (Figure 2ii)
fabricated a microstrip patch antenna based on a silver ink—-polysiloxane composite and
a stretchable polysiloxane substrate, which has a conductivity of o = 0p(V — VC)S, where
0p, Ve, and S are the conductivity of the sample, the conductivity of the filler, the perco-
lation threshold, and the critical exponent, respectively. Because of the coupling agent
and additives, the patch antenna produces very good adhesion between the ink and the
substrate, preventing local breakage during stretching. Their experiments clearly show that
the antenna can withstand mechanical deformation such as stretching, rolling, or twisting
without breaking, and the frequency can be reconfigured, which is useful for applications
such as wearable electronics, implantable medical devices, RF sensing, and interactive
gaming. Zhou et al. [51] printed a flexible full-duplex antenna on knitted and non-woven
fabrics using textile technology. Barium titanate (BT) dielectric ink, composed of acrylate,
polyurethane (PU), and 4 wt.% 200 nm BT nanoparticles, is directly written and cured via
UV light, greatly enhancing the dielectric properties of flexible fabric antennas. Moreover,
the fabricated antenna can operate in both transmit and receive modes with very high
isolation and is robust to bending, accompanied by a gain of 9.12 dB, which is superior
to conventional textile antennas. The polymer nanocomposite substrate layer technique
was exploited by Algadami et al. [52] (Figure 2iii) in wearable flexible antenna arrays to
achieve a maximum efficiency of about 60%, which is higher than similar textile-based
antennas. This microstrip array topology with a full ground and intrinsically much larger
bandwidth benefits from an innovative base layer design formed by a combination of iron
oxide (Fe304) magnetic nanoparticles (25%) and PDMS (75%). In addition, Su et al. [53]
fabricated a novel miniaturized wearable antenna (mosaic antenna) for cross-body com-
munication on a polytetrafluoroethylene (PTFE) substrate for the first time using inkjet
printing technology. Using machine learning techniques powered by Google TensorFlow,
the antennas are designed to recognize human activity with 91.9% accuracy and are highly
customizable, low-cost, and scalable.

Studies on the application of 0-D nanomaterials toward the development of wearable
antennas in this section are tabulated in Table 1.

3.2. 1-D Nanomaterial Structure Antenna
3.2.1. Silver Nanowires

AgNWs have excellent properties in terms of printability, conductivity, light transmis-
sion, and resistance, and are considered to be the most promising materials in the field
of printed electronics. Their surfaces are much smoother than those of etched copper foil
antennas, resulting in less signal loss in high-frequency radios. Additionally, the signal loss
of the AgNW antenna when heated at 100 °C is significantly lower than that of the silver
paste antenna, which is composed of nanoparticles and flake. Against this background, Ag-
NWs have become the most popular material for making wearable antennas. Qiu et al. [54]
successfully designed, fabricated, and characterized meander-line dipole antennas using
direct inkjet fabrication. The dual-band antenna based on graphene flakes and AgNWs
operates in the 1.2 GHz to 1.5 GHz frequency band and 3.2 GHz to 3.8 GHz frequency band
in wireless communication applications. Furthermore, the performance of meander wire
antennas can be tuned by changing the mass ratio of CNTs and AgNWs in the aqueous
dispersion mixture, which results in dipole antennas with great potential in radiolocation
and 5G applications.

With the rapid development of wireless body area networks (WBANSs) and wearable
electronic devices, the demand for compact and high-performance flexible wearable anten-
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nas has increased substantially. To provide efficient in vitro communication, Jiang et al. [55]
constructed a compact and flexible circularly polarized (CP) wearable antenna, which
enabled the antenna to move relative to the human body during wearing. The improved
robustness effectively solves the wireless link problem caused by the linear polarization
that exists in all wearable antennas. This innovative antenna is fabricated from a low-loss
composite material consisting of PDMS and AgNWs and has more stable performance
and lower SAR than conventional CP patch antennas of the same size under bending and
human loading.

()

