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The use of advanced carbon nanomaterials for flexible antenna sensors has attracted great attention due
to their outstanding electromechanical properties. However, carbon nanomaterial based composites have
yet to overcome drawbacks, such as low conductivity and toughness. In this work, a flexible multi-layer
graphene film (FGF) with a high conductivity of 10° S/m for antenna based wearable sensors is investi-
gated. A 1.63 GHz FGF antenna sensor exhibits significantly high strain sensitivity of 9.8 for compressive
bending and 9.36 for tensile bending, which is super than the copper antenna sensor (5.39 for compres-
sive bending and 4.05 for tensile bending). Moreover, the FGF antenna sensor shows very good mechan-
ical flexibility, reversible deformability and structure stability, and thus is well suited for applications like
wearable devices and wireless strain sensing.

© 2018 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

The flexible antenna sensors, as the important component of
wearable electronic devices [1], such as flexible displays [2-4],
microfluidic devices [5], energy harvesting devices [6-9], have
received wide attention from all over the world with the internet
of things (IOT) fast growing. Generally, the existing commercial
flexible antenna sensors are made of metal or semiconductor, but
their sensitivity is quite limited [10-13]. Recently, along with the
development of tele-surgery electronic gloves and robotic skin,
the conventional flexible sensor cannot meet this increasing
requirement, and the high-sensitivity sensor is imperative [14].
Meanwhile, the stretchability is also a limiting factor which
restricts the development of the conventional flexible sensors.
For example, the motion of human joints will create stretching or
shrinking pressure as high as 55%, which far exceeds the detection
limit of conventional flexible sensors [15].

In this context, advanced carbon materials such as carbon
nanoparticles [16,17], carbon nanowire [18], carbon nanotube
[19] and graphite [20] are emerged and shown to be promise can-
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didates for innovative flexible sensors with enhanced performance.
More recently, the new carbon allotrope graphene, attracts great
attention in flexible communication due to its excellent electronic,
mechanical and optical properties [21-24]. However, when gra-
phene is used in commercial electronic devices, mono- or few-
layered graphene films exhibit high sheet resistance and insuffi-
cient electrical conductivity, which greatly limits graphene appli-
cations in wireless sensors such as antennas and other passive
components. On the other side, the multi-layer graphene film, after
high temperature (usually more than 2,000 °C) treatment, it can
exhibit a high in-plane oriented structure, which enable excellent
planar electrical conductivity and low sheet resistant [25-29]. In
2012, Huang and Drzal [27] reported a multi-layer graphene nano-
platelet film with an electrical conductivity of 1.57 x 10° S/m by
annealing the film that is filtered from graphite nanoplatelets sus-
pension at high temperature. In 2014, Guo and co-workers [28]
used a similar method of high temperature annealing to increase
the electrical conductivity to 1.83 x 10° S/m. Most recently, Teng
et al. [29] reported a multi-layer graphene film with an electrical
conductivity 2.2 x 10° S/m based on ball-milling exfoliated gra-
phene and high temperature annealing. It is important to point
out that the flexibility of multi-layer graphene film is also feasible
by the reported methods [30]. However, the conductivity of these
graphene films is still much lower than that of metallic materials
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(107 S/m), further improvements are needed to meet the needs of
portable antenna devices.

In this work, we demonstrate a flexible multi-layer graphene
film (FGF) prepared by high temperature heat treatment and sub-
sequent rolling process of a graphene oxide assembled film,
achieving a significant high electrical conductivity (~10°S/m,
nearly comparable to metal) and good stretchability. Moreover, a
1.63 GHz rectangular microstrip patch antenna is fabricated by
paving a tailored FGF patch on paper substrate. Given that advan-
tageous features of the film, this FGF antenna exhibits excellent
radiation performance (similar to copper antenna), which can be
well maintained even after bending 100 times. Since the antenna
deformation would result in a resonant frequency shift, a wireless
strain sensor is achieved by exploiting this FGF antenna with good
mechanical flexibility, reversible deformability and structure sta-
bility in healthcare. To the best of our knowledge, the FGF antenna
sensor performance in terms of sensitivity compares favorably
with various nanomaterials based resistive strain sensors reported
so far.

