- QA

‘*’
A4 Ce0e06

http://pubs.acs.org/journal/acsodf

Multiwalled Carbon Nanotube-Based On-Body Patch Antenna for
Detecting COVID-19-Affected Lungs

Raja Rashidul Hasan,! Ahmed Mortuza Saleque,” Afrin Binte Anwar, Md. Abdur Rahman,
and Yuen Hong Tsang*

Cite This: ACS Omega 2022, 7, 28265-28274 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: A novel rectangular patch antenna based on  7° oo
multiwall carbon nanotubes has been designed and developed for
assisting the initial detection of COVID-19-affected lungs. Due to
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and 7.22 GHz with a higher bandwidth classified as an ultrawide
band and can be used on a human body phantom model because of
its flexibility and decreased radiation qualities. Flame retardant 4 is
chosen as a substrate with a uniform thickness of 1.62 mm due to Frequency(GHz)
its inexpensive cost and excellent electrical properties. The

maximum specific absorption rate of the proposed antenna is obtained as 1.77 W/kg for 10 g of tissues. For testing purposes, a
model including all the known features of COVID-19-affected lungs is developed. The designed antenna exhibits excellent
performance in free space, normal lungs, and affected lung environments. It might be utilized as a first screening device for COVID-
19 patients, especially in resource-constrained areas where traditional medical equipment such as X-ray and computerized
tomography scans are scarce.
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Bl INTRODUCTION regions. Even the developed countries struggle to handle the
growing number of patients with their existing CT scan and X-
ray facilities.” Therefore, there is a pressing need for cost-
effective, handheld, accurate, and quicker diagnosis equipment
for detecting COVID-19 pneumonia. There is considerable
medical evidence linking affected lungs to the early detection
of COVID-19. Xu et al. reported that chest CT scan images
may be utilized for early detection of COVID-19.° In addition,
Zu et al. revealed that typical chest CT scan images include
peripherally distributed multifocal ground-glass opacities
(GGOs) with patchy consolidations. Consequently, an
increase in the number, size, and density of GGOs on chest
CT was linked with disease development.” In addition, a
number of studies have developed innovative techniques, such
as an Al system using X-ray” and surface imaging technique,”
which validate the medical evidence linking affected lungs for
the early detection of COVID-19. Bio-detection applications
are well-suited for nanomaterials and quantum dots. Wang et
al. recently reported the facile fabrication technique for boron

The catastrophe from COVID-19 continues to rise throughout
the world, causing fatal outcomes for patients of higher age and
pre-existing chronic health conditions. Recent studies revealed
that pneumonia caused by the novel coronavirus SARS-CoV-2
leads to pulmonary infection and causes respiratory failure,
which is the underlying cause of the fatal outcome.”” COVID-
19 pneumonia tends to spread in both lungs. Air sacs in the
lungs fill with fluid, limiting their ability to take in oxygen and
causing shortness of breath, cough, and other symptoms. The
lungs become filled with fluid and inflamed, leading to
breathing difficulties, and the patient often requires high flow
oxygen or even ventilator assistance. However, the early
detection of COVID-19 pneumonia is crucial for proper
intervention, thereby avoiding fatal outcomes.” Besides the
mass vaccination program, early-stage detection and appro-
priate intervention are the suggested strategies to reduce the
public health risk associated with this global pandemic.
Though the reverse transcription polymerase chain reaction
(RT-PCR) test can detect the presence of the novel

coronavirus SARS-CoV-2 in the human body, it is unable to Received: May 2, 2022 O
provide information about COVID-19 pneumonia or lung Accepted:  June 10, 2022
damage. Therefore, computerized tomography (CT) scan and Published: August 4, 2022 o
X-ray results are the only way to diagnose COVID-19
pneumonia. Nevertheless, CT scans and X-ray machines are

expensive and inaccessible in many resource-constrained
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quantum dots.'"” Due to its outstanding photothermal
properties, it may be employed for cancer cell identification
and drug delivery. In addition, bioimaging and biosensing
techniques enabled by metasurfaces have emerged as a viable
way for disease detection. With the use of optical antennas,
microelectromechanical systems, and sophisticated data
processing, early disease detection is made considerably
easier.