Figure 2. (i) (a) Photograph of the antenna produced using inkjet printing; (b) demonstration of the
flexibility of inkjet-printed antenna [41]. (ii) (a,b) The cross-sectional and locally enlarged scanning
electron microscope (SEM) images of conductive ink on a PDMS substrate; (c,d) SEM images and
schematic representation of stages of silver particle realignment in polymer matrix during globular
rupture [50]. (iii) Different states of the antenna: (a) free space, (b) bending radius R = 35 mm, and
(c) attached to the right arm [52].
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Table 1. Wearable antennas based on 0-D nanomaterials.
Nanomaterials Antenna Base Manufacturing Technology Antenna Performance Antenna Parameter Application References
The antenna operates in two frequency bands,
Soft and light 2.02 GHz (—16.02 dB) and 2.3 GHz (—19.33 dB), = Wearable electronic devices [41]
with a weight of only 0.208 g.
. . - .. The reflection coefficient is —23 dB at 2.54 GHz,
AgNWs PET Inkjet printing Flexibility, wearabilify. and e ~10 dB bandwidth is 530 MHz, and the Mobile communication [43]
y obtained VSWR is 1.3.
Flexible. frequenc The antenna covers an overall bandwidth of
recon;i u?able y 27.3-40 GHz in the four distinct modes with a 5G network [44]
8 measured peak gain of 6.2 dB at 34 GHz.
. . . Extremely bendable and . o . . )
Conductive fabric PDMS Textile . The antenna is small in size and more stable. Wearable electronic devices [45]
machine washable
The antenna shows a low RL of —50 dB and an
PEDOT:PSS PET Screen printing Flexible, metal-free estimated radiation efficiency of 28% at Wearable electronic devices [46]
2.35 GHz.
The antenna, made on a paper substrate with a
. . . . Soft, environmentally relative permittivity of 3.6 and a loss tangent of . .
Mitsubishi Photo Paper Inkjet printing friendly, dual frequency 0.14, experiences a slight shift in resonant Wearable electronic devices [47]
AgNWs frequency when bent.
The size of the antenna is 20 x 10 mm?, and it
. s . exhibits low SAR effects at 403 MHz and . . . .
PEA Inkjet printing Small size, low SAR value 2.45 GHz, measuring 0.25 W /kg and Wireless biomedical devices [48]
0.33 W/kg, respectively.
The resonant frequency of the antenna is
Polvsiloxane— 2.5 GHz, with an RL much lower than —15 dB. Implantable
i Z mDosit PDMS Inkjet printing Stretch, roll, or twist The bandwidth remains consistent with the m dip 1 devi [50]
stver compostte unstretched condition when stretched at 10% edicat devices
and 20%.
This flexible antenna can operate simultaneously
BT - Textile technology High isolation in both transmit and receive modes, Wearable device [51]
demonstrating robustness to bending.
The antenna measures 70 x 70 x 4.2 mm3,
Polymer nanocomposite Wide bandwidth operates in the 5 GHZ to8.2 G.H 2 frequency -
Fez0y4 - range, has a fractional bandwidth (FBW) of Telemedicine [52]
substrate layer technology bottom SAR o . - . .
50.34%, achieves a maximum radiation efficiency
of 60%, and realizes a gain of 9.8 dB.
AgNWs PTFE Inkjet printing Low cost and scalability The antenna achieves a precise human activity Wearable device [53]

recognition accuracy of 91.9%.
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In the traditional antenna manufacturing process, a large number of reagents are
used on plastic substrates to etch copper films and form circuit patterns, causing serious
environmental pollution and limiting their applications. Therefore, Wu et al. [56] (Figure 3i)
prepared aluminum-doped zinc oxide (AZO)/AgNW composite transparent conductive
films on glass substrates, thereby obtaining transparent, simple, pollution-free, and small-
sized transparent wearable antennas. Multidimensional crystals and hybrid intercalators,
such as AgNW /polyvinyl alcohol (PVA), TiO,/AgNW, and AgNW/ZnO, exist in the
composite films, resulting in good optical transmittance and excellent mechanical flexibility
of the antenna. On the other hand, the electromagnetic energy stored in the substrate,
rather than the metallic path, can significantly reduce conduction losses. Coincidentally, in
order to obtain better transparency and conductivity, Nair et al. [57] (Figure 3iii) formulated
a nanocomposite printing ink of AgNWs and PEDOT:PSS. The sheet resistance of the
printed film with 86% transparency is 23 (}/sq, and the resistance change is less than 20%
after 10,000 bending cycles, demonstrating good adhesion and mechanical deformation
stability. The optimal transparency is calculated by the formula ¢ = T'°/Rgs, where T is
the transmittance (at 550 nm) and R is the sheet resistance. Nanocomposites also exhibit
better thermal stability, flatness, low contact resistance, and good optical transparency
compared with pure AgNWs, and have been successfully applied to printed transparent
flexible antennas radiating at Wi-Fi frequencies and printed transparent flexible heaters for
anti-fog. Li et al. [58] used AgNWs and a slit structure to obtain higher transparency, and
fabricated a broadband monopole antenna with a transparency of over 90%, making this
antenna more widely used. With the good optical transmission and resistance properties
of AgNWs, Dao et al. [59] fabricated an optically transparent patch antenna at millimeter
wave frequencies. By characterizing the AgNW coating in the RF range up to 40 GHz,
the insertion loss of the transmission line is measured. Simulation experiments show that
the layer thickness of the single-layer AgNW-coated antenna is 0.04 um, the electrical
conductivity is 7 ms/m, and the light transmission rate is 67.9%. At the same time, physical
experiments show that thinner coatings will reduce the efficiency of the antenna at 24 GHz,
but it is acceptable above 60 GHz.

3.2.2. Carbon Nanotubes

CNTs have attracted the attention of antenna engineers due to their light weight,
low cost, corrosion resistance, good temperature stability, tunable electrical conductivity,
extraordinary flexibility and elasticity, low thermal expansion coefficient, and high tensile
strength [60]. In earlier studies, the performance of CNT antennas was not comparable to
that of metals like copper. However, recent improvements in the processing of liquid-phase
CNTs have led to the production of macroscopic CNT materials with enhanced orienta-
tion and electrical conductivity. To further highlight CNT advantages, Mansor et al. [61]
fabricated wearable monopole antennas with CNTs and copper as conductive materials,
respectively. The experimental results show that the two antennas have good consistency
in characteristics. However, when the ground structure was improved by introducing hori-
zontal slit cuts and vertical stubs, the bandwidth of the wearable antenna fabricated with
CNTs was significantly improved. Meanwhile, when the antenna is applied to the upper
arm region of the voxel manikin, the reflection coefficient characteristic drops by about
—10 dB. With the continuous development of CNT manufacturing technology, inkjet print-
ing technology has gradually become popular [62]. Gong et al. [63] made a dual-frequency
conformal antenna by inkjet printing CNTs on a flexible substrate, and the experimental
results showed that the radius of the conformal cylindrical surface and the conductivity
of CNTs have little effect on the antenna performance. With further integration on textile
substrates, the designed antenna is even more superior to traditional metal-fabricated
antennas in terms of its lightweight, low-cost, and conformal properties.

