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Copper Paste Printed Paper-Based Dual-Band Antenna for
Wearable Wireless Electronics

Wendong Yang,* Xun Zhao, Jingchang Nan, Michael Hengge,
and Emil J. W. List-Kratochvil*

Wearable wireless electronics is becoming a significant research area
because of the unique features of this technology. Within this field
printed antennas are the key electrical component accomplishing
the signal transmission and energy harvesting tasks and at the same these
antennas need to be lightweight, environmentally friendly, safe to wear, and
easy to conform. Currently, the majority of available paper-based antennas are
designed for RFID, sensing, UWB, WLAN, and medical applications, with just
a few being utilized in wearable applications, particularly for wireless body
area network (WBAN). Furthermore, few studies have been conducted on the
usage of printable copper conductive materials and low-temperature plasma
technique for the fabrication of such antennas. This study demonstrates the
realization of a dual-band paper-based wearable antenna by screen-printing
of a plasma-sintered conductive copper paste. The copper paste, composed of
51 wt% solid particles, can easily produce desired conductive patterns on photo
paper after printing and a subsequent plasma sintering, with a good adhesion.
The antenna designed on photopaper operates in the frequency bands of
1.73–2.55 GHz and 7.66–8.89 GHz. Free-space simulation and measurement
results reveal that the antenna exhibits stable radiation performance in
the targeted WBAN (2.4–2.4835 GHz) and X uplink (7.9–8.4 GHz) frequency
bands, together with low profile, excellent conformality and acceptable
SAR values on the body and no electronic waste formed after disposal,
making it a competitive candidate for usage in wearable wireless electronics.
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1. Introduction

Wireless body area network (WBAN)
systems have received widespread at-
tention and interest for their versa-
tile applications in health monitoring,
telemedicine, military, sports, entertain-
ment, search and rescue emergency
operations.[1,2] Wearable antennas are
the key component in the WBAN sys-
tems that provide wireless connectivity
between wearable devices. The quality
of the WBAN systems is largely deter-
mined by the performance of the an-
tenna. Wearable antennas share many of
the same requirements as traditional an-
tennas, such as radiation performance in-
cluding impedance bandwidth, radiation
patterns, gain, polarization, etc.[3] How-
ever, it is also desirable for wearable an-
tenna to be safe and easily conformable
when put close to the human body.[4,5]

In this way, wearable antenna can not
only transmit/receive signals with high
operating efficiency, but also keep the
exposure of the human body to elec-
tromagnetic radiation, characterized by
the specific absorption rate (SAR), below

permissible limits.[6] In addition, to keep up with the trend of
wearable devices, antennas should be lightweight, compact, and
have high radiation efficiency, as well as steady performance,
high flexibility, and ease of conformality, posing challenges for
the structure design of the antennas.
In addition to structural design, recent advances in materi-

als science and engineering open up new possibilities for wear-
able antennas. Low-cost materials and simple low temperature
manufacturing procedures are becoming the focus of the an-
tenna designers. Paper-based antennas become a popular topic
due to their unique characteristics of lightweight, eco-friendly,
biodegradable and flexible.[7] Paper-based antennas can be fabri-
cated using a simple process thanks to advances in printed elec-
tronic technology.[8,9] Because of the distinctive surface of pa-
per materials and their inability to endure extreme temperatures,
conductive materials that are compatible with the paper materi-
als and can be processed at low temperatures have become the
key materials for paper-based antennas.
At present, a variety of paper-based antennas have been devel-

oped using printed electronic technology.[10–18] Gheethan et al.[10]
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developed an inverted F-antenna that operates at 2.45 GHz on
a paper substrate, demonstrating its feasibility for wireless lo-
cal area network (WLAN) applications. The antenna was de-
signed and direct-write printed on a paper substrate with a sil-
ver conductive ink. Shaker et al.[11] demonstrated the feasibility
of realizing ultra wide band (UWB) antennas with frequencies
over 10 GHz through inkjet-printing of conductive ink on com-
mercial paper sheets. The properties of paper substrates were
studied with bifurcated dielectric resonator technology. Leng
et al.[12] developed a low-profile meandered-line dipole antenna
made of graphene nanosheets on a paper substrate with screen
printing. The proposed antenna provides practically acceptable
radiation properties for mid-and short-range radio frequency
identification (RFID) and sensing applications. Gonzalez-Perez
et al.[14] reported a 24 GHz paper-based Yagi–Uda antenna with a
bowtie director. Compared to the traditional Yagi–Uda antenna,
the innovative bowtie director introduced increased the band-
width of the antenna by 240 % while increasing the gain band-
width increase by three times. The antenna is suitable for low-
cost, eco-friendly and flexible wireless applications. Abutarboush
et al.[16] demonstrated a frequency-reconfigurable inkjet-printed
antenna on a commercial photopaper substrate. Two pin diodes
were employed to realize the switch between the main radia-
tor and the L- and U-shaped radiators, allowing the antenna
to operate in different frequency bands. Simulation and mea-
surement results revealed that the antenna had a stable radi-
ation pattern and moderate gain throughout all operating fre-
quency bands. Shyam et al.[17] presented a paper-based flexi-
ble antenna for an intrabody telemedicine applications. The an-
tenna operates in the 2.4 GHz industrial, scientific, and med-
ical radio frequency bands and has a high level of flexibility
and gain.
Despite advances have been made in the development of