Microstrip patch antennas are becoming immensely popular
in biomedical applications due to their major characteristics,
such as lower profile, agreeable to planar, non-planar exterior,
simple and uncomplicated fabrication, and vigorous design.
Many researchers have investigated the use of microstrip patch
antennas for the early detection of breast cancer,""® brain
tumor, '3 lung cancer,'® and many other biomedical
applications.'”'® Patch antennas are preferred over others for
biomedical applications due to their low weight, thin profile,
linear and circular polarization, dual and multi-frequency
operation capacity, and ease of fabrication.'”~*' Different
materials are frequently used in patch antenna design, such as
copper,zz_24 gold,zs_27 and aluminum.”®*’ However, the use
of these conventional materials usually provides narrow
bandwidth.***" In recent years, many research groups have
explored nanomaterials such as graphene,”” ZnO nanorods,”
TiO,,”* multiwall carbon nanotubes (MWCNTs),*"** and so
forth, designing the radiating element of the patch antenna.
Besides, these nanomaterials have been used in many other
photothermal®®™** and optical device applications.”'~*
Among these, MWCNTSs possess the potential to be used to
design wide bandwidth patch antenna due to their superior
alternating current conductivity and electromagnetic wave
interactions. Since the discovery of the MWCNTSs in 1991,
they has demonstrated their superiority in the wide range of
applications because of their superior electromechanical and
optical properties. Herein, we utilize MWCNT material to
form a radiating patch because its conductivity and electro-
magnetic wave interactions are better than conventional
conductor copper. Carbon nanotubes (CNTs) are especially
appealing at the nanoscale because of their outstanding
mechanical, electrical, and thermal characteristics. The use of
MWCNT-based antennas in low-power communication
devices such as synthetic aperture radar in hostile chemical
and gas environments is of special interest since traditional
copper patches may oxidize in such conditions. Bandwidth
improvement is a significant benefit of microstrip patch
antennas for a higher data transmission rate. Since the
diagnosis of COVID-19 disease is now a global challenge, we
propose implementing an on-body patch antenna with high
conductive MWCNT-based radiating patch capable of
operating at ultrawide band (UWB) frequency on the
COVID-19-affected lung phantom model. UWB uses high
frequencies that can provide spatial and directional data and
also much better at ranging with greater accuracy of data
transmission, low power consumption, and good ability of
penetration for human tissue. Besides, owing to its low power
and non-ionizing property, it does not have any biological side
effects on the human tissue.""*

In this work, we report the application of a microstrip patch
antenna with UWB frequency for detecting COVID-19-
affected lungs. The antenna’s radiating element (patch)
consisted of MWCNTSs, a highly conductive and flexible
material embedded on the top layer of a lossy substrate.
Radiating properties such as the return loss rate (S;;), the

voltage standing wave ratio (VSWR), the far-field radiation
pattern, and directivity of the antenna were characterized
under free space, which agreed well with the simulation results.
A lung phantom model with normal tissues and infected tissues
was modeled in CST microwave studio software to analyze the
antenna performance. Finally, the antenna was demonstrated
on a normal lung and on a COVID-19-affected lung to
maintain the same spectral properties. The value of the specific
absorption rate (SAR) is also computed for the safety
measurement on human body applications of the antenna.
As the proposed antenna would be utilized to identify COVID-
19-infected lungs at an early stage, it will aid in prioritizing
patients’ treatment and investigation depending on the severity
of their lung condition. Therefore, the suggested technique will
not replace the current method but will assist in the initial
identification of COVID-19 patients and setting treatment
priorities depending on lung condition. This advancement will
allow it to be used in many resource-constrained places where
conventional X-ray, CT scans, and other medical facilities to
diagnose the COVID-19-affected lung are scarce. Because of
the significantly lower cost of fabrication, satisfactory perform-
ance, and faster response, it may be employed as an initial
screening device for COVID-19 patients. Since the suggested
method yields rapid results, the deployment of the proposed
system would minimize the hospital workload, patient waiting
time, and expenses. It will also aid in effectively isolating and
quarantining COVID-19-infected individuals, hence preventing
the virus’s widespread transmission.