It has been demonstrated in previous studies that copper dipole antennas do not
provide reliable efficiency when transmitting or detecting terahertz frequency signals due
to the skin effect. Therefore, the single-walled carbon nanotube (SWCNT) dipole antenna
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was built to meet the small size and lightweight requirements without skin effect, but the
actual efficiency did not reach the expected goal. On the other hand, the radiation efficiency
of SWCNT antennas is very low, which is mainly attributed to the radiation resistance
reduced by the strong retardation of surface waves. However, if a single CNT is used to
build an antenna, the problem of impedance mismatch occurs because its characteristic
impedance (10-100 kQ)) is very large compared with that of standard transmission lines [64].
In this context, the idea of making dipole antennas work with high frequency and high
efficiency by coating SWCNT came up [65]. Hajjyahya et al. [66] compared the efficiency
versus frequency of SWCNT-coated and uncoated dipole antennas of different lengths and
constant radii and showed that the coating enables the efficiency of the antenna to be about
59% with zero loss and about 77% with impedance mismatch. This higher efficiency value
and faster data rate will be very effective for biomedical engineering.

Although the skin effect cannot be completely eliminated, Bengio et al. [67] (Figure 3ii)
fabricated a microstrip patch antenna using CNT films and performed radiation efficiency
measurements to test the reduction in the skin effect. Their experimental results showed
a measured radiation efficiency of 94% at 10 GHz and 14 GHz, matching the equivalent
copper antenna. In addition, the minimum CNT film thickness required to match the
properties of copper increases with frequency due to reduced losses from the skin effect.

Wearable forms, application methods, and application environments all place special
requirements on wearable devices. As one of the key components in wearable devices,
antennas are also required to withstand harsh environments. Chowdhury et al. [68] applied
circularly polarized antennas to wireless communication systems and constructed an ITO
E-shaped nanoantenna based on CNTs. The antenna uses the CNT layer as the cover
layer of the Indium Tin Oxides (ITOs) patch to improve the conductivity and realize
circular polarization by loading E-type grooves and I-type grooves in the ITO patch and the
CNT layer. The experimental results show that the gain and bandwidth are significantly
improved, and the cross-polarization suppression greater than 30 dB is also obtained,
which confirms that the antenna has good circular polarization performance. This also
further improves the ability to suppress multipath interference and ensure stability in harsh
weather conditions, making this new antenna more suitable for terahertz applications. In
addition, Aissa et al. [69] fabricated a flexible antenna by using PDMS and liquid metal. The
antenna is fabricated by directly writing liquid metal alloy (EGaln)/SWCNT nanomaterial
composites into a PDMS substrate with the assistance of ultraviolet rays. When dealing
with harsh environments, it can better withstand severe mechanical shock by bending
rather than breaking. The experimental results show that the composite conductivity
and reflection coefficient increase with the increase in SWNT concentration. In addition,
single-walled CNTs have a long-term effect on the stability of the mechanical properties
of the prepared samples. Not exactly the same, Olenick et al. [70] designed the antenna
with non-metal as the conductive composite material. Monopole and dual-band F-shaped
antennas were fabricated on 2 mm thick polypropylene substrates, using thermoplastic
PU as a matrix and multi-walled CNTs as conductive fillers, but the antenna performance
was poor in harsh environments. In terms of fabrication technology, Bayram et al. [71]
proposed a conformal and lightweight flexible antenna technology based on electronic
fabric conductors and composites. Electronic fabric conductors are made of SWNT and
silver-coated fabrics, which ensure good electrical conductivity while satisfying mechanical
and structural flexibility. At the same time, good structural integrity and excellent RF
performance provide the antenna with strength in harsh environments.

As the communication end of wearable devices, the potential interference and safety prob-
lems caused by the retractable antenna emitting radio near the human body are particularly
important for materials that can shield electromagnetic interference. Therefore, Li et al. [72]
prepared a stretchable material for shielding electromagnetic interference based on CNTs for
wearable antennas. The material is formed by depositing Ti3C, Tx nanosheets (MXene) and SWNT
onto latex to form a wrinkled textured coating. The coating exhibits good mechanical flexibil-
ity while shielding electromagnetic interference. Also, in order to eliminate signal interference,
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Tanaka et al. [73] proposed an adaptive control scheme for the angular sensitivity of nanoantennas
based on CNTs. The scheme describes the characteristics of the antenna using the single-clip
metal sphere model and the image-charge method. The experimental results show that the most
sensitive directions are between —7t/2 and 71/2, and the shape of the sensitivity can be controlled
to be omnidirectional or correspond to a Hertzian dipole antenna. This research promises to help
develop nanoscale adaptive antennas to cancel out interfering signals.

Studies on the application of 1-D nanomaterials toward the development of wearable
antennas in this section are tabulated in Table 2.

Figure 3. (i). SEM images of AZO at different substrate temperatures (a) 30 °C, (b) 100 °C, (c) 150 °C,
and (d) 200 °C [56]. (ii) Patch antenna design and testing configuration; (a) transmission line-fed
patch antenna geometry and dimensions; (b) CNT patch antenna dimensions at each of the three
target frequencies; (c) blow-up of the CNT antenna shown in (d); and (d) experimental set-up for
radiation efficiency measurements inside the reverberation chamber [67]. (iii) (a,b) SEM images of
AgNWs and composite film after annealing at 300 °C for 1 h [57].

