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Stretchable circuit is a technological innovation that has transformed the microelectronic landscape due to its enormous
applications in the field of medicine. The consistency or durability of health monitoring devices can increase the dependability
with which non-invasive clinical measures are collected. Metal-conductive polymer (CP) hybrid interconnects and metal-
polyimide dual-layered interconnects were all produced as stretchable interconnections. Stretchable substrate for all of the
interconnects was selected as soft elastomer polydimethylsiloxane (PDMS). However, the PDMS substrate presents challenges
because it is temperature sensitive, limiting the process temperature. The extreme hydrophobic nature of the PDMS surface
makes it difficult to deposit components that contain water and results in poor adhesion with different metals. Following the
development of processes for fabricating materials on the PDMS substrate, methods for resolving these issues were investigated.

1. Introduction

Polydimethylsiloxane (PDMS) is a polymer made of SiO
(CH,), repeating siloxanes, as a stretchy substrate, as shown
in Figure 1. The hydrogen bond formed between both the sila-
nol group on the silica surface and oxygen in PDMS gives it a
high adherence to silica [1]. A PDMS solution is spun-coated
at 500 rpm for seconds on top of Si to achieve sufficient thick-
ness. It is then dried for 2 hours at 90°C. Before the metal was
evaporated with an e-beam, an oxygen plasma treatment was
conducted for a brief period. Gold (Au) is ductile, heavily con-
ductive, and insoluble to oxidation, it was selected as the metal-
lic film in this case. To improve adhesion even further, a thin
layer of Cr or Tij, i.e., approximately 5 nm, may be evaporated
well before Au. Wet etching and photolithography were used
to pattern the metallic thin film (MTF). The hydrophobic

properties of PDMS substrate are one of the fabrication process
difficulties. This PDMS characteristic causes the deposited
conductor to adhere poorly. According to Figure 1, the oxygen
plasma continues to change the layer of the PDMS substrate by
oxidizing CH, in the outer chains, and thus changing the
PDMS surface from hydrophobic to hydrophilic [2].
Next-generation flexible transparent devices using
poly(3,4-ethylenedioxythiophene) (PEDOT): polystyrene sulfo-
nate (PSS) conductive films were developed. However, as a
result of defect formation or incomplete layer, electrodes
exhibit extremely high mechanical deformation and low electri-
cal conductivity. This is a significant and appealing Conductive
Polymer (CP) with unique properties such as outstanding solu-
tion fabrication ability and dispersibility, extremely good chem-
ical and electrochemical stability, high and controllable
conductivity, good optical transparency, and biocompatibility.
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Figure 1: OH-bond to transform PDMS surface.

It is available commercially in organic electronics, including
electronic chemosensors.

Annona reticulata dry leaf is used to make negative charge
Au and Ag nanoparticles, which are then used to make TF of
PEDOT:PSS nanomaterials. The layout and morphological
characteristics of nanocomposite vary significantly with
respect to the type and concentration of nanoparticles. The
complicated PEDOT:PSS CP is the most investigated CP for
textile applications. Since this is widely available in dispersion
version, which is compatible with existing textile processing
applications. Organic Electrochemical Transistors (OECTs) are
an adaptable category of biosensing elements because of their
sensitivity, potential cost, and system integration benefits. The
electrical properties of this electrode are said to be heavily influ-
enced by the film’s construction. Out-of-plane longitudinal
detachment between adjoining PEDOT domains and muta-
tional reinterpretations in-plane process segregation may
occur due to film processing. The operation of OECTs is
thickness-dependent, which is explained as how the thick-
ness of the film promotes microstructure tuning all through
long-lasting thermal annealing (LTA) in controlled atmo-
sphere. The creation of a PEDOT:PSS polymeric film for
use in flat panel displays, control boards, and other opto-
electronic is a significant advancement.

