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a b s t r a c t

This article prepares, MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticle-based new flexible microwave

substrate materials to build flexible antennas. The MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticles

are synthesized using the solegel chemical method. There are three different weight

percentages are chosen for “X” values i.e., X ¼ 25%, 50%, and 75%. X-ray diffraction (XRD),

field emission scanning electron microscopy (FESEM), and transmission electron micro-

scopy (TEM) studies are used to evaluate the structural and morphological features of the

produced nanoparticles. Dielectric Assessment Kit is also used to evaluate the nano-

particles' tunable dielectric characteristics (DAK). Loss tangents range from 0.00275 to

0.00675 while dielectric permittivity values range from 3.25 to 4.75. The magnetic charac-

teristics of the produced samples are also investigated using the vibrating sample

magnetometer (VSM). The Agilent 8501E module is used to calculate the adjustable mag-

netic permeability and magnetic loss tangent values. The magnetic permeability and

magnetic loss tangent values obtained are in the range of 1.00e1.15 and 0.0035e0.0065,

respectively. Later, a flexible antenna is designed on the prepared flexible substrate that

operates within the frequency range of 1.60 GHze3.00 GHz with a maximum gain of 5.15
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dBi. After that, this antenna is incorporated with a nine-antenna array-based portable

microwave head imaging system. Finally, successful brain tumor detection is observed by

post-processing the collected scattering parameters with an image reconstruction algo-

rithm. The overall results ensure that the MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticle-based new

flexible microwave substrate materials can be a potential candidate for microwave head

imaging and are suitable to fit with microwave devices.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Flexible substrate materials are in high demand in modern

microwave technology because they may be easily combined

with uneven device surfaces without affecting functionality

[1,2]. Flexible antennas, flexible metamaterials, flexible dis-

plays, flexible sensors, and health monitoring systems have

all seen significant advancements in flexible technologies

[3,4]. As a result, there has been a surge in interest in the

synthesis and characterisation of crystalline spinel oxide

materials in recent years [5,6]. Certain groups of spinel com-

pounds show interestingmagnetic, mechanical, catalytic, and

electrical properties [7e9]. However, there are other classes of

the transitionmetal oxides with the spinel structure including

the spinel ferrites. All of them have both their advantages and

their disadvantages. The iron spinels have excellent magne-

todielectric properties also which discussed in different

earlier works [10,11]. The basis for numerous technological

applications of spinel oxides is related to their structural

flexibility because various properties of thesematerials can be

modified suitably by changing the chemical composition of

the compound through cation redistribution or by substitu-

tion of a suitable dopant [12e14]. In the past, various crystal-

line spinel materials such as Mg-, Ca-, Co-, and Zn- ferrite-

based spinel were attempted to dope with divalent and

trivalent metal ions, and the effects of such substitutions on

the structural, electric, and dielectric properties were reported

[15e18]. The tunable electromagnetic properties have been

observed, especially in ferrite-based spinel oxide materials

that strongly depend on the dopant concentration. These

substitutions can be used to derive a series of ferrites, which

constitute a remarkable group of spinel compounds like: zinc

ferrite, calcium-ferrite, cobalt ferrite, magnesium ferrite,

manganese ferrite, zinc-nickel ferrite [19,20], zinc-calcium

ferrite, zinc-cobalt ferrite, zinc-magnesium ferrite, zinc-

manganese ferrite, etc. exhibiting fascinating physical

behavior and thus provide possibilities for a wide range of

practical applications [21]. Moreover, the ferrites also come in

different types. For example, the existence of a magnetically

ordered state and ferroelectric characteristics provides new

opportunities for the widespread practical applications of

hexaferrites [22,23]. Whereas, the ability to regulate these

materials' magnetic characteristics is the vital point for

introducing such applications. Besides, due to their immobi-

lized characteristics, ferrite-based spinel's possess high elec-

trical resistivity, low dielectric, and loss tangent. These

properties allow them to be used as a dielectric material for

microwave application devices [24,25].
Despite its many benefits, standard microstrip antennas