3.3. 2-D Nanomaterial Structure Antenna

New wireless communication systems based on body area networks are appearing more
and more frequently in our daily lives to meet the growing demands of smart telemedicine
and health monitoring, in which wearable devices play an important role [74]. In wireless bulk
networks, devices need to meet some special properties such as abrasion resistance, flexibility,
low profile, and low SAR. Therefore, a lot of research has been conducted on wearable devices,
especially antenna design [75]. Wearable antennas based on flexible substrates have attracted
much attention due to their flexibility when the soft substrate is coated with metal films. However,
with the increased performance requirements of lightweight, bending resistance, and corrosion
resistance properties, traditional metal materials are no longer suitable. In recent years, new
conductive materials have been gradually developed, such as metal nanoparticles, conductive
polymers, CNTs, and graphene. Among them, metal nanoparticles are too expensive and easily
oxidized [76], conductive polymers generally have low electrical conductivity [77], and CNTs
have relatively high sheet resistance caused by junction resistance [78], all of which are not
suitable for antenna design. Graphene is a newly discovered single-layer, two-dimensional
nanomaterial with excellent mechanical and optical properties. Compared with traditional
antenna materials like copper and aluminum [79], wearable antennas made from graphene
offer multiple advantages. Firstly, the electromagnetic characteristics can enhance the millimeter
wave and sub-millimeter wave bands in 5G communication networks. Additionally, graphene
nanomaterials are more flexible and can be easily integrated into clothing and other flexible
media. Lastly, the elongation of graphene nanomaterials can reach up to 120%, with conductivity
a million times higher than that of copper and strength nearly 100 times larger than that of steel.
Therefore, graphene has become the optimal material for wearable antennas [80].
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Table 2. Wearable antennas based on 1-D nanomaterials.
Nanomaterials Antenna Base Manufacturing Technology Antenna Performance Antenna Parameter Application References
The antenna can operate in the frequency ranges of
Inkjet printing Bendable, high radiation efficiency 1.2 GHz to 1.5 GHz and 3.2 GHz to 3.8 GHz, with Wireless location and 5G [54]
AgNWs PDMS S11>10dB.
Mold Low SAR value, The antenna achieves S11 < —15 dB, axial ratio less than Medical [55]
stable performance 3 dB, and a gain of approximately 5.2 dB. -
The AZO/AgNW stacked film has a resistivity of
Transparent, simple 2.15 x 10~* O)-cm and a transmittance of 80.28% in the Glass coating, mobile phone
AgNW /PVA Glass baseboard Magnetron sputter deposition ollutiolr:i-free ,an d Ps)m:a n range of 400 to 800 nm. The transparent antenna electr%n ic labelp ’ [56]
P ’ constructed with this AZO/AgNW stacked film operates
at a frequency of 2.4 GHz.
High transparency and This conductive film has excellent adhesion and
Ag-NW and PEDOT:PSS - Inkjet printing %i h COI‘Il)dLlCﬁV}i] outstanding mechanical deformation stability, with a Flexible optoelectronic devices [57]
& ty resistance change of less than 20% after 10,000 bends.
Ultra-wide bandwidth This antenna has a bandwidth of up to 26 GHz (18 GHz to
Inkjet printing flexibility, and transpar o 44 GHz), a high radiation efficiency of 55%, a maximum Windows, solar cells [58]
AgNWs - € v.a ansparency gain of 1.45 dB, and transparency of over 90%.
Spin coating Hrocess Low resistance value, high The radiation efficiency of the antenna is 8.9% at 24 GHz Photovoltaics, displays, [59]
P &P antenna efficiency and 49.4% at 61 GHz. and touchscreens g
PDMS CPW feed structure excitation Bandwidth improvement The antenna bandwidth has increased by 18%. Body wireless applications [61]
The curvature radius of the conformal cylindrical surface
: . o Lightweight, low cost, and and the conductivity of CNTs have a relatively minor . .
Flexible paper substrate Inkjet printing conformal properties impact on the antenna performance in the 2.45 GHz and Wearable electronic devices [63]
5.8 GHz frequency bands.
The efficiency of the coated CNT dipole antenna is
CNT Coati High efficiency and faster data approximately 59% under perfect matching conditions Bi dical engi . 661
oatng transfer rate and around 77% under unmatched impedance conditions romedical engineering ?
with zero loss.
) . L - The antenna has a radiation efficiency of 94% in the
- High radiation efficiency 10 GHz and 14 GHz frequency bands. Aerospace [67]
. Significantly improved gain and The antenna has a 10 dB impedance bandwidth of 22.2% -
Coating bandwidth and a 3 dB axial ratio bandwidth of 9.14%. Terahertz applications [68]
SWNT PDMS Direct write Technology Strong flexibility The antenna operates at a frequency of 4 GHz. Implantable medical devices [69]
The monopole antenna has measured gains of —10.0 dB
MWCNT PU Dip coating technology Small in size but less flexible and —5.5 dB in the 2.45 GHz and 5.18 GHz frequency Wearable electronic devices [70]
bands, respectively.
SWNT - Textile technology Strong ‘t:“l(::fli‘l:lttl; ity and The patch antenna has a gain of 6 dB. Automated aerial vehicle [71]
The S-MXene antenna was highly stretchable (up to 150%
MXene/SWNT Latex Deposition technology Can shield electromagnetic uniaxial strain) and demonstrated strain-independent Wearable electronic devices 1721