New composite materials that display high electrical
conductivity and mechanical softness still encounter chal-
lenges in terms of chemical degradability, stability, and
compatibility with current Micro-electro-mechanical Mys-
tem (MEMS)/ Complementary Metal-oxide-semiconductor
(CMOS) technology. Through a variety of methods, this
research offers solutions to these problems. Composites
are the well-liked choice for stretchable interconnects. It
displays greater stretchability and higher electrical conduc-
tivity. Their high contact resistance due to the dielectric
polymer matrix is one of the disadvantages. The proposed
composite includes PEDOT:PSS as the polymer matrix
and graphite flakes as the conductive filler to reduce con-
tact resistance and sheet resistance. This composite can
provide better stretchability compared to carbon-based
composites.

2. Related Works

By integrating polyvinylcycamide with PEDOT:PSS, Ma
et al. [3] reported an intrinsically flexible conductive com-
posite film with high electrical properties and minimal dam-
age in challenging environments. It has flexibility properties
and substantially improved electrical conductivity. A wear-
able touch panel device has been fully integrated with the
composite film. Gao et al. [4] described the use of PED-
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OT:PSS and its composite materials in sensors and electro-
chemical, which detect the presence of gaseous chemical
analytes or liquid-phase analytes such as inorganic com-
pounds ions, pH, ammonia (NH;), hydrogen peroxide,
CO,, CO, NO,, and organic solvent vapours such as ace-
tone, methanol, and others. The optimization of PEDOT
structural, PSS architectural, and morphological properties,
as well as composites with other additives, was extensively
discussed.

According to Sarkar et al. [5], the examination of shape
and film thickness with infrared can demonstrate the films’
composite composition. With an increase in nanoparticle
concentration, the composite films’ in-plane DC conductiv-
ity is moderately improved. Electrical responses based on
impedance spectroscopic analysis depend on nanoparticle
absorption. Structure changes take place after the composite
is created. Tseghai et al. [6] developed a method on PED-
OT:PSS-based textiles semiconductor, their techniques of
implementation in textiles, and their own applications.
One method for increasing the mechanical adaptability of
CPs is to create a nanoparticle out of common resource
polymers with high versatility and stretchability, such as
polyurethane. These conductive fibres have been created uti-
lizing solution spinning or electrospinning techniques. And
this can be applied to cloth via coating/dyeing, printing,
and monomer polymerization. Conductive textiles based
on this criterion have been used to make actuators, sensors,
interconnections, antennas, storage devices, and energy har-
vesting devices.

Ji et al. [7] described an innovative organic-inorganic
material made of phosphomolybdic acid and PEDOT:PSS
as having good solvent corrosion resistance and great hydro-
philicity with the printed top Ag nanowires and active layer.
Fully coated translucent tools with spray-coated Ag nano-
wire top electrodes and doctor-blade-coated layers outper-
formed cells with a thermally evaporated MoO; layer in
terms of overall performance and Average Visible-light
Transmittance (AVT). The highest Power Conversion Effi-
ciency (PCE) was 5.01%, with an outstanding average visible
light transmittance of 50.3% (with a PCE of 5.77% and AVT
of 19.5%). D’Angelo et al. [8] compared the response of
OECTs to LTA with similar channel thickness that had
undertaken a quick annealing. This process increased the
amplification capacity of OECTs, as demonstrated. The
LTA procedure resulted in firmer charge carrier modulation
on thinner layers and combined solution processing ability
to manipulate the microstructure with the impact of post-
deposition processing.

Kleber et al. [9] presented a new transparent hydrogel
system composed of the synthesised hydrogel and the
CP:PEDOT as a protective coating for brain interfaces. The
composite material has the ability to form an interpenetrating
network and to be linked covalently with the surface electrodes.
It can also be photolithographically shaped just to affect specific
electrode places. With the help of the disclosed material, it is
feasible to modify the surface of neural probes, combining the
advantageous characteristics of conducting polymer hydrogel
(CPH) with the superior qualities required for higher quality
brain microelectrodes. The effort of Zabihi and Eslamian [10]
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FIGURE 2: A SEM of a patterned Au interconnect on a PDMS
substrate.

to substitute the expensive and restrictive conductive oxides
used for the electrodes in Thin Film Diode (TFDs) is demon-
strated. The spray-on transparent graphene electrode (TGE)
have surface and film coverage and morphological characteris-
tics that are comparable to or superior to PEDOT. A perovskite
solar cell with a PCE of 3.54% was used as a proof-of-concept.
As contact electrodes for printed organic field effect transistors,
Sanyoto et al. [11] used dimethyl sulfoxide (dmso) as a dopant,
and the optimum field effect accessibility for diketopyrrolopyr-
role-thieno(3,2-b]thiophene organic field effect transistors
(DPPT-TT OFET) was 0.49 x 0.03 cm® V.