paper-based antennas, there are still some limitations. To be-
gin, the present paper-based antennas are mostly created for
RFID,[12,15,19,20] sensing,[21] UWB,[11] WLAN,[10] and medical
applications,[17] with few being used in the wearable field, par-
ticularly for WBAN systems. As for the reason, it may be related
to the fact that these applications do not need to withstand long-
term and multiple deformation, and some of them are dispos-
able such as the usage in patches. For instance, paper-based an-
tennas tailored for UWB and WLAN applications are often used
in fixed or semi-fixed environments with relatively low physical
durability requirements. Second, there have been few reports on
the usage of printable copper conductive materials in the devel-
opment of paper-based antennas. Silver nano-ink[22–26] or silver
nano-paste[27–29] are the most often utilized materials. Compared
to silver, copper-based conductive inks or pastes are less expen-
sive, yet offer comparable conductivity.[30] However, oxidation is-
sues during preparation, storage, post-treatment and application
are matters to consider with copper inks or paste.[31,32] Finally,
thermal sintering is frequently adopted to activate the printed
antenna patterns and make them conductive, whereas alterna-
tive sintering approaches,[33] such as photonic sintering,[34–38]

plasma sintering[39,40] and microwave sintering,[41,42] are sel-
dom explored. Plasma sintering can quickly realize the sin-
tering of conductive materials at lower temperatures and re-
duce thermal damage to the substrate, making it a promising
method for paper-based applications. Therefore, it will be in-

teresting to explore the application potential of plasma-activated
copper materials in the fabrication of printed paper-based
wearable antennas.
In this paper, we demonstrate the feasibility of realizing a dual-

band wearable antenna through screen-printing of a plasma-
sintered copper paste on commercially available photopaper. The
dielectric and surface properties of the selected photopaper ma-
terial, as well as the thermal, printing, and electrical proper-
ties of the adopted copper paste, were investigated thoroughly
first to ensure the feasibility of designing and printing antenna
patterns on photopaper substrates. Then, a wearable antenna
of 38 mm × 24 mm × 0.27 mm was designed and screen-
printed with the copper paste on photopaper, which exhibits
good dual-frequency resonance characteristics in the targeted
WBAN (2.4–2.4835 GHz) and X uplink (7.9–8.4 GHz) bands,
as well as excellent conformality and acceptable SAR values on
the body, making it a viable candidate for flexible or wearable
wireless electronics.

2. Antenna Structure Design

The paper-based antenna proposed was designed to operate in
the WBAN and X uplink frequency bands for wearable applica-
tions. The required dielectrical parameters of the inkjet photopa-
per substrate were determined using a resonator method, as de-
tailed in Section 4.1.
A rectangular monopole antenna with a coplanar waveguide

(CPW) feed structure was chosen as an initial design structure,
named as Ant1 (Figure 1a). Although Ant1 operates effectively
at high frequencies (8.5 GHz), its reflection coefficient at 2 GHz
does not fulfill design requirements (Figure 1b). It also doesn’t
cover the desired WBAN frequency band. Therefore, we opti-
mized the structure of Ant1. By sequentially adding an isosceles
triangle with an angle of 56.5° to the top of the radiation patch of
Ant1, reducing the width of Ant1’s ground plate (Ant2), and in-
troducing a gradient feeder structure onAnt1 (Ant3) successively,
the final antenna structure was obtained.
As shown in Figure 1d, the optimized antenna consists of a ra-

diation patch with an isosceles triangle and rectangle, a gradient
CPW feed structure, and a pared-down ground plate. This design
was chosen to address both low- and high-frequency impedance
matching, ensuring broad bandwidth performance. The combi-
nation of the isosceles triangle and rectangle in the radiation
patch allows for the tuning of dual-frequency resonances, while
the gradient CPW feed structure enhances impedance match-
ing across the frequency bands. The dimensions of the antenna
were finalized based on theoretical analysis and simulation re-
sults from Ansys HFSS software to ensure that the antenna has
good dual-band response characteristics and impedance match-
ing within the targeted frequency ranges of 1.73–2.55 GHz and
7.66–8.89 GHz. The placement of both the radiation patch and
ground plate on the same side of the substrate facilitates the
screen-printing process, making the manufacturing of the an-
tenna more efficient.
The optimized antenna structure not only addresses the

low-and high-frequency impedance matching problem, but it
also assures the antenna’s broadband performance to meet the
design requirements. The ultimate antenna dimensions were
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Figure 1. a) Front view of the initial rectangular microstrip patch antenna and its reflection coefficient; b) Evolution stages of the antenna structure
design; c) Reflection coefficient corresponding to each stage; and d) Front and side view of the optimized antenna.