interference

independent reflected power of less than 0.1% as well as
remained stable during fatigue tests.
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In recent years, terahertz (THz) technology has attracted high research interest due
to its increasing applications in spectroscopy, medicine, earth and space science, defense,
communications, material characterization, sensing, and imaging [81]. Terahertz signals
have non-ionizing properties, high penetrability and low attenuation, and high-resolution
imaging capabilities. For antennas in this range, materials currently used include copper,
graphene, and CNTs. For copper metal, the reduced skin depth and electrical conduc-
tivity lead to large propagation loss and reduced radiation efficiency of the antenna at
terahertz frequencies. These facts drive the use of carbon materials in terahertz antennas,
such as CNTs and graphene [82]. At terahertz frequencies, CNTs have higher electrical
conductivity and dynamic inductance; therefore, the fabricated antenna outperforms cop-
per antennas [83]. Graphene, the latest reported material for terahertz antenna design,
supports very slow plasmonic waves and is expected to perform better than copper and
CNTs for making terahertz antennas. Thus, Dash et al. [84] compared a THz antenna
composed of copper, graphene, and CNTs with a typical dipole antenna with a resonant
frequency of 1 MHz, and the experimental results showed that graphene obtained the
optimal directionality and miniaturization. In order to clearly compare the performance
of antennas made of graphene materials and copper materials, Atser et al. [85] used the
high-frequency structure simulator HFSS to study the RL, bandwidth, gain, directivity,
and VSWR of the two antennas. The experimental results show that the classical copper
antenna resonates at lower frequencies with an RL of —14.7028 dB and a corresponding
VSWR of 3.2336, achieving a gain of 4.6219 dB in a bandwidth of 1188.5 GHz. While the
graphene-based patch antenna resonates at higher frequencies, the RL is —24.4555 dB,
the corresponding standing wave ratio is 1.0413, and the maximum gain is 7.1943 dB at
522.3 GHz bandwidth. It can be seen from the data that graphene is a better choice for
replacing copper materials for patch antennas in wireless applications in the terahertz
band. Abohmra et al. [86] designed a flexible antenna based on graphene and explored
possible resonant frequencies in the terahertz band by changing the chemical potential and
relaxation time of graphene. The experimental results show that the antenna can resonate at
three different frequencies: 4.546 THz, 4.636 THz, and 5.347 THz. In addition, the antenna
bandwidth is 20 GHz, and the radiation efficiencies in free space and the human body are
96% and 50%, respectively, with corresponding gains of 7.8 dB and 7 dB. In the overall
evaluation, the antenna is suitable for short-distance wireless communication near the
human body due to its compact and flexible structure, good impedance matching, high
bandwidth and gain, and good efficiency. In addition, the team evaluated the effect of the
substrate material on the antenna performance and found that the antenna based on the
polyamide substrate had a maximum reflection coefficient of 42 dB.

Although graphene has excellent electronic, mechanical, and optical properties, when
graphene is used in commercial electronic devices, single-layer or multi-layer graphene
films exhibit high sheet resistance and insufficient electrical conductivity, which greatly
limits the applications in wearable antennas. Therefore, many researchers have tried
various methods to solve the problem of the low electrical conductivity of graphene.
However, the electrical conductivity of these graphene films is still much lower than that
of metal materials (107 S/m). Tang et al. [87] (Figure 4ii) fabricated flexible multilayer
graphene films (FGFs) using high-temperature heat treatment and a subsequent rolling
process of graphene oxide assembled films and tried to lay FGFs on paper substrates
to fabricate rectangular microstrip patch antenna sensors. The physical length L and

width W of the antenna are designed as L = W —2AL, W = 2&5%’ ¢, is the
dielectric constant of the cellulose paper, ¢,¢y is the effective dielectric constant, c is the
speed of light in free space, and AL is the extended length. The sensor outperforms the
copper antenna sensor in compression and tension, truly achieving high conductivity and
good stretchability. Furthermore, FGF antennas exhibit mechanical flexibility, reversible
deformability, and structural stability, making them ideal for applications such as wearable
devices and wireless strain sensing. Fang et al. [88] designed a compact and thin ultra-
wideband (UWB) antenna with a size of 32 x 52 x 0.28 mm?3 based on graphene-assembled
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film (GAF) and tested it for wearable applications. The team introduced two H-shaped
slots on the coplanar waveguide feed structure to tune the current distribution and thus
increase the antenna bandwidth. The UWB properties were further confirmed by in vivo
measurements, showing a bend-insensitive bandwidth of about 67%. In the flat and
curved states at 7.45 GHz, the maximum gain is 3.9 dB and 4.1 dB, respectively. The
experimental results show that the antenna can work normally close to the human body
and can withstand repeated bending, which is very suitable for application in wearable
devices. In contrast, the GAF antenna designed by Wang et al. [89] has better RL and
radiation capability in the 5G communication band and ISM band. The size of the antenna
is only 50.5 x 48.5 x 2.08 mm?®. In addition, due to the artificial magnetic conductor
(AMC) structure, small-lobe radiation suppression and main-lobe radiation enhancement
are achieved. The experimental results show that the GAF wearable antenna has a low
SAR value that conforms to the international IEEE standard, and has good radiation ability
under bending state and human body load. Zhang et al. [90] designed a similarly small
size (50 x 50 mm?) flexible GAF antenna for use in wireless wearable sensors with a tensile
bending strain sensitivity of 34.9 and compressive bending strain sensitivity of 35.6. The
sensor was attached to the back of the hand and the wrist and showed good mechanical
flexibility and structural stability after multiple bending tests. Li et al. [91] also reported a
flexible NFC tag antenna based on highly conductive graphene-assembled films (HCGAF).
Their prototype fabricated by a one-step laser direct die engraving method showed a 10 dB
bandwidth centered at 13.70 MHz at 2.5 MHz and a quality factor (Q) of 9.19. Experimental
results show that the maximum read range of HCGAF NFC tags is about 7.5 cm, which is
comparable to commercial metal NFC tags. In addition, the team further demonstrated the
practical application of a key card and electronic business card close to the human body.