Kraft et al. [18] proposed a conducting polymer-based
ink for flexible interconnections. Wide area handling is flex-
ible, non-invasive, and maskless due to the tunability of
inkjet printing paradigm. The imprinted PEDOT:PSS-based
interconnections can withstand stresses of more than 100%
and have conductivity in the range of 700Scm™". Iron (Fe)
nanoparticles were used by Zhang et al. [19] as the con-
ducting polymer and polycaprolactone (PCL) as the insula-
tion material for the creation of degradable conducting
polymer coatings that made up the interconnects. Under
varied degrading settings, the electrical characteristics of the
composite were examined. At 17% Fe concentration, electric
percolation was seen, while larger content fractions showed
more consistent resistance during the duration of physical
deterioration. The implementation of chip interconnect by
utilizing polymer-based optical waveguides was introduced
by Nieweglowski et al. [20]. They offered polymer-based
methods for optical connection among waveguides and elec-
tronic devices. This strategy relied on bendable substrate with
integrated rectangular polymeric optical waveguides. These
are investigated as a direct incorporation of polymer wave-
guides utilizing the dicing technique.

3
Au Film PEDOT:PSS Fllrr:\
100 nm Cr:}ck in Au Film
|— ~700 nm

—
Strain Direction
PDMS Substrate

FIGURE 3: Schematic cross-section view of Au-PEDOT:PSS.

N\
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Applied Stretchable Interconnect

Force /

-

Applied
Force

PEDOT:PSS Film

FIGURE 4: Schematic of strain applied on interconnect with
PEDOT:PSS.

3. Materials and Methods

The significant interfacial stress was created between the
PDMS substrate and the deposited metallic layer. The metal-
lic coating develops an intrinsic stress during the metal
deposition process. This stress tries to release after the film
is deposited. The metallic sheet releases the stress since
PDMS is a soft substrate, which causes cracks. Deposition
rate (DR) is defined as the increment in multi-film thickness
(MFT) with respect to the fabrication time. As per the exper-
imental analysis, lower metal DR of 0.4nm/s can help to
reduce internal stress [12]. The DR was therefore marked,
and the Au deposited has a thickness of 50 nm. When viewed
under a microscope, the density of fissures created within the
formed layer dramatically decreased. Plasma treatment based
on oxygen over PDMS was examined for varying lengths of
time to further enhance the procedure. To protect the mois-
ture, etch of the Au layer, a photoresist surface was used. After
a 15-second soak in potassium iodide (KI) solution, the Au
was wet inked. A scanning electron microscope (SEM) image
obtained using ZEISS GeminiSEM 560 is used to examine the
patterned connections as illustrated in Figure 2. Significant
folds on the deposited PDMS substrate and Au film can be
seen in the highly enlarged SEM image. This surface shape
could be attributed to the PDMS substrate’s elasticity, which
resulted the surface to contract and expand during the metal
deposition process [13].
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TaBLE 1: Changes in morphology of Ti-Au films under different
conditions.

Metal process Condition Roughness

. Rq: 17.3nm
Ti-Au (10-50 nm) O, plasma 10s at 80 W

Ra: 14.4nm

. Rq: 10.7 nm
Ti-Au (10-50 nm) O, plasma 30s at 80 W

Ra: 8.9nm

. Rq:2.21 nm
Ti-Au (10-50 nm) O, plasma 60s at 80 W

Ra: 1.75nm

3.1. Metallic-Conductive Polymer Hybrid Film Interconnects.
Soft conductors have been researched as a potential solution
to the metallic conductor cracking problem. This film has a

moderate electrical conductivity when compared to metallic
conductors. Such CPs are also moisture-sensitive, which
makes long-term stability difficult. A hybrid construction
with metal-CP interconnects was suggested to solve these
problems. The metal can perform as a barrier against con-
taminants as well as enhance the hybrid structure’s electrical
conductivity. External strain-induced cracks in the top MTF,
as shown in Figures 3 and 4, will not surely result in an inter-
ruption in the electrical connection. The metallic islands
continue to form the electrical conduct path, but they are
only loosely connected. HTC Instruments DM-15S TRMS
multimeter is used to measure conductivity and resistance.

