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ABSTRACT: The flexible radio frequency (RF) wireless antennas used as
sensors, which can detect signal variation resulting from the deformation of the
antenna, have attracted increasing attention with the development of wearable
electronic devices and the Internet of Things (IoT). However, miniaturization and
sensitivity issues restrict the development of flexible RF sensors. In this work, we
demonstrate the application of a flexible and highly conductive graphene-
assembled film (GAF) for antenna design. The GAF with a high conductivity of
106 S/m has the advantages of light weight, high flexibility, and superb mechanical
stability. As a result, a small-size (50 mm × 50 mm) and flexible GAF-based
antenna operating at 3.13−4.42 GHz is achieved, and this GAF antenna-based
wireless wearable sensor shows high strain sensitivities of 34.9 for tensile bending
and 35.6 for compressive bending. Furthermore, this sensor exhibits good
mechanical flexibility and structural stability after a 100-cycle bending test when
attached to the back of the hand and the wrist, which demonstrates broad application prospects in health-monitoring devices,
electronic skins, and smart robotics.

■ INTRODUCTION

With the rapid development of Internet of Things (IoT) and
the increasing popularity of wearable electronic devices, flexible
sensors have received considerable attention. They have been
widely used in electronic skin equipment,1 human motion
detection,2 human health monitoring,3 and implantable
medical devices.4 Flexible sensors are mainly classified into
piezoresistive sensors,5 capacitive sensors,6 and piezoelectric
sensors7 according to their working principles. In addition to
the above-mentioned three traditional working principles,
flexible radio frequency (RF) sensors, which can detect signal
variation resulting from the deformation of the antenna, have
attracted increasing attention due to the new working
principle.8 In recent years, the development of flexible RF
sensors, according to the different antenna structures, can be
generally divided into microstrip patch antenna sensors and
radio frequency identification (RFID) tag sensors, such as a
microstrip patch antenna sensor operating at 5.8 GHz,9 a
rectangular patch antenna sensor operating at 3 GHz,10 and a
ultrahigh-frequency RFID tag sensor.11 However, relying solely
on the optimization of the antenna structure, the improvement
of the sensitivity of the flexible RF sensor is still limited.
Developing a material with excellent properties for manufactur-
ing sensors is also extremely crucial.
Metals are commonly used in the existing commercial RF

sensors.12−15 However, these materials suffer from poor
flexibility, high density, and easy corrosion, which hinder

their further applications in flexible RF sensors and make it
urgent to find new alternative materials. Recently, conductive
polymers16,17 and carbon materials18−20 including carbon
nanoparticles,21 carbon nanowires,22 carbon nanotubes,23 and
graphite24 have been receiving more attention. Compared to
metals, these materials are endowed with properties like light
weight and great flexibility but with the sacrifice of
conductivity. Graphene, a new generation of carbon material,
is shown to be a good candidate for flexible RF sensors.25−30 In
addition to the common features of conductive polymers and
carbon materials, it also offers a distinct advantage in terms of
electrical conductivity. Graphene-assembled film (GAF) with
multilayer sheets, compared to mono- or few-layer graphene
films, is attracting more attention due to its high electrical
conductivity and low sheet resistance.31−37 In 2018, we first
reported that the GAF-based flexible RF sensor has a higher
stability and sensitivity than the copper foil-based antenna
sensor with the same size due to the material properties.38

However, the sensitivity and miniaturization of GAF-based
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flexible RF sensor need to be further improved to meet the
requirements of wearable electronic devices.
In this work, we present a flexible RF sensor based on GAF

coplanar waveguide (CPW) antenna with a very small size
(dimension of 50 mm × 50 mm). High-conductivity GAF,
fabricated by high-temperature heat treatment and rolling
compression process, achieves a conductivity of up to 106 S/m
and a thickness of 28 μm and is used to create a flexible
antenna for wireless wearable sensors. The miniaturized
antenna structure is designed according to the theory of
transmission lines with the antenna model built and optimized
by electromagnetic simulation software. The return loss of
GAF antenna fabricated by the laser direct molding engraving

machine is measured by a network analyzer with the radiation
patterns obtained by an antenna measurement system. To
improve the measurement precision of strain sensing of the
flexible RF sensor, we use poly(lactic acid) (PLA) rings of
different radii as testing fixtures, and the radii of the rings are
set so that the central angle changes precisely with a step size
of 10°. The flexible RF sensor shows a tunable resonant
frequency dependent on the applied strains as well as
outstanding stability and durability under 100 cycles of
bending test when attached to the human body. Comparing
the proposed sensor with bending strain antenna sensors
reported in the literature, the former shows a higher sensitivity
with a smaller size. In addition, this flexible GAF antenna

Figure 1. Characterization of GAF. (a) Digital photo of GAF with good flexibility. (b) Cross-sectional scanning electron microscopy (SEM) image
of GAF with a thickness of 28 μm (scale bar: 10 μm). (c) X-ray diffraction pattern and Raman spectrum (inset) of GAF. (d) Mechanical stability
test of GAF.

