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With the prosperous development of wearable electronics, flexible radio-frequency wireless antenna
sensors have attracted considerable interest due to their various applications in the Internet of things
(IoT). However, vital issues including device configurations and materials restricted the miniaturization
and flexibility of antenna sensors. In this work, we demonstrated a microstrip antenna wireless sensor
consisting of a copper ground plane, a polydimethylsiloxane dielectric substrate and an MXene patch.
Our optimized device possessed a small size (40 x 40 mm?) with a resonant frequency at 4.8 GHz and
a frequency-shift range of 8% under different strains and matches well with 5G communications.
Moreover, our antenna wireless sensor exhibited excellent mechanical flexibility and stable response

Received 11th August 2022, to repetitive stimulations. The strain sensitivity of 20 is also impressive among similar antenna sensors.

Accepted 12th December 2022 The demonstrations on human body and cantilever motion monitoring were conducted with desirable
DOI: 10.1039/d2ma00863g stability and sensitivity, where the sensor showed obvious shifted resonant frequencies while the

reflection coefficient was maintained at around —25 dB, revealing its great potential in healthcare
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1. Introduction

In recent years, wearable and flexible electronics have gained
increasing attention in the industrial and academic world."”
The mechanical properties of flexible electronics involve wrinkling,
bending, and stressing, which would considerably extend the
applications of modern electronic devices to multiple non-flat
scenarios, including the human body.*® To bear the compli-
cated application environment, the research of emerging
smart, multifunctional, refined sensors with properties such
as excellent instantaneity, flexibility and compatibility has
become a hot topic. With such development in flexible sensors
and the booming evolution of IoT (Internet of Things), our life
would be technologically upgraded for more convenience.®”
Among the various sensing devices, microstrip patch
antenna sensors have been a research focus due to their simple
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configuration, multimodality sensing ability, passive operation,
and low cost.>® A microstrip patch antenna sensor is an
electronic device with dual functionality of communicating
and sensing, which can reduce the number of components
and thus the fabrication procedures. The working principle of
this antenna sensor is that its geometrical and/or dielectric
constant variation would result in the corresponding antenna
resonance frequency shift.'""> For example, Cheng and colleagues
designed meshed and arched microstrip antenna-based strain
sensors, whose resonance frequency at external tensile strain
followed reverse rules due to their different structures, and the
arched antenna sensors exhibited high sensitivity for human
wrist monitoring."® However, the sensitivity improvement of the
antenna sensor is limited if relying solely on the optimization of
the antenna structure.

The application of novel materials in microstrip antenna
sensors is also extremely crucial to enhance the sensor perfor-
mance. Metals are commonly used in the existing commercial
radio frequency sensors. However, these materials suffer from
not only poor flexibility, high density, and easy corrosion but
also skin depth restriction,"*™"” which hinder their long-term and
large-scale applications. In recent years, conductive polymers and
carbon materials such as carbon nanotubes and graphene have
attracted wider attention."®° Compared to metals, these materi-
als are endowed with properties such as light weight and great
flexibility at the sacrifice of conductivity. Currently, MXenes, a
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class of novel 2D materials, are reported as a potential choice.
MXenes possess unique superiorities such as outstanding electrical
conductivity, large specific surface area, unique layered-structure,
excellent dispersibility in aqueous solutions and abundant terminal
groups, endowing them with great application potency to construct
highly sensitive antenna sensors with large-scale manufacturing
convenience.** >