Table 1. Dimensions of the optimized antenna (Units:mm).

Parameter Value Parameter Value Parameter Value

L 38 L4 5.2 W1 1

W 24 L5 2.3 W2 1.6

L1 14 h 0.27 W3 2

L2 14.6 L6 1 W4 8

L3 7.3 L7 4 W5 2

38 mm × 24 mm × 0.27 mm, and the values for each parame-
ter are listed in Table 1.

3. Antenna Fabrication

3.1. Materials and Methods

The proposed paper-based antenna was fabricated utilizing a
commercial conductive copper paste, Delo-3310 (Shenzhen Delo
Technology Development Co., Ltd., China). The paste has a high
viscosity of 20–30 Pa·s and contains 50–65 wt% solids. All print-
ing experiments were carried out on a screen printer (Shenzhen
Delo Technology Development Co., Ltd., China) with a 250-mesh
screen. During the experiment, the smallest resolution that could
be produced by the screen-printing was 0.3 mm. As for the an-
tenna pattern, we printed it three times to ensure optimal electri-
cal performance and print quality. Thermal or plasma sintering
was employed to process the printed samples. Thermal sintering
was performed for 60 min in an oven at temperatures ranging
from 130 °C to 170 °C. The plasma sintering was carried out for
5–30 min using a low-pressure argon plasma equipment with a
power output of 180–300 W.

3.2. Characterization

The thermal decomposition behaviors of the copper paste were
investigated using a simultaneous thermal analyzer (DSC-TG,
HITACHI STA200) and aluminum pans in a nitrogen atmo-
sphere. Samples were heated from 30 °C to 300 °C at a rate
of 10 °C per minute. The phases, morphologies and chemical
composition of sintered copper films were determined using X-
ray diffraction (XRD, Rigaku, Cu Ka radiation, k = 0.15418 nm)
measurement, scanning electronmicroscope (SEM,ZEISSGem-
ini 300), and surface energy disperse spectrometer (EDS, Oxford
Xplore30), respectively. The sheet resistance of the sintered cop-
per films was measured with a four-point probe analyzer. The re-
flection coefficient and bending performance of the antenna pro-
totype were investigated using a vector network analyzer (Ceyear
3674H) and Prtronic Flexible Electronic Tester (FT2000, Shang-
hai Mifang Electronic Technology Co., Ltd., Shanghai, China). A
human arm and a multilayer human tissue phantoms were em-
ployed to validate on-body performance of the fabricated antenna
prototype, separately.

4. Results and Discussion

4.1. Dielectric and Surface Properties of Paper Substrate

Paper is generally composed of cellulose fibers,[43] but the prop-
erties of each paper type vary due to differences in material com-
positions and production processes. Inkjet photopaper is an im-
age printing paper with a special coating that aids in the absorp-
tion of ink or paste materials. This coating is usually composed
of materials such as silica, alumina forms, titanium dioxide, cal-
cium carbonate, and various polymers. The special treatment of
the photopaper makes it more supple, stable and smooth than
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Figure 2. a) Dielectric constant measurement of photo paper using the resonator method, b) Surface morphology and c) FT-IR results of the photo
paper material.

normal paper. It also means that the ink or paste is not immedi-
ately absorbed, resulting in a high print quality. Basically, pho-
topaper is available in matte, satin and glossy. Here, a Kodak
matte inkjet photopaper (A4, 210 mm × 297 mm, Resin Coated)
was chosen as the substrate of the antenna. This type of matte
photopaper was chosen as the substrate for the antenna primarily
because it has a lower surface reflectivity than satin or glossy pa-
pers. It provides a non-reflective surface that reduces undesired
reflections and signal interference, which is crucial for accurate
antenna performance. Additionally, this matte photopaper tends
to have better adhesion properties for the copper paste used in
antenna fabrication, ensuring more consistent and reliable elec-
trical performance as well as robust antenna performance.
Considering that the simulation of antenna structure requires