Figure 2. Structure and performance measurement of GAF antenna. (a) Schematic of GAF antenna. (b) Photograph of GAF antenna. (c)
Simulated (black) and measured (red) reflection coefficient of GAF antenna. (d, e) Comparison of the simulated and measured results of GAF
antenna in the E-plane and H-plane, respectively. (f) Measurement environment of the radiation patterns of GAF antenna (Inset: zoomed-in image
of the positioner platform with the red arrow showing the rotating direction).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c00263
ACS Omega 2020, 5, 12937−12943

12938

https://pubs.acs.org/doi/10.1021/acsomega.0c00263?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00263?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00263?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00263?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00263?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00263?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00263?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00263?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c00263?ref=pdf


operating at 3.13−4.42 GHz is available to the 5G mobile
communication.

■ RESULTS AND DISCUSSION

The GAF prepared using the method described above shows
excellent flexibility, as shown in Figure 1a. The scanning
electron microscopy (SEM) image of the cross section (Figure
1b) exhibits a uniform thickness of ∼28 μm. The X-ray
diffraction (XRD) pattern shown in Figure 1c exhibits a sharp
and intense characteristic peak located at 2θ = 26.5°, which
indicates that the GAF with d002 = 0.34 nm has a regular
graphene-layered stack structure. In addition, the diffraction
peak (004) proves the high graphitization structure of GAF.
The little D band (1335 cm−1) and the sharp G band (1585
cm−1) in the Raman spectra in the inset of Figure 1c indicate
that the GAF has few lattice defects and a highly sp2-hybridized
carbon atom structure. To verify the mechanical stability, the
resistance of GAF is tested after bending. As shown in Figure
1d, the resistance remains unchanged after 1000 times
bending, indicating that the GAF has excellent stability
under large-scale mechanical deformation.
To ensure the flexibility of the antenna sensor, poly(ethylene

terephthalate) (PET) is chosen as the substrate due to its high
elasticity and decent dielectric properties. Figure 2a shows the
side-view, top-view, and front-view schematics of the GAF
antenna. The antenna consists of two layers. The upper layer is
a 0.028 mm thick GAF with an electrical conductivity of 1.1 ×
106 S/m. The bottom layer is a flexible PET substrate with a
thickness h of 0.06 mm and a relative dielectric constant εr of
3.5. The overall size of the antenna a × a is 50 mm × 50 mm.
A square slot with a side length b of 30 mm is formed in the
antenna radiator to expand the bandwidth so that the
bandwidth of antenna covers a part of the 5G frequency
band. A rectangular short tuning stub is used to adjust the
resonant frequency and impedance of the antenna. The length
l and width w of the tuning stub are 12.047 and 12.045 mm,

respectively. The spacing s between the short side of the tuning
stub and the square slot is 0.53 mm. A CPW with the
advantages of small size, light weight, and low profile39 is
designed to feed the antenna. With the special feed structure,
the problem of narrow matching line is solved, thus making it
very suitable for the feeding of the thin-substrate antenna. In
addition, the CPW structure has a significant advantage in
miniaturization of the antenna sensors because the center strip
and ground strip are integrated into one plane. A ratio of the
center conductor strip width wf of 4 mm and a gap width g of
0.13 mm between the center conductor strip and the ground
plane are chosen to ensure that the input impedance of the
feeder port is 50 Ω (the simulation results of reflection
coefficients of the antenna with different parameters are shown
in Figure S1, and the simulation results of the surface current
of the antenna are shown in Figure S2, Supporting
Information).
Figure 2b shows the digital photo of a GAF antenna. The

simulated and measured reflection coefficients of the antenna
shown in Figure 2c are in good agreement. The measured
reflection coefficient of the antenna at the resonant frequency
of 3.62 GHz is −25.47 dB, and the −10 dB bandwidth is 3.13−
4.42 GHz, which are applicable to the sub-6 GHz band of 5G.
Due to the insufficient machining accuracy and manual
welding of Sub-Miniature-A (SMA), the input impedance of
the actual antenna is slightly different from that of the design.
The relationship between the reflection coefficient S11 and the
input impedance Zin of the antenna is shown in eq 1.