In this work, we demonstrated a small-sized (40 x 40 mm?)
microstrip antenna wireless sensor, which consists of a con-
ductive MXene patch, a polydimethylsiloxane (PDMS) dielectric
layer and a copper ground plane. The antenna stimulates the
radiation field between the patterned MXene and the copper
ground, and radiates outward through the gap. Once the
antenna deforms, the changing conductivity of the MXene will
have an effect on the resonant frequency of the antenna.
Different from the traditional rectangular patch antenna, we
designed a round patch antenna and sacrificed the gain of the
antenna, but it can further reduce the size of the antenna. The
round patch means that there are less time-changing current
and weaker radiation fields, which leads to a reduction in gain,
but the variation characteristics of the resonant frequency of
the antenna will not change, which can be used as the sensor.
The optimized device showed a resonant frequency at 4.8 GHz
with an 8% shifting range under strain stimulation, which is
within the 5G communication domain. Meanwhile, our antenna
wireless sensor exhibited excellent flexibility, ensuring its con-
formable attachment and mechanical stability. Practical applica-
tions including human movement and cantilever monitoring
were also demonstrated with desirable sensitivity and repeat-
ability. This work may provide inspiration for the designing of
portable, flexible and wearable antenna sensors for wide appli-
cations such as e-skins, intelligent human-machine interfaces
and artificial prosthetics.

2. Experimental

2.1. Preparation of the MXene film patch

Firstly, the etchant solution was prepared by adding 1 g of LiF
in 20 mL of 9 M HCI. Secondly, 1 g of MAX phase precursor
(Ti3AIC,) was added to the etchant solution, and the etching
reaction proceeded at 35 °C for 24 h. Thirdly, the acidic solution
was washed using deionized water via centrifugation at 3500 rpm
for 4 times. When the solution pH > 6, the supernatant was
decanted. Then the as-obtained sediment was mixed with deio-
nized water and shaken for 30 min to delaminate the Ti;C, flakes.
After about 1 h of centrifugation at 3500 rpm, the MXene
dispersion was obtained from the supernatant. Then prepare
PDMS by mixing component A and curing agent B at a ratio of
10:1. To accelerate the commixture, the blend was ultrasonically
treated for 15 min under an ice bath. Then the compound was
transferred into a vacuum oven for 12 h at room temperature to
wipe off the bubbles. Then the MXene dispersion of an optimized
concentration at 5 mg mL~ " was spray-coated via a 500 um nozzle
on the plasma-hydrophilized PDMS substrate, which was covered
with a mask and heated at 150 °C to obtain an intact film.
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The spray gun was set at an angle of 45° and a distance of
40 cm to the PDMS substrate.

2.2. Design of the antenna

The resonant frequency of the antenna is designed to be at
4.8 GHz to meet the requirements of 5G mobile communication
for antennas. The electromagnetic field characteristics of the
antenna are analyzed by the transmission line model method,
and the physical parameters of the antenna are designed accord-
ing to the following equations:**

k
r= (1)
2h [, (mk m1/2
{1 + ek {ln (ﬂ) + 1.7726} }
8.974
k= NG (2)

where r is the radius of the circle patch, ¢, is the permittivity of
the dielectric PDMS layer, and f; is the resonant frequency of the
antenna. Different from the common rectangle and F-shaped
antennas, we optimized the design of the antenna to a round
shape to acquire a smaller size.

2.3. Device fabrication

The PDMS substrate acting as the dielectric layer was sand-
wiched between the copper ground and MXene patch, and the
feed line was also prepared with MXene dispersion. After that,
an industrial wire combined with a Sub-Miniature-A (SMA) was
welded with the sandwiched structure by a silver agent solidi-
fied at 100 °C for 1 h.

2.4. Characterization

The surface morphology of the MXene film was measured by
scanning electron microscopy (SEM, HITACHI $-4700), and the
cross-section was observed using an SEM of ZEISS SUPRA-55.
X-ray diffraction (XRD) patterns were recorded using an X-ray
diffractometer (Aries). And the radiation signal was measured
using a Rohde & Schwarz vector network analyzer (VNA).