the dielectric parameters of the substrate material, and the fab-
rication of the antenna prototype requires appropriate conduc-
tive materials and patterning techniques that are compatible
with the photopaper substrate, the dielectric and surface prop-
erties of the selected photopaper material were studied. A res-
onator method was adopted to determine the dielectric constant
of photo-paper.[44] The basic principle of this approach is to cre-
ate a microstrip antenna on the material to be measured with an
assumed dielectric constant value, and use a network analyzer to
determine the resonance point of the antenna. Then, the calcu-
lation formula of the microstrip antenna is used to acquire the
accurate dielectric constant value of the measured material.
In the study, a CPW-fed circular monopole antenna operating

at 1.4–2.21 GHz was designed using the photopaper with an as-
sumed dielectric constant value of 2.5. Then, an antenna proto-
type was fabricated on photopaper and its resonance point was
measured using a vector network analyzer, as shown in Figure 2a.
By adjusting the dielectric constant in HFSS software to let the
simulated reflection coefficient close to themeasured one, the di-
electric constant of the photopaper base material was eventually
determined to be 3.2. This value is consistent with the one pro-
vided in the ref. [45], which is important for the structural simu-
lation of subsequent paper-based antenna.
In addition to the dielectric properties, we also investigated the

surface properties of the photopaper. Figure 2b shows the surface
morphology of the selected photopaper material. The photopa-
per has a surface structure composed of pores and particles of
different sizes, with large pores between the particles and fine

pores inside the particles. According to ref. [46], this is an inter-
esting structural feature of the synthetic silicas: they have a large
internal surface area caused by micro-pores within the particle.
However, this is unfavorable for the application of low-viscosity
conductive ink, because it is difficult to form a uniform film, and
it can also easily result in the lack of a clear film/substrate in-
terface between the electrical functional layer and the substrate,
which seriously affects the electromagnetic andmechanical prop-
erties and geometry of the printed antenna pattern. Therefore,
choosing the appropriate printing material is crucial to produce
antenna prototypes.
FT-IR was employed to investigate the active groups on the

surface of the photopaper, and the result was given in Figure 2c.
A sharp absorbance peak and a weak absorbance peak appear at
1065.92 cm−1 and 798.57 cm−1, whichmay be caused by particles
in the surface coating of the photopaper, as observed by SEM and
confirmed by later XRD analyses. According to the peak position,
we infer that these peaks are likely from the Si–O vibrations of
silicon dioxide since the stretching, bending, and rocking vibra-
tions of Si–O bond appear at 1080 cm−1, 800 cm−1, and 450 cm−1

respectively.[47,48] The presence of such a silicon dioxide coating
will cause the ink or paste to be drawn deep into the layer by
capillary action, resulting in its quick dry on the surface of the
photo paper, which is conducive to generating fine patterns. The
above analyses provide a preliminary understanding of the pho-
topaper’s dielectric and surface properties, which is the basis for
the subsequent antenna design and printing material selection.

4.2. Thermal Behavior and Printability of Copper Conductive
Paste

Copper paste, like most conductor pastes, consists of three com-
ponents: the conductive phase (copper particles), the binding
phase and organic additives.[49,50] It is a dispersion of solid parti-
cles in organic vehicles. For screen printing, the viscosity of con-
ductive paste impacts the quality of the printed pattern. If the
viscosity is too high, it will be difficult for the paste to transfer
to the substrate, and blockage will easily occur. If the viscosity
is too low, the paste will be very fluid. The imprint of the pattern
expands and the printing accuracy decreases. In addition, the sur-
face tension of the paste and the surface energy of the substrate
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Figure 3. a) Optical image and b) DSC-TG results of the selected copper paste, c,d,e) Screen-printed lines and patterns on photopaper substrates, and
f) adhesion test of the screen-printed copper film.

are also factors that need to be considered, because they deter-
mine the wettability of conductive paste on the substrate. There-
fore, choosing a copper paste with appropriate physicochemical
properties is critic for the latter patterning process. After care-
ful consideration, a commercial copper conductive paste that has
good printability, electrical conductivity, oxidation resistance and
bendability was employed here for the screen-printing of the de-
signed antenna.
As shown in Figure 3a, the paste is red-brown in color and

composed of copper particles, organic vehicles and additives. It
has a viscosity of 20–30 Pa·s and does not require diluting before
use. It is suited for mesh printing from 100 to 200 and has some
oxidation resistance. DSC-TG, rheometer and optical microscope
analyses were employed to examine its thermal decomposition
behavior, fluid properties and printability.
The TG curve in Figure 3b reveals a two-step weight loss from