| | =
−
+

S
Z Z
Z Z

(dB) 20 log11
in 0

in 0 (1)

where Z0 represents the characteristic impedance 50 Ω of the
transmission line. The discrepancy between the measured and
simulated reflection coefficients is essentially derived from the
difference in input impedance. Figure 2d,e shows the simulated
and measured radiation patterns of the GAF antenna in the E-

Figure 3. Strain measurement of flexible antenna sensor. (a) Schematic of sensor bending under compression and tension. (b) Representative
images of GAF sensor conformed to poly(lactic acid) (PLA) rings with different radii. (c, d) Reflection coefficient of antenna as a function of
frequency under compressive bending (c) and tensile bending (d) for different central angles. (e) Normalized resonant frequency of flexible
antenna sensor as a function of the central angle. The measured results of the antenna with these two statuses (compressive bending and tensile
bending) display a similar trend.
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plane and H-plane at their resonant frequencies. The measured
radiation patterns of the antenna are similar to the simulated
results. It can be clearly seen from Figure 2d,e that the
maximum radiation directions of the antenna in the E-plane
are 0 and 180°, and the radiation in the H-plane is
omnidirectional. The external SMA connector whose length
is about one-third of the antenna during the antenna test
affects the radiation of the antenna, resulting in the discrepancy
between the measured and simulated radiation patterns. The
far-field characteristics are tested in a microwave anechoic
chamber with a network analyzer (PNA, Keysight N5247A), as
shown in Figure 2f, while the E-plane and H-plane of the
antenna are measured by rotating the positioner platform 360°
horizontally and vertically, respectively.
The flexible GAF antenna can be viewed as a strain sensor,

as shown in Figure 3a. The sensor is bent toward the radiation
patch when it is under compression, and it is bent toward the
substrate when it is under tension. To measure the mechanical
flexibility of the GAF antenna sensor, it is conformed to PLA
rings with different radii, as shown in Figure 3b. There is a one-
to-one corresponding relationship between the central angle of
the antenna conformed to the rings and the radius of the rings,
and the radii of the rings are set so that the central angle
changes with a step size of 10°. Figure 3c,d shows the
reflection coefficient of antenna as a function of frequency
under compressive bending and tensile bending for different
central angles. For both compressive bending and tensile
bending, the resonant frequency of the antenna gradually
increases as the bending angle increases. The result can be
explained by eqs 2 and 3.

θ
=r

a
(2)

ε
=

+ Δ
f

c
l l2( 2 ) e (3)

where c is the speed of light in free space, f is the resonant
frequency of antenna, εe is the effective dielectric constant
derived from the dielectric constants of PET substrate and air,
and Δl is the extended length of the patch because the
presence of the edge effect makes the actual effective length
larger than the physical length of the patch.
Equation 2 indicates an inverse relationship between the

bending radius r and the central angle θ. Equation 3 is a
transformation of eq 6 of antenna design equations and shows
that the resonant frequency f and effective length of the
radiation patch l + 2Δl are inversely proportional.
Figure S3 in the Supporting Information shows the

geometric structures of the antenna before and after bending.
The antenna in the unbent state can be approximated as a
plane; a is the length of the bent side of the antenna, and l +
2Δl is the effective length of the patch. When the antenna is
being bent, it can be equivalent to another plane; a′ is the

equivalent length of the bent side of the antenna, and l′ + 2Δl′
is the equivalent effective length of the patch. It can be clearly
seen from Figure S3 that the effective length of the patch
becomes smaller after the antenna is bent. According to eq 2,
as the absolute value of the central angle θ gradually increases,
the bending radius r decreases accordingly. When r decreases,
the effective length of the patch l + 2Δl decreases. The
resonant frequency increases according to eq 3. Therefore, the
resonant frequency f increases as the absolute value of the
central angle θ increases, which is also consistent with the
experimental observations shown in Figure 3e.
Three antennas are manufactured, and their resonant