2. Experimental
2.1. Preparation of flexible multi-layer graphene film

The graphene oxide (GO) suspension, which is purchased from
Wuxi chengyi education technology Co. Ltd., is diluted to 10-20
mg/mL with ultrapure water, followed by scraped on polyethylene
terephthalate (PET) film, evaporated at room temperature to
acquire the GO film. The GO film is under high temperature anneal-
ing at 1300 °C for 2 h, thereafter 3000 °C for 1 h, both within Ar gas
flow, then rolling compressed to obtain a FGF film.

2.2. Design for radiation patch

Based on microstrip antenna’s transmission-line model, for a
rectangular radiation patch with a resonant frequency fis, the
physical length L and width W are designed [31].

C
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g, is the dielectric constant of the cellulose paper, & is effective
dielectric constant because cellulose paper and FGF have different
dielectric constant, c is the speed of light in free space and h is
the thickness of the cellulose paper. AL is the extended length
due to fringing fields at the edge of the patch which makes the
actual radiation length larger than the physical length, but it can
be neglected as AL < L.

2.3. Device fabrication

The FGF antenna sensor is fabricated by sandwiching cellulose
filter paper between FGF ground plane and rectangular patch.

2.4. Measurement device

The resonant frequency and reflection coefficient are collected
using a Keysight N5225A Vector Network Analyzer (VNA). Radia-
tion patterns are measured in the microwave anechoic chamber
and VNA provides input signal. Two-dimensional (2D) pattern cuts
are measured by Diamond Engineering Antenna Measurement Sys-
tem which is connected with VNA by General Purpose Interface
Bus (GPIB). Each cut is obtained by rotating the antenna in 10°
increments while recording the received signal with a broadband
horn antenna as a standard reference antenna.

3. Results and discussion

FGF is prepared from GO suspension (inset of Fig. 1a), and the
transmission electron microscope (TEM) image of a GO sheet is
shown in Fig. 1a. After a series of processing steps (manufacturing
details in the Supporting Information and Fig. S1 online), a flexible
FGF (Fig. 1b) is obtained with a thickness of 30 um (Fig. 1d). In the
X-ray diffraction (XRD) pattern of FGF (Fig. 1c), a sharp and intense
diffraction peak located at 26 = 26.5° indicates a dgop = 0.34 nm,
and the diffraction peak of the (0 04) plane refers to the highly
graphitization structure of FGF. The D band (1,335 cm™') and G
band (1,585 cm™!) can be found in Raman spectroscopy (inset of
Fig. 1c), which refers to lattice defects and the characteristic sp?
hybridized carbon atoms in graphene, respectively. After hundreds
times of 180° folding and 150° bending (Fig. 1e), although some
breakages occur in fold area, the FGFs remain integrated structure,
exhibiting good flexibility. However, it is worth noting that the
breakages occurring in fold area may be from preparation of sam-
ples rather than 180° folding. In addition, during 500 cycles bend-
ing test with bending speed of 2 Hz and bending degree of 0°
(initial state) — 70° (bending state), relative volume resistances
of the film almost maintain constant, suggesting the remarkable
stability under mechanical deformation (Fig. 1f).

As one of the most widely used antennas, rectangular micro-
strip patch antenna is a two dimensional antenna that use patch
as radiation part. It has a lot of advantages such as low profile, light
weight, easy integration, flexible feeding, et al. Fig. 2a illustrates
the rectangular microstrip patch antenna’s schematic diagram con-
sisted of a radiating patch, a ground plane and a single-layer cellu-
lose paper between them.