30 °C to 220 °C. The first weight loss from 30 °C to 180 °C, fea-
tured by an endothermic peak at 164.2 °C on the DSC curve, is at-
tributed to the evaporation or/and decomposition of organic sol-
vent and additives in the copper paste. The second weight loss
from 180°C to 250 °C is caused by the aggregation and coales-
cence of the copper particles, as well as the continued decompo-
sition of the organic matters, which corresponds to an endother-
mic peak at 205.8 °C on the DSC curve. The remaining weight
is about 51.4 wt%, which is comparable with the value provided
by the supplier. DSC-TG results reveal that a temperature higher
than 170 °C is required for the sintering of copper paste, and the
sintering products include some organic matters in addition to
copper particles.
The printing of the copper paste was conducted on plasma-

treated photopaper substrates with a screen printer. During print-

ing, the number of layers were carefully chosen to ensure ac-
curate printing dimensions and good conductivity. As shown in
Figure 3c–e, lines with various widths and patterns were suc-
cessfully screen printed and thermal-sintered on photopaper sub-
strates, indicating that the paste has a good printability. When
the width of the line was set to be 1.0 mm, the obtained cop-
per conductive line has a width of 1.09 mm (Figure 3d), basi-
cally the same, indicating a favorable printing accuracy. The ad-
hesion test results in Figure 3f show that the copper paste has
good adhesion (4B) after printing and thermal sintering. The
above results indicate that the selected copper paste has good
screen-printability and excellent film-forming capability on the
used photopaper.

4.3. Electrical Performance and Microstructures of Printed
Copper Films

4.3.1. Electrical Properties

The printed film needs to be sintered to create a dense structure
and improve conductivity. Thermal sintering is one of the com-
monly used sintering methods. However, for paper-based sub-
strates, a higher temperature will damage their surface. Plasma
sintering can achieve high-quality sintering at lower temper-
atures in a shorter time,[51,52] making it suitable for the ap-
plication with paper-based substrates. At the same time, the
plasma sintering can improve the adhesion between the cop-
per paste and the substrate material, therefore it is adopted
here.XRD and XPS analyses were employed to investigate the
physical composition and surface chemical state of the copper
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Figure 4. a) XRD results of copper films sintered at different plasma power for 30 min, b,c) XPS results of copper film sintered at 300 W for 30 min, d)
Resistivity of copper films sintered at different temperatures for 60 min and e) at 300 W for different times.

films. Figure 4a shows the XRD spectrum of the copper films
sintered at different plasma power. Three diffraction peaks at
43.3°, 50.4° and 74.1° are found in all the films, which corre-
spond to the characteristic values of metallic copper, indicat-
ing that the sintered films are composed of copper. Given the
limitations of XRD in detecting amorphous oxides, XPS anal-
ysis was performed to confirm the presence of copper oxides
in the sintered films. Figure 4b shows the spectrum analysis
of Cu 2p1/2 and Cu 2p3/2 at 952.63 eV and 932.78 eV respec-
tively. As seen, there are some weak satellite peaks. Further peak
split fitting on the Cu 2p3/2 peak (Figure 4c) indicates that the
film is mostly composed of elemental Cu and a small amount of
Cu2O.
A four-point probe system were used to investigate the elec-

trical performance of the sintered copper films against plasma
time or temperature. As shown in Figure 4d,e, the resistivity
of the film decreases with increasing time or temperature. For
plasma sintering, it decreases from 107.88 ± 7.49 µΩ cm to 19.17
± 0.04 µΩ cm after 30min, and for thermal sintering, it decreases
from 52.15 ± 0.37 µΩ cm at 130 °C to 25.79 ± 0.4 µΩ cm at
170 °C.
The decrease in resistivity with temperature or time is easily

understood since organic matters mostly evaporate or/and de-
compose, and copper particles are better connected. In compar-
ison with thermal sintering, plasma sintering achieves compa-
rable electrical performance in less time, as proved by resistiv-
ities obtained at 150 °C for 60 min (30.11 µΩ cm) and 300 W

for 15 min (33.68 µΩ cm). Besides, plasma sintering can yield
lower resistivity than thermal sintering without damaging the
substrate. For photopaper substrates, excessively high sintering
temperatures, such as 170 °C, will damage the surface and re-
sult in a yellow surface; however, plasma sintering can avoid
this due to its short processing time. Based on the optical im-
ages of the copper film under different sintering conditions and
the electrical performance requirements of the antenna, 300 W
and 30 min were finally chosen as the optimal sintering parame-
ters. Here, higher plasma power will result in shorter process-
ing times, however due to instrument limitations, this is our
only option.

4.3.2. Surface Morphologies

Figure 5a,b shows the surface morphologies of copper films after
thermal sintering (170 °C, 60 min) and plasma sintering (300 W,
30 min, argon atmosphere), respectively. Both copper films, the
morphology of copper particles is flake-like. These flakey parti-
cles are stacked in a laminated manner and close contact with
each other. In comparison to thermal-sintered copper film, the
plasma-sintered film is composed of larger copper flakes with
good connections and are more uniform and denser. Addition-
ally, there are fewer voids and gaps in the film. This structure is
conducive to obtaining good electrical properties, which has been
confirmed by previous analyses.
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Figure 5. Surface and cross-sectional morphologies as well as EDS results of the screen-printed copper films sintered a,c,e) at 170 °C for 60 min and
b,d,f) 300 W for 30 min.