A conductive polyelectrolyte complex is the PED-
OT:PSS. Positively charged PEDOT serves as the conductive
component, and the PSS component balances the doping
charges and facilitates PEDOT’s water dispersion [14]. PSS
is good in preventing conductive PEDOT molecules from
connecting with one another and reducing the electrical con-
ductivity [15, 16]. The schematic representation of intercon-
nect on a polymer base while applying strain is depicted in
Figure 4. Here force is applied from both ends, and the mor-
phology of the interconnect changes without affecting the
electrical properties.

3.2. PEDOT:PSS Spray Coating. Figure 5 illustrates the devel-
opment of spray coating of PEDOT:PSS solution over a sub-
strate of PD. The PEDOT:PSS solution was sprayed using
compressed N, gas. 5% isopropanol (IPA) was mixed to
make it easier to coat the PDMS substrate. 10 seconds of
O, plasma treatment can significantly increase the angle of
contact between the solution and the surface of PDMS. This
makes it simpler to spread the PEDOT:PSS over the PDMS
substrate. You can run spray coating multiple times to
change the PEDOT:PSS thickness of film. Based on the
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TaBLE 2: Comparison of morphology change of Au under various
plasma conditions.

Metal . AFM
(50 nm) Process Duration surface Roughness
Rq: 11.6nm  Rq: 7.65nm
Au No plasma Nil d d
Ra: 9.5nm  Ra: 3.02nm
Rq: 10.7nm  Rq: 11.4nm
Au O, plasma 10 seconds d d
Ra: 89nm Ra: 10.11nm
Rq:221nm Rq: 6.52nm
Au O, plasma 20 seconds q d
Ra: 1.75nm  Ra: 6.12nm
Rq: 1.42nm Rq: 442nm
Au O, plasma 30 seconds q d
Ra: 0.98nm Ra: 6.78 nm

interferometer (Leitz Ergolux) measurement, each spray
coating run produces a thick PEDOT:PSS film.

PEDOT:PSS film delaminates and dissolves, as seen in
Figure 6. The top Ti—Au coating will be further pulled away
from the substrate by the PEDOT:PSS film delamination.
50 nm thick MTF layer is deposited over the polymer layer.
A possible solution to this problem is to switch from wet
to dry etching of metal, depending on the clean room’s
capabilities.

Due to its hydrophobicity, the purified PEDOT:PSS that
was purchased is difficult to deposit directly on the PDMS
substrate because it is dispersed in water. Despite giving the
PDMS substrate enough oxygen plasma treatment, the solu-
tion has a tendency to separate from the substrate while spin-
ning. Three low-boiling-point solutions were separately
combined to help the solution spread uniformly. The PDMS
substrates are initially placed on 1.5¢cmx2cm square-
shaped glass slides and exposed to plasma state O, for 60 sec-
onds at an intensity of 80 W. Both Au and PEDOT:PSS films
are put under a lot of strain during the peeling process, which
causes the films to crack even before they are put to the test.

4. Results and Discussions

To further improve the process, an oxygen plasma treatment
on PDMS was investigated under varied durations. A com-
parison between the plasma condition and substrate surface
morphology of Ti-Au films has been investigated, as listed
in Table 1. Confirmed by atomic force microscopy (AFM)
(Nanoscope, Scan Asist Mode, Brucker Icon AFM, U.S)
measurement, the surface roughness reduced from 17.3 to
10.7 nm after increasing the duration of oxygen plasma from
10 to 30 seconds. After 60 seconds of exposure, the surface
becomes smooth, with a roughness of 2.21 nm. However,
the cracks in the resulting film can still be noticed. Observed
from an optical microscope, the density of cracks was
reduced. The square root of the sum of the squares of the
different heights and depths from the mean line (0.5) is
defined as root mean square roughness (Rq). The surface’s
average roughness is termed as Ra.