In wearable antenna designs, single-layer antennas, such as monopoles and dipoles,
usually do not have a back metal to isolate the antenna from the human body, resulting in
high SAR. AMC-based wearable antennas can solve this problem, but this multi-layer struc-
ture increases the overall thickness, which cannot guarantee the performance of the antenna
in motion once the thickness exceeds 4 mm and the linear polar works in a chemical manner.
Thus, Zu et al. [92] proposed a flexible, low SAR, low profile, and circularly polarized
wearable antenna. The selected materials are highly conductive graphene films and PDMS
substrates, which possess good flexibility and mechanical stability and are lightweight. The
measurement results show that the SAR peaks are 1.02 W/kg and 0.947 W /kg, respectively,
when the load is 1 g and 10 g on the human body, which is in line with the international
SAR. Also, to reduce SAR, Ergoktas et al. [93] (Figure 4i) proposed a unique lamination
method using ML graphene to fabricate infrared textile devices, including displays, yarns,
and stretchable devices. This textile attachment technique opens up new manufacturing
possibilities. Ibanez-Labiano et al. [94] introduced CVD-grown ML graphene sheets on a
cellulose textile substrate for the first time, creating a soft, fabric-based communication
interface that does not compromise tactile comfort. The antennas cover the frequency
band from 3 GHz to 9 GHz, providing an efficient solution for future high data rates
and efficient communication links. In addition, the overall effect of the antenna is small
when it is bent and close to the human body, so it is inferred that the scheme of the textile
communication interface based on the flexible graphene antenna is feasible. In biotelemetry
applications, Bala et al. [95] designed a circularly polarized microstrip line-fed curved
patch based on graphene with a small size, high directivity, small SAR, and low power
consumption. The antenna has good impedance matching, reasonable gain, and high
radiation efficiency in the GHz broadband frequency range with a reduced SAR, making it
suitable for ultra-wideband (UWB) health monitoring systems.

With the widespread interest in wearable electronics, there is a growing demand for
cost-effective textile antennas that can withstand stretching, moisture, and bending [96].
Akbari et al. [97] conducted the first study of graphene-based passive ultra-high frequency
radio frequency identification (RFID) tags on fabric substrates. The team deposited conduc-
tive inks containing functionalized graphene nanosheets directly on cotton fabric substrates
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to fabricate tag antennas. Label performance was then evaluated by measuring changes
before and after high humidity, bending, and stretching. The experimental results show that
the wireless tag is not suitable for stretching, but this low-cost and environmentally friendly
graphene RFID tag has a remarkable and unique response to moisture and high reliability
under severe bending conditions. Kapetanakis et al. [98] designed textile rectangular, tri-
angular, and circular probe-fed patch antennas. A comparative study of graphene-textile,
all-textile, and copper-textile antennas found that the graphene sheet-like patch prototype
was corrosion-resistant and the circular patch had very good performance under bend-
ing conditions. In addition, the circular graphene patch felt substrate CGSF1 prototype
achieves a measurement bandwidth of 109 MHz, a gain of 5.45 dB, an efficiency of 56%,
and excellent bending performance. Német et al. [99] also designed 5G wireless band
antennas based on textiles. The antenna uses denim and graphene as the basic materials,
which satisfies flexibility and easy integration into clothing. On the other hand, graphene
is environmentally friendly and biodegradable due to its non-metallic properties and is
affordable in terms of manufacturing costs. Structurally, the antenna consists of a coplanar
waveguide (CPW) feed patch with truncated edges and a pair of L-shaped stubs. As a
result, the antenna has a bandwidth of 3.3-3.8 GHz, a peak gain of 3.17 dB at 3.7 GHz, and
an efficiency of 64%. Labiano et al. [100] constructed an ultra-wideband antenna using
graphene as a conductive patch. The antenna uses cotton fabric as the base material to meet
the flexibility requirements, with a bandwidth of 2-8 GHz and an efficiency of about 60%.