have some drawbacks, including limited bandwidth, poor

gain, and efficiency, as well as a relatively large size. Tradi-

tional antennas are usually made of rigid materials, whereas

flexible antenna materials can be made of lightweight, thin,

low-profile materials that can be easily placed on irregular

surfaces [26e29]. As a result, a lot of effort is put into devel-

oping flexible materials that may be employed in compact

metamaterial and antenna structures to achieve the neces-

sary bigger bandwidth, high gain, higher efficiency, and su-

perior radiation properties. The researchers have described a

variety of flexible antennas, including paper-based, textile,

fluidic, Kapton Polyimide, and natural rubber. Using the

solidestate reaction technique (SSRT) and flexible poly-

crystalline LiTiMg ferrites substrate for an X band application

resulted in a 37 percent reduction in antenna size when

compared to dielectric substrates [30]. Some more different

methods also used by the researchers for the synthesis of the

precursor oxide compounds such as, the one-pot solegel auto-

combustion method and the pulsed laser ablation in liquid

(PLAL) method [31,32]. A triangular microstrip patch antenna

is devised and manufactured using LiTiZn polycrystalline

substrate instead of dielectric substrates. Another intriguing

discovery from this study was that employing ferrites as a

substrate improved the dielectric substrate-based antenna's
performance [33]. In order to reduce the size of the low-

frequency antenna, a NieCueZn ferrites substrate is also

used [34]. Nickel ferrite has also been utilized to boost antenna

bandwidth and reduce antenna size, which has been investi-

gated [35]. An E-shapedmicrostrip patch antenna was created

using a Dy-Sm-doped Mg-ferrite substrate that outperformed

commercial materials [36]. Moreover, the use of ferrite-based

flexible metamaterial and antenna are day by day increasing

in the electronics products to meet their future demands in

consumer electronics components, automotive, energy and

power, medical imaging and healthcare, biomedical applica-

tions, and other related fields [37,38]. It is well known that the

combination of different compounds which have excellent

electronic properties leads to new composite materials which

have earned great technological interest in recent years

[39,40]. Nowadays, different categories of imaging technolo-

gies: computed tomography (CT) scanning, X-ray screening,

magnetic resonance imaging (MRI), biopsy, positron emission

tomography (PET), and ultrasound screening are used to di-

agnose brain tumors in modern medical healthcare facilities

[41e44]. These existing imaging modalities help physicians

and radiologists detect brain tumors and other health-related

diseases. The major drawbacks of these imaging technologies

are growing cancerous risk because of high dose radiation,
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Fig. 1 e The synthesis steps of MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticles and development of flexible substrate as well.
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dangerous for pregnant women and old patients, high

ionizing with brain cells, expensive, the risk for pacemaker

and implantable cardioverter patients, time-consuming, and

less susceptibility [41,42,44e50]. Microwave imaging research

has been growing and showed excellent attention to the re-

searchers for medical applications due to significant charac-

teristics such as: cost-effective with a low profile, non-

ionizing radioactivity, non-invasive, risk-free ionization with

the tissues, low powered penetration capability, and safe for

human body [41,47,48,50e56]. Recently, a microwave brain

imaging (MBI) system has been utilized to identify the brain

abnormalities such as brain tumors, cancer, stroke, and in-

ternal hemorrhage in the brain [47,51,54e56]. The MBI system

consists of an antenna array, mechanical devices, and an

image processing unit. The antenna is an essential piece of

equipment, and its characteristics are a significant factor in

producing the desired image. A single antenna transmits the

microwave signals towards the region of interest, and receiver

antenna(s) receive the backscattering signals. Different an-

tennas have been offered to develop an MBI system to detect

brain tumors.

In this study, solegel synthesized MgxCa(0.90-x)Zn0.10Fe2O4

nanoparticle-based flexible substrate material is developed

to fabricate flexible antennas with three distinct X values

(X ¼ 25, 50, and 75). The XRD, FESEM, and TEM analysis are

used to investigate the prepared ferrite-based nanoparticles'
structural and morphological characteristics. The Dielectric

Assessment Kit (DAK) and Vibrating Sample Magnetometer

(VSM) are used to examine electromagnetic characteristics.
The dielectric constant ranged from 3.25 to 4.75 and the loss

tangents from 0.002 to 0.008. Whereas, the permeability

values ranged from 1.00 to 1.15 and magnetic loss tangents

from 0.0035 to 0.0065. Later, a wideband antenna is designed

and manufactured on the suggested flexible substrate. The

flexible antenna has a bandwidth of 1.5 GHz from 1.5 GHz to

3.00 GHz. After that, a nine-antenna array-based portable

microwave head imaging system is built using the flexible

antenna. The scattering parameters are acquired by intro-

ducing with and without tumor head phantoms into the

system. Finally, the received signals are post-processed using

the Iteratively Corrected Delay-Multiply-and-Sum (IC-DMAS)

image reconstruction algorithm, and the brain tumor can be

effectively recognized. The overall experiments verify that

the proposed MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticle-based

novel flexible microwave substrates provide tunable elec-

tromagnetic characteristics and are ideal for building flexible

antennas for microwave head imaging systems.
2. Material synthesis and flexible substrate
preparation

First, MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticles were synthesized

using the solegel chemical process. Nearly similar materials

also synthesized using the solegel method and found excel-

lent tunable electromagnetic properties [31,32]. All raw in-

gredients, including magnesium nitrate, calcium nitrate, zinc

nitrate, iron nitrate, and others, are bought in hydrate form

https://doi.org/10.1016/j.jmrt.2022.08.103
https://doi.org/10.1016/j.jmrt.2022.08.103


Fig. 2 e (a) Typical XRD pattern of MgxCa(0.90-x)Zn0.10Fe2O4

nanoparticles with different X values, and the plots

obtained from MUAD program using Rietveld refinement

for (b) X ¼ 25, (c) X ¼ 50, & (d) X ¼ 75 respectively.
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from SIGMA-ALDRICH, USA. A precision balance was used to

weigh the needed amount of nitrates, which was then dis-

solved in 75 ml of distilling water according to the x values

(x ¼ 25, 50, 75) in a beaker. The beaker is put on top of a

magnetic hot plate stirrer (CimarecþTM Hotplate, Thermo

Fisher Scientific) and swirled continuously at 90 �C to make a

homogeneous solution. As a chelating agent, citric acid was

also added to the solution. By evaporating some water, the

solution becomes a crimson gel after 4 h, and the nitrates link

together. The solutions were then dried in an oven for 1 h at

150 �C. The dried chemicals are then hand crushed with a

marble mortar pestle. The pulverized powders were then

transferred to crucible pots and calcined for 1 h at 800 �C in

MTI Corporation's 1200C Muffle Furnace. As a result,

MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticles were created, and

the flexible microwave substrates were created by mixing the

nanoparticles with PVA glue at a ratio of 1 gm powder to 10 ml

glue, as shown in Fig. 1(aed).
3. Material characterization

3.1. X-ray diffractions (XRD) analysis

At first, by the typical X-ray diffractions (XRD) analysis the

structural properties of the synthesized MgxCa(0.90-

x)Zn0.10Fe2O4 nanoparticles were investigated and the XRD

plots are illustrated in Fig. 2(a). The major peaks are located at

(111), (220), (311), (400), (422), (333), (440), and (533) planes with

reference patterns at PDF 01-080-6718 and PDF 01-086-4425.

With the increasing value of X, the crystallinity has been

improved, and the more sharper and thinner peaks are

observed. This is because of the electronic properties for the

complex oxides strongly depend on the average crystallite size

and crystallite size distribution. This dependence is especially

manifested for the mezzo- and nano-scale crystallites with a

wide distribution spectrum [57,58]. The following equations

results, which are shown in Table 1, were used to compute the

crystalline dimension (D) and the lattice parameter (a) using

the broadening peak of (311).

D¼0:94 l

bcosq
(1)

n sizea¼d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p
; (2)

Where the symbols have their traditional significance.

In addition, the ionic coordinates and degree of inversion

of the resulting spinel's are investigated from the X-ray or
Table 1 e The calculated crystalline size (D) and lattice
constant (a) values of MgxCa(0.90-x)Zn0.10Fe2O4

nanoparticles with different X values.

X values (%) D (nm) a (�A)

25 17.90 5.650

50 16.43 5.630

75 14.97 5.617
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Table 2 eAtom Site list of the prepared samples obtained
from Rietveld refinement.

Sample Atom x Y z

X ¼ 25 Mg 0.5 0.5 0.5

Ca 0.5 0.5 0.5

Zn 0.125 0.125 0.125

Fe 0.125 0.125 0.125

O 0.256 0.256 0.256

X ¼ 50 Mg 0.5 0.5 0.5

Ca 0.5 0.5 0.5

Zn 0.125 0.125 0.125

Fe 0.125 0.125 0.125

O 0.267 0.267 0.267

X ¼ 75 Mg 0.5 0.5 0.5

Ca 0.5 0.5 0.5

Zn 0.125 0.125 0.125

Fe 0.125 0.125 0.125

O 0.279 0.279 0.279
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neutron diffraction data analysis by using the Rietveld

method in the MUAD (Materials Analysis Using Diffraction)

program [59,60]. The plots obtained from Rietveld refinement

are demonstrated in Fig. 2(bed) for X ¼ 25, 50 and 75 respec-

tively. Moreover, the Atom Site list of the prepared samples

obtained from Rietveld refinement are tabulated in Table 2.
Fig. 3 e FESEM images of MgxCa(0.90-x)Zn0.10Fe
3.2. Field emission scanning electron microscopy
(FESEM) analysis