A further study was conducted to investigate the effect of
depositing pure Au layer on top of PDMS. A comparison
between the plasma condition and substrate surface mor-
phology for Au films has been investigated, as listed in

Table 2. The surface roughness reduced from 11.4 to
6.52 nm after increasing the duration of oxygen plasma from
10 to 30 seconds. After 60 seconds of exposure, the surface
becomes smooth, with a roughness of 4.42nm. No cracks
have been observed on all the samples in which the metal
was deposited under different plasma conditions [22]. How-
ever, under the AFM scanning, the nano-scale cracks can be
found. A short time (10 and 30 seconds) plasma does not
benefit the Au film to significantly reduce the cracks. 60
seconds of oxygen plasma resulted in a crack-free metallic
film on PDMS substrate.

The difference in thickness is visible for all of the sam-
ples. The sheet thickness increases with the increase in num-
ber of runs through which the polymer material is applied to
the substrate. The thickness remains constant at 700 nm and
the application process is stopped at that point. The varia-
tion in thickness with respect to number of runs is illustrated
in Figure 7.

A sheet resistance measurement device is used to gauge
the PEDOT:PSS film’s sheet resistance. By lengthening the
spray runs, the measurement picks up a slight decrease in
sheet resistance. The resistance varies between 3000 and
1000 Ohms. As the number of spray runs increases, the
resistance decreases. This is an indication of the increment
in conductivity of the polymer material used for intercon-
nections. The variation in sheet resistance with respect to
spray runs is illustrated in Figure 8.

After accounting for the thickness and sheet resistance
measurements, it can be noted that the developed polymer
material is well suited for the development of interconnects.
Figure 9 shows the optical image of a sprayed 700 nm thick
PEDOT:PSS film on a PDMS substrate obtained using Celes-
tron TETRAVIEW 5MP digital microscope. It has a resistiv-
ity of about 0.0072 Ohm metre.

Figure 10 shows the fitted curve values vary greatly
(standard error). This could be due to the probe’s shaky
interaction with the specimen surface. Since the sample’s
surface is soft, the metallic probes had no problems penetrat-
ing it [17]. The resistance of Pristine PEDOT:PSS varies
from 1270 to 3300 Ohm, when the distance between the
interconnects is varied from 10 to 30 mm.

Meanwhile, the AFM measurement was used to find mor-
phology [21]. The doped-graphite powder effect increased the
surface roughness. About 8.5 nm of depth and as a result is an
increase in overall roughness from 3.84 to 6.31 nm. The elec-
trical characteristics of composite were carried out with the
help of an I-V characteristics probe station. The transfer line
measurement (TLM) is used to measure the sheet resistance
and contact resistance. As shown in Figure 10, proposed
polymer-based interconnect provides better linear fitting for
resistance respect to the varying distance when compared to
un-doped PEDOT:PSS film [23].

The polymeric composite design benefits from both the
fillers’ high conductivity and the polymers’ softness [24]. It
displays a high elastic modulus, but the majority of poly-
mers, which are also soft and supple like human skin which
are insulating. When compared to its metallic equivalent,
the polymer connector has less roughness. In compari-
son to metallic interconnects, such polymer composites
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FIGURE 9: Optical image of PEDOT:PSS on PDMS substrate.

have higher stretchability values. As distance increases, the
interconnection’s resistance changes continuously [25]. Due
to their availability, higher conductivity, and cost-effective-
ness, polymers are frequently employed as conductive

fillers. However, in practice, bigger conductors are more
expensive, and manufacturing technologies also have a
limit on how thick they can be. The fabrication approach
increases the polymer interconnects’ durability while being
very cost-effective.