frequencies are 3.62, 3.62, and 3.64 GHz through testing.
Since the resonant frequency of the first antenna is repeatable
and closer to the design frequency of 3.5 GHz, the first antenna
is used for bending measurement. We perform three repeated
bending measurements on the antenna that show similar
results. Figure 3e shows the average of the three measure-
ments. It proves the stability of the GAF sensor and the
repeatability of experimental results. According to the
distribution of discrete data points, the second-, third-, fourth-,
and fifth-order polynomial fittings are performed on the points.
Among these fitting curves, the R2 value of the fourth-order
fitting is the highest and the fitting curve is within the standard
deviation, which is the most suitable for the discrete points
distribution. Therefore, the curve in Figure 3e is obtained by
fitting the data with quartic polynomial, and the fitting
equation is y = Intercept + B1 × x + B2 × x2 + B3 × x3 + B4 ×
x4, where Intercept = 0.98792, B1 = 1.57201 × 10−5, B2 =
1.7897 × 10−6, B3 = −1.41667 × 10−10, B4 = −7.04424 ×
10−12. The goodness of fit can be proved by Adj. R2 of 0.98413.
Figure 3e shows the normalized resonant frequency as a
function of the central angle when the antenna sensor is bent
toward the radiation patch (θ > 0°) and toward the substrate
(θ < 0°). When the absolute value of central angle θ increases,
the normalized resonant frequency f/f 0 increases, where f is the
resonant frequency in the bending state and f 0 is the resonant
frequency in the relaxed state. The sensitivity S of the antenna
sensor can be calculated by the following formulas40

ξ= Δ ΔS f f( / )/0 (4)

ξ = ± h r( ) /2 (5)

where Δf is the variation of resonant frequency with Δf = f −
f 0, ξ is the bending strain of the sensor, h is the thickness of the
PET substrate, and r is the bending radius. The sensitivity S of
the antenna sensor is about 34.9 for tensile bending and 35.6
for compressive bending. Comparing the proposed sensor with
bending strain antenna sensors reported in the literature, the
former exhibits a higher sensitivity with a smaller size, as
shown in Table 1.
It is shown that the sensitivities of the antenna sensor for

tensile bending and compressive bending are almost identical,

Table 1. Comparison of the Proposed Sensor with Bending Strain Antenna Sensors Reported in the Literature

material
radiator conductivity

(S/m)
maximum
sensitivity size (mm) reference

aluminum/paper 3.56 × 107 3.34 a cylinder with a diameter of ∼65.5 mm and a height of 0.2
mm

40

copper/cellulose paper 1.30 × 107 5.39 119.4 × 70 × 0.46 38
graphene/cellulose paper ∼106 9.8 119.4 × 70 × 0.46 38
graphene/poly(ethylene
terephthalate)

∼106 35.6 50 × 50 × 0.088 this work
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which is determined by the radiation characteristics of the
CPW antenna, as shown in Figure 2d,e. For the general
antenna with metal ground plate, the ground plate reflects the
electromagnetic wave so that the back lobe of the radiation
pattern of the antenna is suppressed, and the directivity is
improved. However, the center conductor strip and the ground
plate of the CPW structure are in one plane. The radiation
patterns of the antenna are identical in both upper and lower
portions. Therefore, regardless of the tensile bending or
compressive bending, the resonant frequency of the antenna
shifts uniformly and the sensitivity test results of the antenna
with these two statuses display a similar trend.
In Figure 3e, the resonant frequency of the antenna is

reduced with the absolute value of central angle increasing
from 0 to 60°. One possible reason for this is that the size of
the test ring is very large when the angle is small. This causes
the antenna to be overstressed, which affects the radiation
characteristics of the antenna. In addition, Figure S4a,b shows
the reflection coefficient of the antenna as a function of
increasing central angle with a step size of 30°.
In addition to the sensitivity test, a flexible antenna sensor is

attached to the back of the hand and wrist of a human subject
for stability test. Figure 4a,b shows the antenna sensor attached

to the back of the hand. The antenna sensor is changed from
its initial flat state to a bending state when the subject is
making a fist. In Figure 4c,d, the antenna sensor is attached to
the subject’s wrist. As the wrist bends, the antenna sensor is
changed from an initial flat state to a bending state. The
antenna sensor is subjected to a 100-cycle test for bending,
with the results shown in Figure 4e. It can be clearly seen that
the resonant frequency of the antenna changes abruptly with

bending but always restores to its original frequency after each
bending cycle. This proves the high stability of the flexible
antenna sensor and makes it promising for applications41,42 in
the fields of human motion detection, human health
monitoring, realizing real-time monitoring of human motion,
and physiological activities (photographs of a GAF antenna
sensor in different statuses shown in Figure S5, Supporting
Information).