Field Emission Scanning Electron Microscopy (FESEM)

was used to examine the morphological properties of

MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticles. At a 1-mmmagnification

scale, Fig. 3 displays microscopic pictures of MgxCa(0.90-

x)Zn0.10Fe2O4 nanoparticles. The particles are uniformly

dispersed and have 14e18 nm of average grain size. The grain

size was measured using the line intercept technique and

showed good agreement with XRD analysis. Because of cation

position distribution in the lattice, the grain changed as the X

values changed.

3.3. Transmission Emission Microscopy (TEM) analysis

The synthesized MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticles were

also taken up through Transmission Emission Microscopy

(TEM) analysis for further investigation of the phase structure

and morphology. The TEM images are shown in Fig. 4 for the

different X values of the prepared samples. According to TEM

images, most of the nanoparticles had found in a spherical

form having less thickness and with just a few elongated

particles. It is also observed that with a lower concentration of

X values the particles are found well-distanced. But the higher
2O4 nanoparticles with different X values.
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Fig. 4 e TEM images of MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticles with different X values.
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concentration of X values results in particle agglomeration due

to magnetic interactions among nanoparticles. The particle

size ranges between 14 and 18 nm as assessed by TEM images.
4. Electromagnetic analysis

4.1. Dielectric analysis

It is critical to understand the dielectric properties of the

proposed MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticles, such as

dielectric constant and loss tangent, in order to test its mi-

crowave applicability. The dielectric evaluation kit evaluated

the values of the dielectric constant and loss tangents of the

prepared samples (DAK 3.5, SPEAG, Schmid & Partner Engi-

neering AG). Fig. 5 shows a graphical representation of the

dielectric constant and loss tangent values. Because of the

differences in the materials compositions of the nano-

particles, the dielectric constant values range from 3.25 to
4.75, while the loss tangents range from 0.00275 to 0.00675.

Due to conducting grain separations in porous ferrite samples,

the values of the dielectric parameters show very minor

changes [61], which also obeys Koop's phenomenological hy-

pothesis and the MaxwelleWagner model of interfacial po-

larization [62,63].

It is well known that the complex 3d-metal oxides easily

allow the oxygen excess and/or deficit. Oxygen excess and

deficit can increase and decrease the oxidation degree of 3d-

metalls. The changing of charge state of 3d-metalls as a

consequence of changing of oxygen content changes such

electrical parameters as dielectric permittivity, dielectric loss

tangent, conductivity, resistivity, as well as band gap. An in-

crease in the unit cell parameter may be also due to oxygen

deficiency [64,65]. Thus, the oxygen stoichiometry can be

analyzed with the future materials. Overall, the produced

MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticles have tunable dielectric

characteristics with flexible and could be a possibility for

microwave applications, according to the findings.
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Fig. 5 e (a) Dielectric constant and (b) loss tangents of MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticles with different X values.
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4.2. Magnetic properties analysis

To verify the proposed MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticles'
microwave applicability, it is also very important to know
Fig. 6 e (a) M¡H hysteresis, (b) permeability and (c) magnetic lo

different X values.
their magnetic characteristics, such as themagnetization (M)-

magnetic field (H) hysteresis loop, permeability, and magnetic

loss tangent. The values of M (emu/g) and H (Oe) were deter-

mined using SQUID VSM and the plots are illustrated in
ss tangents of MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticles with

https://doi.org/10.1016/j.jmrt.2022.08.103
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Fig. 7 e Fabricated antenna and reflection coefficient: (a) Top view, (b) back view, (c) Reflection coefficient.
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Fig. 6(a). Moreover, the values of the permeability and mag-

netic loss tangent of the prepared samples were estimated by

post-processing the scattering parameters S11 and S21 using

the Agilent 85071E module [66,67]. Whereas, the scattering

parameters S11 and S21 are collected from the vector network

analyzer by placing the prepared substrate materials between

twowaveguides. The graphical illustration of the permeability

and magnetic loss tangent values is presented in Fig. 6(aeb).