3. Results and discussion

The fabrication routes of devices are shown in Fig. 1a. After
HCI/LiF etching, the bulky MAX phase Ti;AlC, was transferred
to delaminated TizAlC, deliberately. Then the suspension was
washed with deionized water to decrease the acidity before
being preserved in the centrifuge tube. The PDMS substrate was
treated with O, plasma to convert the C-H bonds to hydrophilic
carboxy groups to improve its interaction with the MXene. An
optimized substrate temperature of 150 °C was set to facilitate
the evaporation of the solvent and minimize the coffee-ring
effect, thus obtaining a uniform and intact MXene film. Fig. 1b
shows the equivalent circuit of the antenna sensor, where Y is
the characteristic admittance of the microstrip patch and Gg is
the slit radiation admittance. The deformed patch has a remark-
able impact on the slit radiation admittance. Fig. 1c illustrates
the working principle of the wireless passive sensing system.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) The preparation of the MXene suspension and the modified
PDMS substrate with the plasma process. (b) The equivalent circuit
diagram of the antenna sensor and the photograph of the fabricated
antenna sensor. (c) Schematic illustration for the principle of the sensor
to monitor human motion. (d) The data were collected using a vector
network analyzer (VNA).

Firstly, the flexible antenna sensor was conformably attached to
the human body (e.g., elbows, fingers, etc.) and both weeny or
drastic body motions would result in antenna deformation.
Meanwhile, the radiation parameters changed accordingly,
which could be detected by the VNA. After analyzing the received
radiation data, the body motion information could be
concluded.

The morphology of the MXene film is illustrated in Fig. 2a.
The MXene flakes (20-100 pm in diameter) stack layer by layer
in contiguous domain zones to construct the conducting

Fig. 2 The micro-morphology and the macro-profile of the antenna
sensor and its compression/tension sensitivity. SEM images of (a) the
surface and (b) the cross-section of the device under the flat state, and
(c) the surface and (d) the cross-section of the device under the bending
state. (e) XRD patterns of the MXene film as freshly made and after storage
for 21 days in air. (f) Photographs of the flexible antenna sensor in flat,
curving, tortuous, and rolled states.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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pathway, yielding an MXene film of low sheet resistance.
Fig. 2b shows the cross-sectional view of the film, whose
thickness is only around 5 pm. Therefore, a high conductivity
of ~200 S cm ! was calculated, leading to a low electro-
magnetic wave loss. Fig. 2d demonstrates the cross-sectional
morphology of the curving film. The MXene flakes maintained
a tight connection as a whole, with a slight local crowning in
the bending center. The strain mismatch between the MXene
and the substrate leads to an adjustable interspace, whose
variation would affect the charge transfer pathway and the slit
radiation admittance. Fig. 2c displays a magnified view of the
curved MXene film with obvious wrinkles caused by upheaval
flakes, resulting in an altered conductive pathway. Both the
interspace and the wrinkles would contribute to the high
sensitivity of the antenna sensor (as will be discussed later).
In addition, XRD patterns of the MXene films are shown in
Fig. 2e. The freshly made sample displays classical diffraction
peaks at 6.6°, confirming the successful preparation of the
MXene with an interlayer spacing of ~15 A.?® After deformation
and 21 days of storage under ambient conditions, the sample
reveals slightly left-shifted peaks, which is contrary to the right-
shift on oxidation.”® This is due to the increased interlayer
space caused by film deformation, and validates no oxidation
occurring. Then the photographs of the antenna sensor in flat,
curving, tortuous, and rolled states are shown in Fig. 2f, indicat-
ing its excellent flexibility and potential for practical use.

Fig. 3 reveals the theoretical size optimization and practical
evaluation of the antenna sensor. The current distribution of
the antenna could be tuned by placing a patch layer on the
dielectric layer, where the input impedance of the antenna can
be distributed according to the transmission line model, and
the size of the antenna can be decreased by increasing the
relative permittivity, which is a commonly adopted method for
antenna miniaturization.?”  According to electromagnetic
theory, a certain electromagnetic resonant cavity would form
between the radiating element and the metal grounding plate.
When the microwave signal excites the microstrip antenna, it
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Fig. 3 The theoretical size optimization and experimental evaluation of
the antenna sensor. The simulation of reflection coefficient as a function
of (a) the substrate thickness h and (b) the patch radius r. The simulation
results of (c) compressing states in different angle versus resonant
frequency and (d) Smith chart related with impedance matching. The
experimental results of reflection coefficient under (e) resonant frequency
and reflection coefficient versus patch radius (f) tensile states versus
resonant frequency.
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will excite the radio frequency electromagnetic field to resonate
and pass through the gap between the radiating element and
the metal ground plate.® The antenna radiation properties can
be characterized by the reflection coefficient (S11). For example,
the reflection coefficient curve of a typical antenna is shown in
Fig. 3a and b. At the resonant frequency of the antenna sensor,
the return loss is the largest, so that the reflection coefficient
curve reaches the bottom at the resonant frequency. A substrate
thickness of 0.5 mm displayed the lowest electromagnetic loss
(Fig. 3a). Under the optimized thickness, we further optimized
the patch radius to be 12.5 mm (Fig. 3b).