B EXPERIMENTAL SECTION

Materials. MWCNT powder was purchased from Six
Carbon Inc, and the ethyl alcohol (80%), acetone, and
isopropyl alcohol (IPA) were purchased from Sigma-Aldrich.
The flame retardant 4 (FR4) substrate (3.26 mm thickness)
and the connector were purchased from the local market. All
the chemicals were used as received without further
purification.

Antenna Fabrication. At first, an 80 mm” rectangular area
was cut from the FR4 substrate. Then, the FR4 substrate was
cleaned using acetone, followed by several ethyl alcohol
treatments. After that, the substrate was washed several times
using DI water and dried in an oven at 55 °C for 4 h. The
MWCNT powder was mixed with IPA at a ratio of 1 mg mL™,
and the solution was stirred ultrasonically for 4 h at 400 W
output power and 40 kHz frequency. The as-prepared solution
was used for the spin coating on the FR4 substrate. A few
drops of MWCNT solution were dropped on the FR4
substrate using a pipette, and the FR4 substrate experienced
1500 rpm rotation for 30 s using a spin coater. The process was
repeated several times until the deposition of the MWCNT
was visible with bare eyes on the FR4 substrate. Finally, the
MWCNT spin-coated on the FR4 substrate was dried in an
oven at 55 °C for 2 h.

Material Characterizations. Transmission electron mi-
croscopy (TEM, JEOL model JEM-2010) was used to observe
the TEM and high-resolution TEM (HRTEM) images of
MWCNTs. The microstructures of the as-prepared MWCNT
were observed by scanning electron microscopy (SEM;
TESCAN, VEGA3) with an acceleration voltage of 20 kV.
The Raman peak was obtained using a Raman spectroscope
(WITEC confocal Raman system) equipped with a 532 nm
laser source.

https://doi.org/10.1021/acsomega.2c02550
ACS Omega 2022, 7, 28265—-28274


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

B RESULTS AND DISCUSSION

The proposed microstrip patch antenna consists of a radiating
patch made of a thin layer of 1.65 mm of the MWCNT,
deposited on a uniform layer of the FR4 dielectric substrate by
the spin-coating method. Copper was used as the ground of
the antenna. The preparation process of the antenna is
illustrated in Figure la. The SEM image shows the uniform

Solution dropping from
pipette

(a) ? MWCNT + IPA

L FR4
~Copper

-

Spin coating Dried on hot plate
30's, 1500 rpm 15 min, 110 °C

Wp=Eomm

(e) —— MWCNT

MWCNT:D (1306)

Intensity (a.u.)
MWCNT:G (1594)

/ ¢ 50 ym

500 1000 1500 2000 2500
Raman shift (cm™)

Figure 1. (a) Fabrication process of the proposed microstrip patch
antenna; (b,c) SEM image of the MWCNT deposited on top of the
FR4 substrate at different magnitudes; (d) TEM image of the
MWCNT. HRTEM image is shown in the inset; and (e) Raman
spectra of the MWCNT.