The cross-section images in Figure 5c,d show that the average
thickness of the film produced from thermal sintering was about
53.20 ± 2.90 µm, and 51.74 ± 0.51 µm for plasma sintering. Fur-
thermore, plasma sintering behavior has stronger cross-sectional
behavior than thermal sintering, as evidenced by the degree of ac-
cumulation of copper flake particles. Moreover, the surface of the
film layer is flatter. EDS spectra of both copper films are given in
Figure 5e,f. As seen, Cu, O, and C elements are present in the
films, and the mass proportions of copper in both films are 86.97
wt% and 88.82 wt% respectively. This means that the films have
some organic residues in addition to the metal copper. EDS re-
sults also demonstrate the feasibility of using plasma technology
to prepare conductive copper films on heat-sensitive paper sub-
strates.
Generally, the electrical properties of plasma sintered cop-

per films are influenced by several key factors, including the
film’s microstructure, grain size, porosity, and sintering qual-
ity. A smaller grain size and lower porosity typically result in
lower resistivity due to better particle connectivity and elec-
tron flow. Plasma sintering parameters, such as power, pres-
sure, and duration, also play a critical role, as they affect
the densification and bonding between particles. Addition-
ally, the purity of the copper and the presence of any im-
purities or oxidation during the sintering process can im-
pact the film’s conductivity. Controlling these factors is es-
sential for optimizing the electrical properties of the sintered
copper films.
Overall, the film obtained by plasma sintering is superior to

thermal sintering in terms of grain size, morphology and density.

4.4. Antenna Performance

4.4.1. Radiation Properties

The radiation characteristics and surface current distribution of
the proposed antenna were simulated with Ansys Electronics
2023 R2 software. Figure 6a,b, show the simulated radiation pat-
terns of the proposed antenna at 2 GHz and 8.2 GHz. The an-
tenna exhibits uniform radiation performance in the horizon-
tal direction and omnidirectional radiation characteristics. When
the antenna operates at 2 GHz, the E-plane radiation pattern re-
sembles a figure “8” while the H-plane pattern is circular. The
radiation patterns at 8.2 GHz are like the result at 2 GHz but
with slight distortion associated with the physical size of the an-
tenna. In general, higher frequencies will make the antenna size
larger relative to the wavelength, thereby causing changes in the
radiation pattern.
Figure 6c,d shows the surface current distribution of the an-

tenna at 2 and 8.2 GHz. Clearly, themajority of the current is con-
centrated around the feed line, which indicates that the gradient
feed line effectively couples energy into the antenna, prompting
a good impedance match, so that the antenna can be effectively
excited at different frequencies. This highlights the advantages of
adopting a gradient feed line structure in design.
The antenna prototype was tested to verify the reliability in de-

sign (Figure 7a,b). The reflection coefficient was measured using
a Ceyear (3674H) vector network analyzer. As shown in Figure 7d,
themeasured reflection coefficient is basically consistent with the
simulation results, especially at 8.2 GHz. At 2 GHz, the values

Adv. Electron. Mater. 2025, 11, 2400522 2400522 (7 of 12) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

 2199160x, 2025, 5, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202400522 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [25/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advelectronicmat.de


www.advancedsciencenews.com www.advelectronicmat.de

Figure 6. The simulated radiation patterns and surface current distribution of the proposed antenna at a,c) 2 GHz and b,d) 8.2 GHz.

have a slight difference with the simulated ones, accompanied
by an upward resonance point.
The radiation patterns of the antenna prototype at 2 and 8.2

GHz were obtained in an anechoic chamber using an Agilent
E4446A spectrum analyzer and Agilent N8183A RF signal gen-
erator, and the results are given in Figure 7e,f. As seen, the ra-
diation patterns of the antenna match well with the simulation
results, demonstrating the reliability in simulation. Gain values
were measured at the main lobe direction 𝜃 = 270°, with a value
of 0.67 dB at 2 GHz and 3.21 dB at 8.2 GHz, respectively, slightly
deviating from the measured results but in an acceptable range.
This discrepancy may be attributed to the lower copper content
in the printed copper pattern.
On the whole, the measured results verify the rationality of

the antenna in the simulation, and the designed antenna ex-
hibits good omnidirectional radiation characteristics and wide-
band matching performance in performance indicators.