According to Fig. 3c, the resonant frequency decreases from
5.8 GHz to 4.3 GHz as the patch radius expands, while S11
demonstrates the minimum value at r = 12.5 mm with the
resonant frequency of 4.8 GHz, which corresponds to the 5G
communication requirements. As a result, we chose the opti-
mized size (A = 0.5 mm and r = 12.5 mm) for the following
antenna sensor research. Fig. 3d shows an excellent resistance
match according to the simulated Rx (1.0076 + 0.0093i), which is
close to 1. Moreover, the resonant frequency will shift when the
antenna sensor is under the deformed state, as shown in Fig. 3e
and f. Specifically, the resonant frequency of the sensor increases
with the rising curvature radius (), either the sensor is com-
pressed or stretched. The sensitivity S of our sensor under the
bending state is calculated by the following formulation:

oM/

Ac 6)
h
E=5 (4)

where Af'is the variation of resonant frequency with Af=f— fo, ¢
is the bending strain of the sensor, 7 is the thickness of the patch
layer, and r is the curvature radius. The maximum sensitivity S of
the antenna sensor is 20 in the tensile bending state and 12 in
the compressive bending state, respectively. In both states, the
sensor stood at a superior level, and the distinction of sensitivity
between the compressed and tensed state is derived from the
different deformation modes. Specifically, the afore-mentioned
interspace might play an important role. When the sensor was
tensed, the interspace appeared in the central zone, and when
the sensor was compressed, only a bit or even no obvious
interspace appeared. From the above equations, we could learn
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that the thickness and the effective dielectric constant are the
crucial factors to the sensitivity. The significant resonant fre-
quency shift may result from the flake-stacked structure of the
MXene, whose intrinsic and contact conductive pathways would
alter when bending fastened or loosened the stacks. This deduc-
tion is in line with the previous discussion on the cross-sectional
morphology of MXene films in Fig. 2d. In addition, our antenna
sensor exhibits a higher sensitivity with a smaller size compared
with previously reported bending strain antenna sensors in the
literature, as shown in Table 1.%:%2%27:31

Fig. 4a-c. illustrates the body motion detection signals of the
antenna sensor. The red line in Fig. 4a representing the elbow
sensor showed a distinct variation amplitude from ~91% to
~100%, while the black line displaying the hand sensor shows
a slightly narrow variation range of ~97% to 101%. As shown
in Fig. 4a and b, when the fist was flat, the sensor was in its
original state with the resonant frequency at 4.8 GHz. Once the
fist was clenched, the antenna sensor immediately responded
in the form of the shifting resonant frequency due to the PDMS
substrate deformation. Similarly, by attaching the antenna
sensor to the inside of the elbow, we can monitor the elbow
motion through the changing S11 signal (Fig. 4a and c). Both
the body sensors showed repeatable output signals, which is
essential for reliable daily applications as motion sensors.