deposition of the MWCNT film on the FR4 substrate. Figure
1b,c depicts SEM images at different magnifications. The TEM
and HRTEM images of randomly selected areas are shown in
Figure 1d. The interplanar spacing of 0.33 nm is measured
from the HRTEM image, which matches the (002) plane of
the MWCNT. The Raman spectrum in Figure le shows that
the peaks at 1306 and 1594 cm™ correspond to the D and G
band vibrational modes of the MWCNT. The high
conductivity offered by the MWCNT helps lessen the return
loss of the proposed antenna.’**® Unlike the conventional
conductor-based antenna, the performance of the MWCNT-
based patch antenna does not deteriorate or oxidize in gas or
hard conditions.”® The superior conductivity (4949 S/m) and
higher thermal conductance (2586 W K™ m™') help reduce
return losses. The patch, substrate, and ground material
parameters are presented in Table S1 (Supporting Informa-
tion). The proposed MWCNT patch antenna is shown in
Figure 2a,b, which operates at an UWB frequency of 6.63 GHz
in free space and 7.29 GHz in normal lung phantom. The
proposed microstrip-patch antenna with both the length and
width of 80 mm was designed by using CST microwave studio
software.

When the antenna is designed, the total thickness is
maintained 3.31 mm (1.655 + 1.62 + 0.035 mm) and the
dimension is 80 X 80 X 3.31 mm (21,184 mm?) to reduce the

(a) Wg =80 mm (b)
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Figure 2. (a) Antenna measurement diagram; (b) MWCNT antenna
simulated in CST microwave studio software (inset: practically
implemented MWCNT antenna); (c) S;; (return loss) is —47.92 dB
at 6.63 GHz in free space; and (d) VSWR is 1.008 at 6.63 GHz in free
space.

effects of a high conductive human tissue as well as to avoid
shortening the antenna. A lung phantom model with normal
and pneumonia (COVID-19)-affected tissues is created along
with the designed antenna. We check its biocompatibility
property by locating the antenna in the distinct model where
the values are kept in the millimeter range, designing the
antenna. Using eqs S1—S4 (Supporting Information), the
width and length of the patch antenna were determined as 27
and 30 mm, respectively. The various dimensions of the
antenna are shown in Figure 2a. The waveguide port
positioning at the antenna with a feed line placed in the
central part of the antenna is shown in Figure 2b. The
waveguide port is linked with input power, the downward of
the feed line, where the width and length of the microstrip
feedline are 3.18 and 17.1 mm, respectively. The waveguide
port is indicated by the red segment in Figure 2b, and the input
impedance of the feedline or inset fed is considered as 50 Q.
The designed antenna was first put to the test in an indoor
environment. After that, a normal lung phantom model is
produced. Following that, the designed antenna was attached
to a normal lung phantom. Later, a lung phantom with the
affected condition is developed, and the designed antenna is
put and tested on it. In free space, the operating frequency of
our designed antenna is 6.63 GHz. In this frequency, the value
of return loss or S;; parameter is measured —47.92 dB, which is
shown in Figure 2c. Return loss shows how much power is
reflected because of the discontinuity of impedance. If an
antenna has a return loss above —10 dB, it is not acceptable for
transmission. Hence, the standard limit for return loss is —10
dB,*” which indicates that our designed antenna has less return
loss and will perform well in free space. VSWR determines the
impedance match of antenna with the transmission line where
it is connected. Usually, if the VSWR value is under 2, it is
regarded as a better antenna.** The highest value of VSWR in
free space was determined as 1.004, as shown in Figure 2d.
Figure 3a,b provides the far-field radiation and gain values.
Gain is one of the important parameters to measure the
antenna performance, and it is related to directivity."”*" The
gain for the antenna in free space is 8.865 dB, which is quite
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Figure 3. (a) Radiation pattern (3D) in free space; (b) radiation pattern (2D) in free space; (c) designed normal lung phantom model; and (d)

antenna placed on normal lung tissue.