4.4.2. Wearability

Wearable devices frequently have to withstand deformations
caused by the human; therefore, the antenna needs to be flex-
ible and bendable to maintain stable performance. For wear-
able antennas, they should be designed to withstand deforma-
tion while being safe to wear. This is because the antenna works
in an environment close to the human body, if the radiation
is too strong or the material is improperly selected, it may
have an impact on human health. In this section, the bendabil-
ity and wearability of the designed antenna were investigated
respectively.

1) Bendability

Conformality is an important criterion when evaluating wearable
antennas. Antennas that are more conformable will be easier

to integrate into wearable device systems. Figure 7g shows the
measured reflection coefficients of the antenna at bending radii
ranging from 5 to 20 mm with a step of 5 mm along the Y-axis.
As seen, when the bending radius exceeds 5 mm, the antenna’s
reflection coefficient changes very little, and continues to func-
tion well within the frequency band. However, as the bending
radius reaches 5 mm, the bandwidth of the antenna’s reflection
coefficient at high frequencies broadens, allowing more signals
to be received and impacting the reception of the target signal.
When the bending radius is less than 5 mm, the performance
of the antenna decreases. These results indicate that the antenna
has excellent bendability when the bending radius is greater than
5 mm.
A cyclic bending test was performed on the fabricated an-

tenna prototype to study the change in resistivity after bending
(Figure 7h). The results show that within 10 000 cycles, the re-
sistivity of the antenna changes very little, demonstrating the an-
tenna’s longevity.
Usually, bending an antenna can significantly impact its per-

formance, particularly affecting parameters such as impedance,
gain, and radiation pattern. When an antenna is bent, it can
cause changes in the effective length of the conductive path,
which may lead to a shift in resonance frequency and altered
impedance matching. Additionally, bending can introduce me-
chanical stress, which might affect the integrity of the conduc-
tive layer and the substrate, potentially leading to degradation
in electrical performance. For a dual-band antenna, the shift
in resonance frequency under bending conditions is typically
more pronounced at the high-frequency end compared to the
low-frequency end, this is especially true in our case. As for the
reason, it is because high-frequency resonators are more sensi-
tive to changes in dimensions. As the antenna is bent, the ef-
fective length and shape of the high-frequency resonator are al-
teredmore significantly, leading to a greater shift in its resonance
frequency. One should be mindful of these factors when select-
ing materials and designing flexible antennas, as the choice of

Adv. Electron. Mater. 2025, 11, 2400522 2400522 (8 of 12) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 7. a) The fabricated antenna prototype, b,c) test in an anechoic chamber, d) the measured reflection coefficient and e,f) radiation patterns at 2
and 8.2 GHz, g) the reflection coefficients against bending radii and (h) the change in resistivity after bending.

substrate and conductive materials needs to accommodate bend-
ing without compromising the antenna’s functionality.

2) Wearable Safety

Specific absorption rate, SAR, is an important parameter to the
wearable antenna. The SAR value is used to evaluate the antenna
security performance for wearable applications. It is defined as
the power absorbed per mass of tissue (W kg−1) and can be cal-
culated using the following Equation (1).

SAR = 𝜎|E|2

𝜌
(1)

Where 𝜎 is the conductivity of human tissue in S m−1, E is the
electric field in V m−1, and 𝜌 symbolizes the mass density of hu-
man tissue in kg m−3.
To protect the users from hazardous RF exposure, the SAR

must not be greater than 1.6 W kg−1 per 1g of tissue for US stan-
dard and no more than 2 W kg−1 per 10 g of tissue for EU stan-
dard. Only when the test results meet these standards can the
designed antenna be deemed safe to wear.
A 90 mm × 90 mm × 33 mm planar three-layer human

arm model, composed of skin (2 mm), fat (8 mm), and muscle
(23 mm) layers, was built on Ansys HFSS simulation software to
investigate the SAR level of the antenna, as shown in Figure 8a.
The dielectric properties required for each layer at 2 and 8.2 GHz
are listed in Table 2. For the off-body measurements, the antenna

Adv. Electron. Mater. 2025, 11, 2400522 2400522 (9 of 12) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 8. a) The three-layer human armmodel, the E-plane and H-plane radiation patterns of the antenna distanced by various “d” values at 2 GHz b,d)
and 8.2 GHz c,e), and f) reflection coefficient at a “d” value of 5 mm.

Table 2. Human tissues dielectric characteristics at 2 and 8.2 GHz.