Apart from the body motion sensor, our antenna sensor can
also be applied in precise conditions such as medical and
surgical fixation, high precision mechanical equipment and
construction measurement. For these applications, stability
and reliability are of great importance. Thus, we fixed the
device on a foam substrate; once we stimulate the foam with
a tough cuspidal tool which was common in the lab, the sensor
would respond immediately. Fig. 4d shows the response signals
under different stimulations. The positions —1 and —3 repre-
sent the force that was given from the back side of the antenna
sensor (Fig. 4e), positions 1 and 3 represent the stimulation
that was applied on the front side (Fig. 4f), and positions 0 and
+2 are the original state with no external stimulations. The
obvious and periodic shifting in Fig. 4d revealed its fast
response and stable cyclical characteristic as a potential crack
sensor. Actually, our sensor could monitor not only large
movements, but also exquisite deformations. For example,
Fig. 4g is an illustration of a typical metal cantilever plate,
and our antenna could monitor the strain of the cantilever.

Table 1 Comparison of the reported antenna sensors acting as strain/pressure sensors

Materials Substrate Size (mm) Resonant frequency (GHz) Max sensitivity (a.u.) Ref.

Al ABS 17.5 x 3.5 5.54 17 28

Shiled conductor Felt 24.26 X 66.58 1.78 1.25 29
Graphene Cellulose filter paper 65.2 x 13 1.6 9.8 9

Al Cellulose filter paper 29.5 x 37.7 2.45 3.49 8

Silver Polyester 43.5 x 50.3 2.48 — 30

Silver PET 48.5 x 70.82 2.42 — 32
Conductive fabric PDMS 22.6 x 35.6 2.45 33

EGaln PDMS 20 x 24 3.45 8.3 11
Copper PI 140 x 150 1.5 — 34
Silver-plated nylon yarn Cotton 2.25 4.02 35
MXene PDMS D25 4.92 19.23 This work
920 | Mater. Adv, 2023, 4, 917-922 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Application of the antenna strain sensor. (a) Sensing signals of
different human body motions: (black line) clenching fist and relaxing
repeatedly, and (red line) bending the elbow and relaxing repeatedly.
Photographs of (b) hand/fist sensing and (c) elbow sensing with our
antenna sensor. (d) Normalized frequency changing with the stretching
state and bending state and (e) the deformation of a small scale at the
compress state and (f) tensile state. (g) Micro-strain detection with our
antenna acting as a strain sensor for a cantilever plate. (h) The variation of
resonant frequency and reflection coefficient under different mass
weights (i) Fitted curve of resonant frequency versus strain.

The cantilever plate is made of 1060 aluminum. One end of the
cantilever plate is fixed with a C-type clamp, and the strain is
produced by applying a load through a suspended weight at the
free end of the plate on the other side. The sensor is bonded to
the cantilever plate while the load is applied along the length
direction of the radiating element. By loading different weights,
the stress of the cantilever as well as the antenna sensor would
be changed, together with the antenna resonant frequency
(Fig. 4h). It is noteworthy that the loading weights have been
carefully set between 0 and 120 g in our case to obtain a
satisfactory strain variation without damaging the cantilever.
Fig. 4h shows that the resonant frequency decreased with the
increasing strain. For example, at the loading weight of 0, 60
and 120 g, the resonant frequency decreased gradually from
4.91, 4.76, to 4.64 GHz, respectively. And the sensitivity was
calculated to be 425 kHz/ue with a linearity of 0.98. Therefore,
the wireless antenna sensor demonstrates an expected property
for applications as a metal strain monitor.

4. Conclusions

In summary, we demonstrated a wearable wireless microstrip
patch antenna sensor based on an MXene film with excellent
sensitivity and flexibility. In particular, the radiation results
measured by the VNA were well consistent with theoretical
simulations, and showed promising prospects for 5G commu-
nication. Additionally, we conducted a series of measurements
on its detecting capabilities in compression and tensile situations
while also keeping an eye on limb movements and preparing it as
a wireless metal strain sensor. The up to 20 sensitivity is impress-
ive among the related antenna sensors and the excellent flexibility

© 2023 The Author(s). Published by the Royal Society of Chemistry
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revealed the great potential for application in healthcare
monitoring, construction diagnosis and IoT. However, the
PDMS substrate and the connected wires affect the radiation
efficiency to some degree, which should be further improved in
future work. The reported fabrication routes and materials
could be applied in other complex flexible antenna sensors
with designed patterns.
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