Printed flexible graphene antennas for communication systems have become the focus
of science and technology due to their good electrical properties, but more importantly,
their excellent mechanical properties. Recently, graphene-based RFID antennas [101,102],
RF transmission lines and antennas [103], and fully integrated RFID devices have been
demonstrated. The conductivity of printed graphene flakes is significantly lower than that
of copper, aluminum, or even printed metal inks, which are by far the most commonly used
conductor materials in flexible antennas. The raw material cost of graphene ink is very low,
in contrast, the cost of silver ink is relatively high, which depends largely on the price level
of bulk silver metal. In addition, graphene-based structures have advantages such as chem-
ical stability, mechanical flexibility, and fatigue resistance. Therefore, Lamminen et al. [104]
designed a screen-printed broadband elliptical dipole antenna based on graphene flakes. In
this technology, the CPW is printed on the Kapton substrate with a graphene slurry screen,
and then heat-treated and rolled to form a graphene flake structure with a resistivity and
thickness of 4 (3-m and 10 pm, respectively. The printed antenna has a maximum measured
gain of 2.3 dB at 4.8 GHz with an efficiency of 60%. Furthermore, the total RF link loss of
the graphene sheet-printed antenna is only 3.1 dB compared with the commercial silver ink
screen-printed antenna. This indicates that the electrical properties of the screen-printed
graphene flakes will not degrade after repeated bending, which is suitable for realizing
low-cost wearable RF wireless communication devices. Overall, graphene ink formulations
are one of the most convenient and promising approaches to manufacturing devices. On
the other hand, the production method of high-quality graphene inks is crucial for printing
and coating freestanding conductive graphene films [105]. Tung et al. [106] improved the
graphene ink formulation and reported a flexible and efficient broadband slot antenna
based on highly conductive composites composed of PEDOT and N-doped hetero-reduced
graphene oxide (N-doped rGO). The hybrid material exhibits high electrical conductivity, a
low sheet resistance of 0.56 ()/square, a thickness of 55 um, and good mechanical elasticity
(resistance change <5.5% after 1000 bending cycles), confirming that the composite is a
suitable antenna conductor. The antenna achieves an estimated conduction efficiency of
nearly 80% over a bandwidth of 3 to 8 GHz. Furthermore, N-doped rGO sheets enhanced
mechanical stability, while PEDOT acted as an additive and/or binder to improve electrical
and mechanical properties compared with graphene and PEDOT. This high-performance
nanocomposite meets the requirements for antenna design and has successfully operated
in free space as part of a wearable camera system.



Biosensors 2024, 14, 35

15 of 22

(1)
(a) (b)

5V <}

Low I \OV
Emissiyi High

(c) ity Ll

Figure 4. (i) (a) Illustration of a textile device with sensing and display capabilities; (b) illustration
of the textile device with various laminated layers: multilayer graphene, fabric separator, and back
electrode layer; (c) representative examples of fabricated devices on various textile materials such as
woven cotton fabric and nonwoven high-density polyethylene fabric. Continuous conductive textiles
or patterned gold electrodes can be used as the back electrode [93]. (ii) (a) Transmission electron
microscope image of graphene oxide; photographs of an FGF antenna sensor attached to (b,c) the
back of the hand joint based on paper; and (d,e) the inside of the elbow based on PET [87].

Graphene nanomaterials, characterized by their ultra-lightweight, high electrical con-
ductivity, and flexibility properties, have broadened the applications of graphene antennas.
Specifically, wearable antennas can adapt to various frequency bands and are perfectly
compatible with current wireless communication standards such as 5G and Wi-Fi [107,108].
For IoT applications, these antennas not only provide stable wireless connections but
also contribute to the miniaturization of the overall devices [109]. Additionally, graphene
antennas offer greater data throughput and a wider connection range, expanding possi-
bilities for wearable technology, smart cities, and autonomous vehicles [110,111]. Despite
these advantages, the biocompatibility and safety still need to be strengthened. Future
researchers could explore modifying the size, shape, and surface properties of graphene to
enhance biocompatibility. On the other hand, biocompatible materials could be introduced
as a medium for contact with human skin, ensuring safety. Regular safety assessments
and monitoring are crucial to identify and address potential health issues promptly. For
users, the usage time of these antennas should be limited, and especially, they should
be worn away from sensitive areas like the head or heart. Finally, understanding the
correct usage methods and raising awareness about health and safety concerns are also
critically important.