The values of the permeability are varying from 1.00 to 1.15,

whereas the values of the magnetic loss tangents are varying

from 0.0035 to 0.0065. Due to the variation in the materials

compositions of the nanoparticles, as it is well established by

the researchers that the combination of different compounds

which have excellent electronic properties leads to new

composite materials which have earned great technological

interest in recent years [39,40]. The magnetic properties of

materials also found vary with the due to the oxygen defi-

ciency [64,65]. The overall results also ensure that the syn-

thesized MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticles offer tunable

magnetic properties and can be a potential candidate for mi-

crowave applications.
Fig. 8 e Simulated 3D Hugo head model: (a) perspective view wit

(c) Nine antenna set up without tumor (Healthy brain) (d) Nine
5. Application to microwave imaging

A wideband antenna operating in the frequency range of

1 GHze4 GHz with high gain and directed radiation character-

istics is required for microwave head imaging [54e56]. In this

paper, a wideband antenna is designed and built on a flexible

substrate based on MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticles,

and then measured to see if it meets the requirements for im-

aging. Fig. 7 depicts a constructed antenna prototype (a-b). The

antenna's optimum dimensions are 40 � 35 � 1.6 mm3. The

antenna's operational frequency ranges from 1.50 to 3.00 GHz,

with a maximum gain of 5.15 dBi. The antenna is measured in

free space and with the produced 3D head model to verify the

performance for imaging purposes. Fig. 7 shows the manufac-

tured antenna's reflection coefficient (c). The antenna demon-

strated good agreement with the simulated outcome, as

evidenced by the measured result. Using CST software, a Hugo

head model is used to simulate the planned antenna and

evaluate its performance. CST software is used to import the

Hugomodel. Themany viewpoints of the simulationmodel are

depicted in Fig. 8. Fig. 8 depicts a perspective view with a single
h a single antenna, (b) Simulated nine antenna array setup,

antenna setup with tumor (Unhealthy brain).

https://doi.org/10.1016/j.jmrt.2022.08.103
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Fig. 9 e S-parameters: (a) without tumor, (b) with tumor.

Fig. 10 e Overall head imaging system: (a) Nine antennae

set up inside the helmet, (b) the Whole system.
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antenna (a). Fig. 8(bed) shows the simulation-based nine an-

tenna array arrangement without tumor (healthy brain) and

with tumor (unhealthy brain). Fig. 9 shows the S-parameters of

the array setup with and without tumor. In the absence of the

tumor inside the brain, the greatest resonance within the fre-

quency band is �60 dB, as shown in Fig. 9(a). In contrast, the

greatest resonancewithin the frequency range for the presence

of the tumor inside the head with S-parameters modifications

is �80 dB in Fig. 9(b). Initially, a four-layered 3D tissue-

mimicking head phantom (DURA, CSF, white matter, and gray

matter) with a tumor is fabricated. The tissues and tumors are

fabricated according to the preparation process presented in

[68]. Then, the tumor is placed at different positions in the

fabricated phantom to investigate the imaging outcomes.

The overall head imaging system is shown in Fig. 10. The

proposed system consists of flexible nine antenna arrays, a

custom-made half-cut elliptical-shaped helmet, a stepper

motor, a portable stand, RF switch, microcontroller, and a

PNA E8358A transceivers. The stepper motor is attached to

the portable stand, which rotates clockwise with a 7.2 angle

at every step to cover the whole (360) area. The helmet is

connected with the motor by the motor shaft. The diameter

of the helmet is 250 mm. The antenna is attached inside the

helmet by double-sided foam tape. The angular distance

from the antenna to the antenna is 40 to cover the whole

area of the system. The antenna position is set 100 mm up

from the bottom point of the helmet to adjust the phantom

head position. The PNA is connected to the computer

through the GPIB port. Port A is connected to the transmitting

antenna, and Port B is connected to the RF switch for

receiving the backscattered signals. The fabricated 3D head

phantom model is placed at the center position of the helmet

to verify the system performance. The backscattered signals

(i.e., S11, S21, S31, … S91) are collected by the PNA in each 7.2

rotation. Later, the collected signals are post-processed and

utilized by the Iteratively Corrected Delay-Multiply-and-Sum
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Fig. 11 e Fabricated phantom and reconstructed imaging results: (a) Image without tumor, (bec) Image with a tumor at

different positions.
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(IC-DMAS) image reconstruction algorithm [69] to reconstruct

the brain tumor images. The reconstructed brain

images, including tumor, is presented in Fig. 11. Fig. 11(a)