Table 1. Normal Lung Properties of Different Tissue Layers

electric
permeability conductivity densitgr thermal conductance
(e) (8/m) (kg/m*) (W/K/m)
skin 34.946 3.8912 1100 0.50
fat 4.9367 0.30623 910 0.24
muscle 48.217 5.2019 1041 0.56
lung 18.394 2.1695 1020 0.48

heat capacity diffusivity blood flow metabolic rate size
(kJ/K/kg) (m*/s) (W/K/m?) (W/m?) (mm)
3.5 7.6 x 1078 9100 1620 1
2.5 8.8 X 1078 1700 300 3
3.7 14 x 1077 2700 480 25
3.8 1.7 X 1077 9500 1700 15

good, and the directivity is 9.240 dBi. Therefore, the antenna
efficiency is found 95.94% for free space.

The respiratory system can be affected in various ways by
COVID-19 according to the immunity system of the person,
age, and so forth. Specially, it gets worse for those who have
already been suffering from lung disease. It can cause chronic
obstructive pulmonary disease, asthma, and interstitial lung
disease problems.’’ To analyze the biocompatibility of
mentioned antenna, a normal lung of the human phantom
model is created in CST software, as shown in Figure 3c. Next,
the designed antenna has been placed on the lung model to
observe the antenna performance, as shown in Figure 3d.
There are several layers of tissues in the human body and a set
of parameters for those related tissues. Each of them has
unique properties, and values differ from one another.

28268

Following Table 1 shows all the necessary tissue layers and
their properties for creating a normal lung phantom.

After placing the antenna in a normal lung phantom, the
antenna’s operating frequency has shifted to 7.29 GHz, which
is within the limit of UWB frequency. The necessary antenna

Table 2. Performance Analysis of Different Tissue Layers

COVID-19- COVID-19-
affected lun; affected lun;
parameters free space  normal lung (2 mm fluid (5 mm fluid
Su —4792dB  -4852dB  —40.12dB  —39.95 dB
operating 6.63 GHz 7.29 GHz 7.29 GHz 7.22 GHz
frequency
VSWR 1.008 1.007 1.04 1.02

https://doi.org/10.1021/acsomega.2c02550
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Figure 4. (a) Sy, (return loss) is —48.52 dB at 7.29 GHz in normal lung phantom; (b) VSWR is 1.007 at 7.29 GHz on normal lung; (c) radiation
pattern (3D) on normal lung; and (d) radiation pattern (2D) on normal lung.
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Figure S. (a) Designed COVID-19-affected lung phantom by injecting the fluid layer and antenna placed on affected lung tissue; (b) S;; (return
loss) of COVID-19-affected lungs with 2 and 5 mm fluid layers, S;; (return loss) of normal lung and in free space; and (c) SAR on the normal lung
phantom model.

parameters are tested again. Such as, S;; or return loss in other hand, the value of VSWR is observed 1.007, as shown in
normal lung phantom is now measured —48.52 dB, as shown Figure 4b, which is desired. The gain found in normal lung is
in Figure 4a. A higher return loss indicates better impedance 8.201 dB, and the directivity is 9.513 dB, as shown in Figure
matching. Previously, it was —47.92 dB in free space. On the 4¢,d, representing the better antenna performance. Here, the
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efficiency of antenna has decreased to 86.30% after placing on
a normal lung phantom.

The antenna was then put through once again by creating a
COVID-19-affected phantom lung model by placing a fluid
layer on top of the previously designed phantom lung with two
different thicknesses of water and blood cells, as illustrated in
Figure 5a. As previously stated, in the event of COVID-19, the
respiratory system can be attacked by a cause of pneumonia, in
which the lung becomes filled with a certain form of fluid or
pus.””> It is believed that they should be filled with fluid
rather than water, which causes inflammation and shortness of
breath. While making the affected lung phantom, a thick layer
of blood and water was created for the purpose of making that
particular fluid density of affected lung. In order to test the
design, it was put on two distinct affected lung phantoms with
varied fluid arrangement parameters. The fluids of phantom are
2 and 5 mm in size, respectively. As of now, there has not been
a straightforward estimate for COVID-19-associated lung
infection, which is why we decided to use two different fluid
layer thicknesses for this experiment. Table S3 (Supporting
Information) represents the parameters of the affected lung
phantom.