5. Conclusion

This paper discussed the fabrication of polymer-based
stretchable interconnects using various conductive materials.
As a substrate for all types of interconnects, the elastomeric
polymer PDMS was used. Au films have long been employed
in conventional electronic devices as standard conductors. To
deposit 50 nm MTF on soft substrates, an optimized fabrica-
tion process was developed. Microfabrication technology is
used in the procedures. Resolution (up to 5m), flexibility,
and reproducibility are all advantages of these processes. Spin
coating provides solution for uneven thickness on PDMS sub-
strate. In order to create a hybrid conductive film, a second
metallic layer was to be deposited on the PEDOT:PSS film.
As a result, manufactured interconnect resolution falls short



International Journal of Polymer Science

3500
3000
2500
El
=
o 2000
3
=
<
% 1500
9]
[~
1000
500
0
10 15 20 25 30
Distance (mm)
=0O=— TLM

==O= TLM-Linear Curve Fitting

FIGURE 10: Measurement results with TLM-linear curve fitting.

of that of microfabrication. To enhance the resolution and
flexibility of composite-based interconnect fabrication, the
screen-printing process is being improved. The polyimide
must undergo etching in O, plasma setting as well as to wet
etching the pattern metal layer. As the interconnects must
be transmitted from such a carrier semiconductor to polymer
substrate, the fabrication process becomes much more compli-
cated. The synthesis of composite-based ink for screen printing
interconnections is a future goal. Screen printing cannot be per-
formed using the present PEDOT:PSS composite. On the basis
of the composite’s encouraging electromechanical responses to
strain, more advancements in size reduction are envisioned.
The integration of stretchy interconnects with multiple sensor
modulus in a greater sensing density is another goal of future
research. The sensors are now integrated separately, which
takes a lot of time and makes the procedure less reproducible.
For the integration of various sensors, the more efficient
approach needs to be investigated.
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Due to their profusion, high durability, and rigidity, lesser weight and biodegradable nature nanocellulose (NC) is observed as the
challenging tasks for the aspirants in making of the green composites. The continuous network of the cellulose nanoparticle
connected through hydrogen bonding is happened mainly due to the reinforcing effect allocated to the mechanical reoccurrence
phenomenon of the NC. When comparing with the nanocrystalline cellulose, the NC has significant convincing progress in the
durability and rigidity, and the aspect ratio of the NC is higher than that of the NC crystal. The reinforcement effect of NC is the
characteristic of the NC polymer interaction as well as the reinforcement effect eventualizing through stress transfer at the NC-
polymer interface. Thus, the concentration of the reinforcement particle rises to the saturation level due to the frailty of the NC
reinforcement constituent and due to surface compliance between the matrix and the filler. Due to its structural firmness and
mechanical behaviors, the NC compounds are used in many industrial applications like tissue engineering, food packaging, and
electronic applications. The stretchable electronic systems and instruments are awaiting the maximal attention due to its essential
applications in certain domains, such as robotics artificial intelligence, brain control and machine interface, clinical devices, and
health care electronic monitoring devices. In addition to that, when realizing the operational performance of electronic devices, the
electronic instruments and systems must be physically expandable and flexible. The proposed study deems the technique of
reinforcing the NC compounds as green agent in electronic applications, which has been associated with the composites of polymer
matrix. The elongation could be achieved through the formulation of composition via elastomers. In addition, it is being focused on
the illustration of functional soft development of materials that is inclusive of the conductive intrinsic polymers for the elongated
electrodes and electrothermal conversion and vice versa, occupying the maximal area along with tactile sensing elements.

1. Introduction polymer material, many researchers are aiming to work on

the biocomposite. Basically, green polymeric composites are
Due to the environmental agitation, reduction in fossil ~ environmentally safe, completely degenerative, and maintain-
resources, and rise in the manufacturing cost of the synthetic ~ able. The growth of green polymer composite would evade
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TaBLE 1: Summary of nanocellulose-essential and capable-trendy applications.