represents the non-tumor image (i.e., healthy brain), and

Fig. 11(bec) represents the single tumor image at different

places respectively. The circular red mark in the images

presents the tumor detection and position. It is concluded

that the proposed implemented microwave head imaging

system by the flexible antenna can identify the brain tumor

with a location inside the brain. Therefore, the proposed

MgxCa(0.90-x)Zn0.10Fe2O4 nanoparticles-based flexible antenna

can be a suitable candidate to detect brain tumors in mi-

crowave head imaging applications.
6. Conclusion

In this article, solegel synthesized MgxCa(1-x)Zn0.10Fe2O4

nanoparticle-based flexible substrate material is prepared to

build flexible antennas with three different X values (X ¼ 25,

50, and 75). The structural andmorphological properties of the

proposed ferrite-based nanoparticles are characterized

through XRD, FESEM, and TEM analysis. The tunable electro-

magnetic properties are investigated by Dielectric Assessment

Kit (DAK) and Vibrating Sample Magnetometer (VSM). The

dielectric constant values varied from 3.25 to 4.75 and loss

tangents from 0.002 to 0.008. Whereas, the permeability

values varied from 1.00 to 1.15 and magnetic loss tangents

from 0.0035 to 0.0065. Later, a wideband antenna is designed

and fabricated on the proposed flexible substrate. The flexible

antenna offers a bandwidth of 1.5 GHz ranging from 1.5 GHz to

3.00 GHz. After that, a nine-antenna array-based portable

microwave head imaging system is developed by utilizing the

above flexible antenna. Then the scattering parameters are

collected by placing with and without tumor head phantoms

into the system. Finally, the collected signals are post-

processed by the Iteratively Corrected Delay-Multiply-and-

Sum (IC-DMAS) image reconstruction algorithm and it is

observed that the brain tumor can be successfully detected by

the whole setup. The overall investigations ensure that the

proposed MgxCa(1-x)Zn0.10Fe2O4 nanoparticle-based new flex-

ible microwave substrates offer tunable electromagnetic

properties and are suitable for developing flexible antennas

for microwave head imaging systems.
Declaration of competing interest

The authors declare that they have no known competing

financial interests or personal relationships that could have

appeared to influence the work reported in this paper.

Acknowledgement

This work is supported by the Ministry of Higher Education

(MoHE), Malaysia research grant code: FRGS/1/2021/TK0/UKM/

01/6.
r e f e r e n c e s

[1] Suguna S, Shankar S, Jaganathan SK, Manikandan A. Novel
synthesis of spinel Mn x Co 1� x Al 2 O 4 (x¼ 0.0 to 1.0)
nanocatalysts: effect of Mn 2þ doping on structural,
morphological, and opto-magnetic properties. J Supercond
Nov Magnetism 2017;30:691e9.

[2] Loharkar PK, Ingle A, Jhavar S. Parametric review of
microwave-based materials processing and its applications. J
Mater Res Technol 2019;8:3306e26.

[3] Abutarboush HF, Shamim A. Based inkjet-printed tri-band U-
slot monopole antenna for wireless applications. IEEE
Antenn Wireless Propag Lett 2012;11:1234e7.

[4] Rahman MA, Islam MT, Singh MSJ, Samsuzzaman M,
Chowdhury ME. Synthesis and characterization of MgeZn
ferrite based flexible microwave composites and its
application as SNG metamaterial. Sci Rep 2021;11:1e14.

[5] Abouzir E, Belaiche M, Elansary M, Ahmani Ferdi C, Bsoul I.
Novel magnetic nanomaterial Co0. 7Zn0. 3Fe2� xGdxO4 for
nanotechnology applications: experimental and theoretical
investigations. J Mater Sci Mater Electron 2021:1e18.

[6] Hazra S, Ghosh N. Preparation of nanoferrites and their
applications. J Nanosci Nanotechnol 2014;14:1983e2000.

[7] Algarou N, Slimani Y, Almessiere M, Alahmari F, Vakhitov M,
Klygach D, et al. Magnetic and microwave properties of
SrFe12O19/MCe0. 04Fe1. 96O4 (M¼ Cu, Ni, Mn, Co and Zn)
hard/soft nanocomposites. J Mater Res Technol
2020;9:5858e70.

[8] Song F, Shen X, Liu M, Xiang J. Preparation and magnetic
properties of SrFe12O19/Ni0. 5Zn0. 5Fe2O4 nanocomposite
ferrite microfibers via solegel process. Mater Chem Phys
2011;126:791e6.

[9] Tatarchuk T, Myslin M, Mironyuk I, Bououdina M,
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