In this work, the resonant frequency of the antenna fs is set to
1.63 GHz and the paper’s thickness h is 0.04 mm. The dielectric
constant of the cellulose paper with binder ¢.=3.06 is obtained
based on coaxial transmission line method. So, by using the
transmission-line model and then optimization, the dimensions
of the FGF antenna can be obtained as 35 mm x 27.4 mm (Experi-
mental Section). In order to match the input impedance of 50 Q
transmission line, the FGF antenna should be added with a match-
ing line. However, the height of the substrate is very small, thus the
single matching line calculated is too narrow to realize. It is diffi-
cult to clip practically, so we can add a segment matching line
using single nodal method so as to increase the width of the single
matching line. The dimensions of the two matching lines are 16.7
mm x 2mm and 65.2 mm x 13 mm respectively which are
obtained by Advanced Design System (ADS), Agilent. This design
is modeled and optimized using Computer Simulation Technology
(CST). After that, the FGF antenna is characterized experimentally
and compared to the copper antenna. As shown in Fig. 2d, the
reflection coefficients of both antennas are around —12 dB while
the resonant frequencies differ by 100 MHz. This discrepancy is
derived from the different conductivities of the two materials. In
addition, as shown in Fig. 2b and c, the far-field performances for
the FGF and copper antennas are tested in a microwave anechoic
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Fig. 1. (Color online) Sample preparation and characterization of the FGF. (a) TEM image of GO, inset is digital image of GO suspension. (b) Digital photograph of FGF under
bending. (c) XRD patterns of FGF, inset is Raman spectra of FGF. (d) SEM image showing the cross-section of FGF with 30 um thickness. (e) SEM images exhibiting FGF with
180° folding (up) and 150° bending (down). (f) Relative volume resistance of FGF with bending test. The bending state angle is approximately 70°.
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Fig. 2. (Color online) FGF antenna fabrication and performance measurement. (a) Schematic diagram of FGF antenna with paper substrate. (b) Photo of elevation plane
measurement. (c) Photo of Azimuth plane measurement. (d) Measured reflection coefficients for FGF and copper antennas in the same condition. Comparison of measured
normalized radiation pattern in the E-plane (e) and H-plane (f) for FGF and copper antennas at their respective resonant frequency.

chamber. Fig. 3e and f demonstrates the radiation patterns of FGF
and copper antennas in the E-plane and the H-plane at their
respective resonant frequency. It can be concluded from the plots
that FGF antenna and copper antenna perform the same radiation
pattern.

This FGF antenna can be seen as a bending strain sensor as
shown in Fig. 3a. The sensor is subjected to compressive stress
when it bends towards radiating patch and it is subjected to tensile
stress when it bends towards ground plane. In order to test the
mechanical flexibility of this FGF antenna sensor, it is attached to
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Fig. 3. (Color online) Tension and compression strain measurement based on the proposed antenna. (a) Schematic diagram of FGF antenna’s tension and compression
bending strain. (b) Photographs of a FGF antenna sensor attached to a soft mouse pad and bent at different angles. The reflection coefficient of experimental (c) and simulated
(d) results under compression bending strain respectively. The reflection coefficient of experimental (e) and simulated (f) results under tension bending strain respectively.
(g) Normalized resonant frequency of measured (thick solid line) and simulated (thick dash line) results compared with copper antenna (thin solid line) in the same condition.

a soft mouse pad and the resonant frequency of the antenna is
measured by bending the mouse pad at different angles, as shown
in Fig. 3b. The performance of the FGF antenna is measured using a
Network Analyzer (Keysight N5225A) and the results are shown in
Fig. 3c and e. Compared with the simulated results shown in Fig. 3d
and f, the frequency responses of FGF antenna are generally consis-
tent and the resonant frequency decreases with the increase of the
bending angle no matter under compression bending strain or ten-
sion bending strain. One can observe that the compressive and ten-
sion strain cannot be distinguished from the resonant frequency
shift data. However, the magnitudes at resonant frequencies of
the measured reflection coefficient curves show the difference
between the two cases. Generally, the magnitudes of measured
reflection coefficient curves obtained from compression case are
smaller than that from tensile case due to there are coupling effects
occurred when bending the radiation part of antenna to microstrip
line and coaxial cable part. As to the tension case, there is no cou-
pling effect because of the ground plane, which results in sharper
resonance of the curves. It should be noted that the sub-
miniature-A (SMA) connector and the cable are not considered in
simulation and that is the reason why there is no obvious differ-
ence between the simulated data of the two cases.