■ CONCLUSIONS

In this manuscript, a high-performance wireless wearable RF
sensor based on flexible graphene-assembled film antenna has
been investigated. In particular, we demonstrated through
simulation that the flexible antenna shows good omnidirec-
tional radiation and operates within the frequency range
suitable for 5G communication. We verified the results of
simulation through experimental analyses of PNA and
microwave anechoic chamber, indicating an operation
frequency of 3.13−4.42 GHz, which is in good agreement
with the simulation results. The sensing characteristics of the
flexible RF sensor under tension and compression were also
measured and showed high sensitivities of 34.9 and 35.6 under
tensile and compressive bendings, respectively. Moreover, with
the size of the sensor of 50 mm × 50 mm fed by coplanar
waveguide, the miniaturization of the sensor was realized. We
also tested the durability of flexible RF sensor by attaching the
sensor to the human object and observed good stability. A
rationally designed flexible RF sensor with the above merits
could contribute to overcome many key limitations of the
current sensors and can have applications in human health
detection, human motion detection, electronic skin equipment,
and other fields.

■ EXPERIMENTAL SECTION

Preparation of GAF. An aqueous dispersion of graphene
oxide (GO) sheets with a concentration of 16 mg/mL was
purchased from Wuxi Chengyi Education Technology Co. Ltd.
It was first uniformly coated onto poly(ethylene terephthalate)
(PET) substrates and then dried at room temperature to
obtain GO films. The GO films peeled from PET substrate
were annealed at 1300 °C for 2 h and 2800 °C for 1 h
subsequently in an argon atmosphere in a high-temperature
graphitization furnace. Finally, the films were roll-compressed
under 200 MPa to obtain the GAF.

Characterization. Microstructural cross-sectional informa-
tion was imaged with a JEOL JSM-7610F field emission
scanning electron microscope (FESEM). X-ray diffraction
(XRD) measurements were performed on a Rigaku Smartlab
SE instrument using Ni-filtered Cu Kα radiation. Raman
spectra were recorded by a LabRAM HR Evolution Raman
Spectrometer.

Device Design and Fabrication. The resonant frequency
of the antenna is designed to be at 3.5 GHz to meet the
requirements of 5G mobile communication for antenna. The
electromagnetic field characteristics of the antenna are
analyzed by the transmission line model method, and the
physical parameters of the antenna are designed according to
eqs 6−9.43

ε
= − Δl

c
f

l
2

2
e (6)

Figure 4. Application of flexible antenna sensor for human motion
detection. (a, b) Photographs of a flexible antenna sensor attached to
the back of the hand in the initial (a) and bending (b) states. (c, d)
Photographs of flexible antenna sensor attached to the wrist in the
initial (c) and bending (d) states. (e) Response of normalized
frequency varying with initial and bending states in the two cases. The
normalized frequency changes abruptly but always restores to its
original frequency after each bending cycle.
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The GAF antenna sensor was fabricated by engraving a specific
shape on a GAF-coated PET film using the laser direct
molding engraving machine (LPKF ProtoLaser S) (the
fabrication device is shown in Figure S6a, Supporting
Information).44

Measurement. The feeder port of antenna was connected
to a Sub-Miniature-A (SMA) connector, which was linked to a
network analyzer (PNA) through a coaxial line. The resonant
frequency and return loss were measured by the PNA. The
radiation patterns of the antenna were derived from the
antenna measurement system, which consisted of a PNA, a
Diamond Engineering Antenna Measurement System (DAMS)
platform controller, and a microwave anechoic chamber. The
PNA was connected to a positioner platform and a standard
reference antenna (REF antenna) of the microwave anechoic
chamber to control signal reception. The DAMS platform
controller was connected to the positioner platform of the
microwave anechoic chamber (the measurement environment
is shown in Figure S6b,c, Supporting Information). The
radiation patterns were obtained by a rotating antenna under
test (AUT) with increments of 10°. The sensing characteristics
of the sensor were measured by PNA, while the sensor was
conformed to the poly(lactic acid) (PLA) rings of different
radii made by the three-dimensional printing technology (the
fabrication scheme of the PLA fixture is shown in Figure S7,
Supporting Information).
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