Studies on the application of 2-D nanomaterials toward the development of wearable
antennas in this section are tabulated in Table 3.
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Table 3. Wearable antennas based on 2-D nanomaterials.
Nanomaterials Antenna Base Manufacturing Technology Antenna Performance Antenna Parameter Application References
- - Directionality and The resonant frequency of the antenna is 1 terahertz. Defense, communications [84]
miniaturization
The antenna achieves a maximum RL of —24.4555 dB with the
Silicon dioxide - Higher gain than copper patch corresponding VSWR of 1.0413. The maximum gain of 7.1943 dB is Wearable electronic devices [85]
achieved with a bandwidth of 522.3 GHz.
Graphene
The proposed antenna proved the tunability of the graphene antenna
Polvesteramide B Good impedance matching, to resonate at different frequencies in the terahertz band, 4.546 THz, Short-range [86]
Y high bandwidth, and gain 4.636 THz, and 5.347 THz, by varying the chemical potential and wireless communication
relaxation time.
. . The antenna operates at a frequency of 1.63 GHz, with strain .
Graphene film Rolling process High Conducthlt'y' and sensitivities of 9.8 and 9.36 during bending and Wearable?s and ereless [87]
good stretchability . . strain sensing
stretching, respectively.
Small size and good The antenna can work properly within the ultra-wide range from .
bending properties 4.0-8.0 GHz with a maximum measured gain of 4.1 dB. Wearable device (881
Graphene fil. -
GAF raphene m Good RL and The antenna has dimensions of 50.5 x 48.5 x 2.08 mm3, and it exhibits
radiation capabilit good RL and radiation capability in the 5G communication band 5G [89]
pabriity (3.5 GHz) and the ISM band (5.8 GHz).
The antenna operates in the frequency range of 3.13-4.42 GHz, with Wearable electronics and the
GAF - - Small size and high sensitivity dimensions of 50 x 50 mm?. The strain sensitivity during tensile . [90]
. . S . Internet of Things
bending and compressive bending is 34.9 and 35.6, respectively.
. . The antenna has a 10 dB bandwidth of 2.5 MHz, a resonant frequency P o
HCGAF PET Laser engraving Wireless Body Center Network of 13.70 MHz, and a quality factor of 9.19. Identification [91]
. . The antenna has dimensions of 2.57 mm. Within the range of 5.75 to .
PDMS - Gotoiiﬂ?mbﬁg}ﬁ n}l::s\fw;n;ctal 5.83 GHz, the axial ratio is less than 3 dB, the reflection coefficient is miurr?iantt;o:y s tem [92]
stabriity, ghtwelg less than —15 dB, and it achieves a gain range of 5.0-6.1 dB. commurucation syste
Chemical vapor deposition Hl.gh data rates an(_l The antenna covers a bandwidth from 3-9 GHz. Health monitoring [94]
efficient communication
i Small size, high directivity, The antenna exhibits an RL of —25.05 dB at the resonant frequency of .
CsT small SAR 2.4 GHz and —25.17 dB at the second resonant frequency of 3.94 GHz. Biotelemetry %3]
Graphene ; ;
Deposition method Not suitable for stretching The antenna is cost-effective and environmentally friendly. Wearable sensor [97]
but bendable
Lightweight and The antenna has a diameter of 55.3 mm, a bandwidth of 109 MHz, a
Fabric base Textile technology mec%’lanicaigstabilit gain of 5.45 dB, an efficiency of 56%, and covers the entire ISM band in Medical [98]
y a bent state, with a SAR of less than 0.003 W/kg.
. . . The antenna has a bandwidth of 3.3-3.8 GHz, a peak gain of 3.17 dB at
Textile technology Flexible and easy to integrate 3.7 GHz, and an efficiency of 64%. 5G wearables [99]
Textile technology Soft and high transfer efficiency The antenna has a bandwidth of 2-8 GHz. Biomedical Science [100]
Kapton substrate Screen printing Highly cc})\pductnfe. antenna with The measured maximum antenna gain is 2.3 dB at 4.8 GHz. Wgargble . [104]
igh efficiency communication devices
PEDOT/Graphene Teflon substrate - High flexibility and robustness The antenna achieves close to 80% efficiency in the bandwidth range Wearable device [106]

of 3.8-6.2 GHz.
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4. Conclusions

With the growing research in wearable and implantable devices, there is a significant
demand for wearable antennas with high performance, low SAR, enhanced comfort, minia-
turization, and integration with the human body. However, wearable antennas face several
challenges. Firstly, antenna miniaturization necessitates higher integration in a smaller area,
posing stringent requirements on antenna design and fabrication. Secondly, the perfor-
mance of wearable antennas is significantly affected by the human body, necessitating the
consideration of antenna-body interactions to ensure stable and reliable antenna operation.
Moreover, wearable antennas need to meet the demands of multi-band and multi-mode
communication, increasing the complexity of antenna design. Additionally, the safety
and comfort of wearable antennas are of utmost importance, as skin allergies, discomfort
during wearing, and electromagnetic radiation are potential concerns. Therefore, comfort
factors must be carefully considered to ensure comfortable and safe antenna usage. Lastly,
wearable antennas should exhibit environmental friendliness and sustainability to align
with green development goals.

The above difficulties are gradually being solved by the application of nanomaterials.
Firstly, nanomaterials possess superior electrical properties, enabling higher performance
in compact sizes, which aids in the miniaturization of wearable antennas. Secondly, the flex-
ibility and conformability of nanomaterials make the antennas more suitable for matching
the human body’s contours, enhancing wearable comfort. Furthermore, nanomaterials offer
strong integration capabilities, facilitating the realization of integrated antenna designs
and addressing the challenges of space constraints and integration with other components.
Extensive research has shown that adding nanomaterials to antennas significantly improves
antenna parameters. Commonly used nanomaterials include metal nanoparticles, CNTS,
AgNWs, and graphene. Wearable antennas based on metal nanoparticles are more readily
integrated with flexible substrates than conventional antennas, resulting in smaller and
more compact structures. They also offer advantages in terms of fabrication complexity and
cost. Antennas fabricated using AgNWs exhibit excellent transparency, conductivity, and
printability, enabling reduced signal loss while achieving miniaturization. Owing to the
exceptional strength, high electrical conductivity, and lightweight nature of CNTs, antennas
based on CNTs exhibit reduced power consumption and enhanced radiation efficiency.
Additionally, fabricated patch antennas demonstrate improved impedance bandwidth with-
out compromising radiation characteristics. Given the outstanding mechanical flexibility,
conductivity, transparency, strength, and tunable electronic properties of graphene nanoma-
terials, they are a prime choice for constructing flexible systems. Antennas based on flexible
multilayer graphene films exhibit higher strain sensitivity to compression and tensile bend-
ing, enabling reduced antenna losses while improving wideband impedance matching.

In conclusion, nanomaterials, with their superior electronic and optical properties
compared with conventional materials, are highly suitable for flexible wearable antennas.
The technology of flexible wearable antennas based on nanomaterials holds great promise
for future applications in human healthcare, motion detection, human-machine interaction,
and various other fields.
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