Human Tissue at 2 GHz Skin (dry) Fat Muscle (Transverse Fiber)

Relative Permittivity 38.568 5.3276 53.29

Conductivity (S m−1) 1.2654 0.085918 1.4538

Loss tangent 0.29489 0.14494 0.2452

Mass Density (Kg m−3) 1090 930 1050

Human Tissue at 8.2 GHz Skin (dry) Fat Muscle (Transverse Fiber)

Relative Permittivity 32.999 4.7455 45.223

Conductivity (S m−1) 6.0337 0.45709 8.0727

Loss tangent 0.40081 0.21115 0.39132

Mass Density (Kg m−3) 1090 930 1050

was placed on the top of the mode with a separation distance of
“d.”
The SAR levels of the antenna at frequency points of 2 and

8.2 GHz were examined with different “d” values and 100 mW
as input power. The results are given in Table 3. When the sep-
aration distance “d” is 5 mm, the power consumption is 1.3 and
0.287 W kg−1 at 2 GHz, and 1.446 and 0.301 W kg−1 at 8.2 GHz.

Table 3. SAR levels, Gain and Efficiency of the proposed antenna at 2 and
8.2 GHz with different separation distance.

Separation Frequency 1g/10g Max. SAR Gain Total Efficiency

Distance [mm] [GHz] [W kg−1] [dBi] [dB]

2 1g 2.168 −7.3818 −2.60142

2 10g 0.528

8.2 1g 4.217 2.25746 −3.68009

10g 0.948

2 1g 1.3 −7.07312 −3.2994

5 10g 0.287

8.2 1g 1.446 −1.47141 −1.47141

10g 0.301

2 1g 0.734 −7.34974 −2.64526

8 10g 0.155

8.2 1g 0.735 8.76179 −1.485447

10g 0.152

2 1g 0.402 −6.24153 −1.0188

11 10g 0.082

8.2 1g 0.535 5.59675 −1.29606

10g 0.105

Adv. Electron. Mater. 2025, 11, 2400522 2400522 (10 of 12) © 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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These values are below the SAR limits of the US or EU safety
standards, indicating that the antenna is safe to wear.
We also investigated the antenna’s radiation performance at

2 GHz and 8.2 GHz with different “d” values. After loading
the human body model, it can be seen that the radiation pat-
tern of the antenna changes from omnidirectional to directional
(Figure 8b,e). In addition, the gain and efficiency increase as the
“d” increases, as can be seen in Table 3. When the separation dis-
tance “d” is 2 mm, the gain at 2 and 8.2 GHz drops significantly,
whichmight be the results of the human tissue absorbing and ra-
diating electromagnetic waves. Generally, the closer the distance,
the stronger the effect. Taken together, at a separation distance
of 5 mm, the impact of the human tissue model on the antenna
is within an acceptable range, the antenna’s front-to-back ratio
(FBR) is high, and its gain, efficiency and SAR level meet the de-
sign requirements. To evaluate the antenna’s actual radiation per-
formance while worn, we conducted a reflection coefficient test
at a distance of 5 mm from the antenna to the human body, as
shown in Figure 8f. Obviously, the human body has little impact
on the antenna radiation performance, indicating that the an-
tenna maintains dual-frequency resonance and high impedance
matching in the near-human body test.
The results above demonstrate that the designed antenna

not only has good omnidirectional radiation characteristics and
broadband matching performance, but it also performs well in
terms of conformality and durability, proving its feasibility and
practicability as an antenna for wearable devices.
On the whole, the antenna proposed in this work has the fol-

lowing advantages. First, the antenna is paper based and adopts
copper materials, which is inexpensive, lightweight and eco-
logically friendly. It will not form electronic waste and cause
pollution to the environment after being discarded. Burning
it will only leave some non-toxic and harmless inorganic sub-
stances. Second, the antenna operates in the WBAN and X up-
link bands, making it suitable for applications in medical mon-
itoring and wearable medical devices. Third, the antenna pre-
sented in this study does not included any additional structures
like high impedance surface (HIS),[53] artificial magnetic conduc-
tor (AMC),[54] and electromagnetic band gap (EBG),[55] it simpli-
fies the design while maintaining acceptable SAR values. It also
has a higher aspect ratio than other antennas in design and is eas-
ier to conform in the X-axis. These features enable the antenna
a competitive candidate for wearable wireless electronic applica-
tions.

5. Conclusion

A dual-band wearable antenna is designed and fabricated on pho-
topaper for wearable applications utilizing a screen-printable and
plasma-sintered conductive copper paste. The properties of the
photopaper substrate and copper paste were investigated thor-
oughly to help with antenna design and printing. The paste
shows good screen-printability and excellent film-forming capa-
bility on photopaper substrates, and it can produce highly con-
ductive patterns with an efficient plasma sintering process. The
developed antenna is inexpensive, lightweight and ecologically
friendly, and it operates in the desired WBAN and X uplink
bands. Both simulation and test results demonstrate that the an-
tenna not only has good dual-frequency resonance characteris-

tics, such as good radiation properties and broadband matching
performance, but it also performs well in terms of conformality
and shows acceptable SAR values on the body. Thework could po-
tentially pave the way for low-cost, environment-friendly paper-
based wearable wireless electronics.
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