Eq. (5) shows that the bending radius r and the bending angle 0
are in inverse proportion. L is physical length of FGF patch. Thus,
the resonant frequency decreases with the drop of bending radius.

r=o. 5)

Eq. (6) can be used to explain the reason.

foo_¢
M 2L /Erefr

where L =L+ 2AL and L > AL.

The resonant frequency is associated with the antenna’s effec-
tive length Lesr and the effective dielectric constant &.¢. However,
the physical length L is much greater than AL, the effective length
Legr can be seen as a constant. Hence, the alteration of resonant fre-
quency is mainly related to the variation of effective dielectric con-
stant .. The change of ¢.¢ can be explained by Eq. (7) [32].

Ereit = &0(1 + nh(d — 0.5)/r), (7)

where ¢..¢r and €9 are the effective dielectric constants in bending
state and relaxed state respectively, # denotes the proportionality
factor, h is the height of the dielectric substrate, r indicates the
bending radius, d represents a constant between 0.5 and 1. Under
completely bending state, d =0.5; for perfectly no bending state,
d=1.

Because & and r are in inverse proportion, & increases with
the decrease of r. As a result, the resonant frequency and the bend-
ing radius are in direct proportion. What is more, & is related to
the substrate’s height h, which is independent of the operation fre-
quency, so this principle can be applied to all frequencies. In con-
sequence, the sensing principle of the FGF antenna sensor is
based on the variation of effective dielectric constant when the
antenna bends. And the effective dielectric constant will return
to its original value when the paper patch antenna is in relaxed
state.

In Fig. 3g, the positive portion and the negative portion of the
plot represent this antenna bending towards radiator and ground
plane respectively. It is observed that the normalized resonant fre-
quency would decrease when bending the antenna to both direc-
tions with an increasing angle. Compared with the copper
antenna with the same size, FGF antenna is obviously more
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sensitive observed from Fig. 3g. And the sensitivity is a key feather
to evaluate the flexibility of a sensor. It is proposed the normalized
resonant frequency is f/f, and its variation Af/fy = (f —fo)/fo»
where f is the resonant frequency in bending state, f, is the reso-
nant frequency in relaxed state. The sensitivity S is measured using
the following relations [33]:

S = (Af/fo)/A¢, (8)
&= (x)h/2r. 9)

¢ is the bending strain of the sensor, r is the bending radius, and h is
the thickness of the cellulose paper. The calculated sensitivity of
this FGF antenna is around 9.8 for compressive bending and 9.36
for tensile bending, which is higher than that of copper antenna
(5.39 for compressive bending and 4.05 for tensile bending) in
GHz frequency range.

The reason for the significant differences in the antenna sensi-
tivity is the differences of micro structure of the FGF and the cop-
per. The FGF is a multi-layer structure, which is composed by tens
of thousands of graphene nano flakes. There are two basic bonds of
the FGF: one is the in-plane o-bonds of the graphene nano flakes,
which will provide a strong covalent connection between the
atoms in horizontal plane [34]. Another one is the bond between
the graphene layers, which is generally provided by external pro-
cessing like high temperature and high pressure. Obviously, the
bonds between layers are not that strong as the in-plane o-
bonds between the neighbor atoms. That is to say, when a strain
is imposed on the FGF material, the bonds between the layers
are easily affected, which will lead to a change of Q contact. As a
consequence, a large change of conductivity will happen and impe-
dance matching will be adjusted. However, copper is a monocrystal
material. The atoms of the copper film are all connected by the
chemical bonding, which brings strong connection of both horizon-
tal and vertical directions. When imposing an external force, the
copper is not that affected like FGF on the conductivity and surface
impedance. This would result in an antenna with a lower sensitiv-
ity than FGF antenna sensors.