After placing the antenna in these two affected lung models,
it has been observed that our designed antenna provides a
better S;, value of —40.12 and —39.95 dB at the frequencies of
7.29 and 7.22 GHz, respectively, which is shown in Figure Sb,
and indicates that the designed antenna is working fine on the
affected lung and which can be used for assisting in detecting
the COVID-19 case.

Table 2 shows the summary of our MWCNT-based antenna
performance in different environments. It has been clearly seen
that the antenna initially operates in free space at 6.63 GHz
frequency with an acceptable return loss of —47.92 dB, and
after placing the antenna on a normal lung and affected
phantom lung model, the frequency is shifted up to 7.29 GHz
with the variation of suitable S;; values that ensures the
biocompatibility of our designed antenna. Therefore, from this
data table, we can appraise that the MWCNT material-based
antenna is capable to diagnosis the affected lung caused by
COVID-19.

SAR can be defined as when human tissue gets absorbed by
the energy that is exposed in the electromagnetic field.
International Commission on Non-Ionizing Radiation Protec-
tion (ICNIRP) determined the range for SAR to defend
against harmful radiation to the human body. For 1 g of human
tissue, the acceptable maximum SAR value is 1.6 W/kg,
according to Federal Communications Commission (FCC),
and for 10 g of human tissue, the maximum limit of SAR is 2.0
W/kg, in accordance to ICNIRP.** Therefore, SAR value
analysis is important when any devices are put on human body
tissue. As shown in Figure Sc, we obtained a SAR value of 1.77
W/kg for 10 g of tissue using only 1 mW of power during the
experiments, which is suitable for the human body and satisfies
the Federal Communications Commission (FCC) and IEEE
standard for higher safety for medical applications for the
human body and makes it biocompatible and safe.*”*** This
ensures that the proposed antenna is biocompatible and safe
on the human body lungs. To compare the performance of the
proposed MWCNT-based patch antenna for detecting
COVID-19-affected lungs, a similar design was made using
single-wall carbon nanotubes (SWCNTs), which is provided in
Supporting Information Note S6. From the simulated data
(Figures S2—SS, Supporting Information), it can be seen that
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the MWCNT-based patch antenna demonstrated better
performance compared with SWCNTs. MWCNTs have a
larger number of nanotubes on their surface for the same
quantity of material as SWCNTSs. As each nanotube on the
surface resonates electromagnetic waves separately and
influences the improvement of the bandwidth, a higher
number of nanotubes offered by the MWCNT enables a
wider bandwidth than that of the SWCNT-based radiating
patch antenna. Furthermore, Table 3 presents a comparative
analysis of patch antennas made from various materials,
primarily for biomedical applications, with the proposed
rectangular patch antenna made with MWCNTs having a
wider operating frequency than others. The significantly
increased bandwidth of the proposed antenna owing to the
use of MWCNT in the radiating patch, usage of UWB
frequency, and decreased return loss (S;; parameter) all
contribute to achieving superior performances.

B CONCLUSIONS

The performance of the MWCNT-based patch antenna for
detecting COVID-19-affected lungs has been demonstrated
here. Various parameters of the designed antenna such as
resonant frequency, return loss, and VSWR are observed to be
7.29 GHz, —40.12 dB, and 1.04, respectively, placed on the
phantom model, indicating the better performance of the
designed antenna. SAR is also calculated at 7.29 GHz to ensure
that the safety is obtained at 1.77 W/kg for 10 g of tissues. The
MWCNT-based patch antenna is also successfully fabricated
using a cost-effective spin-coating method, which can be
employed for mass production. The proposed antenna exhibits
superior performance over the UWB frequency of 6.63—7.29
GHz, demonstrating the potential applicability for other
medical applications. After all of these parameter value analyses
and comparisons are completed, it is anticipated that the
proposed antenna may be utilized as an on-body antenna for
the initial detection of COVID-19-affected lungs.
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