Moreover, during the experiment, the frequency response of the
device is abnormal when the bending angle is in the range of
+150°-+180°. In this range, two halves of FGF patches are close
to each other in 180° phase shift, which would increase destructive
interference and alter the radiation characteristics of the antenna,
and thus the antenna becomes inoperable. These results indicate
that the antenna based bending strain sensors can be utilized in

robotic arm applications and in intelligent wireless monitoring of
movements.

Besides, the mechanical flexibility and structure stability of the
FGF antenna are significantly improved compared with the tradi-
tional metal antenna, which can extend the service life of the
antenna. As shown in Fig. S2 (online), after several times deforma-
tion, the FGF antenna still looks flat and smooth, while the copper
antenna shows obvious wrinkles.

Significantly, this FGF antenna sensor can be attached to human
skin in the future for human motion detection. Different from some
other sensors, this antenna sensor does not need communication
equipment such as Bluetooth, ZigBee or WiFi for teletransmission
information devices [35].

To show the versatility of the FGF material, two different sub-
strates are used for loading the FGF antenna. Also, for maintaining
the consistency, it only considers compression case in the test, and
the test is shown as two different scenarios. In Fig. 4a and b, the
FGF antenna on paper substrate is attached to the back of the hand
with antenna part facing the human skin. When the hand clenched,
the FGF antenna would show the compression case. Similarly, in
Fig. 4c and d, the FGF antenna on PET substrate is adhered to
human elbow with the ground plane touching the skin. When
bending the elbow, the FGF antenna would display the compres-
sion motion as well. That is to say, two kinds of the motion are
used in the test, but they are both compression test in fact. The
measured data is shown in Fig. 4e. What we can get from this plot
is that the FGF antenna is able to be paved on different substrate,
and the resonant frequency shift varies with different substrates.
What’s more, the resonant frequency shift of antenna on paper
substrate is larger than the one of antenna on PET substrate since
the FGF can be closely attached to the paper substrate instead of
PET substrate. After the deformed antenna returned to its original
state, it maintains almost the same spectral properties with a res-
onant frequency shift less than 0.1% before and after deformation
in each case.

For practical applications, the temperature and humidity are
the two vital factors. Due to the limitation of the current equip-
ment, only the effect of temperature is evaluated in this paper with
a constant humidity. We record the experiment as shown in Fig. S3
(online). The result shows that there is no significant change of the
working frequency (1.63 GHz), which suggests a stable FGF
antenna sensor under environment with different temperatures.
This is caused by the high thermal conductivity of 1,932.73 W/(m
K) obtained in our previous work [36].
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Fig. 4. (Color online) Photographs of a FGF antenna sensor attached to (a, b) the back of the hand joint based on paper and (c, d) the inside of the elbow based on PET. (e)

Normalized frequency changing with stretching state and bending state.
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4. Conclusions

In conclusion, this work for the first time demonstrates a wear-
able sensor based on a FGF antenna with high sensitivity, mechan-
ical flexibility, reversible deformability and structure stability.
Radiating properties of the FGF antenna are characterized under
compressive and tensile strain, which is agreed well with the sim-
ulation results. Compared with the antenna sensor based on cop-
per, this FGF antenna sensor shows much higher sensitivity and
stability. In particular, when the FGF antenna sensor is under com-
pressive bending and tensile bending, the measured sensitivity is
up to 9.8 and 9.36 respectively, which is much higher than that
of copper antenna sensor (5.39 for compressive bending and 4.05
for tensile bending). Moreover, this simple FGF film antenna sensor
is further attached to human skin for simulating the actual wear-
able devices, and the test results show that the sensor can detect
the bending of the joint well.
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