Essential nanocellulose features Applications

Properties

Sectional automatic interiors

Nanofiber cellulose (NCF)

Substrates to determine the activity of cellulose
Material reinforcement in polymeric vector substance

Reinforcement of paper

Nanocrystalline cellulose
(NCC)

Antireflective-coated films

Adaptive and controllable delivery of drug

Maximal tensile strength
Better dispersion
Equal competence to real time cellulose substance
Maximal strength
Minimal toxic behavior

Maximal aspect ratio

Applications in biomedical imaging

Applications in various domains of electronics

Bioclinical applications

Nanobacterial cellulose (NBC)

Binder in the production of paper

Optically characterized opaque film

Artificial layered skin

Minimal toxic to a cell membrane
Very pure substance
Peak modulus and peak crystalline envelope

Maximal peak hydrophilicity

the disposal limitation of the plastic polymer composites. This
method is proven very tedious and profitless, and it provides a
bad impact on the environment [1]. Several non-renewable
resources are needed for the manufacturing of the plastic com-
ponent. The reinforced cellulose derivative is present in the
green polymeric component due to this nature that it is capable
of gaining improvement in the mechanical and electrical prop-
erties as well as the biodegradability of the polymeric sub-
stance, leading to the rise in the mechanical nature of the
substance, less density, and presence of the cellulose compo-
nent. Compared to the inorganic mineral, they have less bond-
ing effect and are also best suited to produce less specific
weight. With the change in the chemical nature associated with
the degradation of the polymer, it might occur with the
changes in the composition of the green composites [3]. Thus,
leading to the drop in the structural and mechanical properties
and reformation of the substance, it tends to do favor for the
environment. The green polymeric components are used in
many applications, such as production of the large number of
products with minimal life process or the product, which are
used once preexisting to dispersal [2]. The foremost step to
be carried in improving the interfacial adherence between dif-
ferent components is that modifying the cellulose as reinforce-
ment agent as well as the polymer matrices, leading to the
augmentation of the mechanical, barrier, and the resistance
nature. With the methods of dewaxing, acetylation, silane
treatment, and peroxide treatment, the modification of the sur-
face is done [4]. Therefore, to improve the mechanical strength
and the reinforcement effect of the polymeric composite devel-
opment of the nanocomposites is main task. Nanocomposite
comprises the nanosized reinforcement element, having a
dimension of 100 nm. Knowing the biological origin acquire-
ment of the nanoelement from the various renewable resources
is possible. These nanocomposites and green composites have
a distinct property [5].

1.1. Nanomaterial-Multifunctional Nanocellulose. Cellulose
is considered one of the most important polymers on the
earth. The cellulose has the following properties that it does
not have color and smell, and it is a non-toxic polymer, with
high mechanical property, hydrophilicity, biocompatibility,

high absorption capacity, and changeable optical appearance
[6]. The cellulose does not exist in an isolated manner and is
formed by the group of cellulose chain producing fibers. Due
to the wider intensity of the OH bond in the structure, there
exists the hydrogen bond in the structure. The morphologi-
cal hierarchy is also called as the elementary fibrils, and they
are combined into a larger unit called microfibrils later and
are modified into a fiber structure. In the cellulose structure,
various regions are formed; the highly ordered regions are
called as crystalline and the disarranged order amorphous
[7]. The nanocellulose (NC) structure is obtained from the
extraction of the crystalline structure. Thus, the obtained
nanoparticle may vary in size range having a diameter of
5-30nm and with the length of 100-500 nm, or the length
may vary from several micrometers. The nanoparticle is an
elongated rod-shaped structure, they are composed of nano-
particles, and the single rod is considered as the rigid cellu-
losic crystal [8]. The best quantified NC is used in various
applications. The lists over the trendy and essential NC
applications are shown in Table 1. The various forms of
the NC are opaque films, paper, hydrogels, aerogels, and
sphere-shaped particles [9].

2. NC Synthesis Process

Figure 1 depicts the procedure incurred for the production
of the NC. The NC is produced by the use of hydrolysis pro-
cess, with the cellulose material under specific time, temper-
ature, and agitation. The NC preparation includes the
following aspects, that is, the ratio of the acid to cellulosic
fiber to that of the nature of the acid [7]. The dimension of
the NC is defined mainly by the origination of the cellulose;
it also depends on the acid species, acid concentration, time,
and temperature acquired for the hydrolysis process. Dialysis
process is carried toward the distilled water in order to pre-
vent spreading of the free acid molecules [10]. Depending
on the origin of the cellulose fiber, specified hydrolysis pro-
cess and separation process are performed. The rod-like
nanoparticle may have size range of about 5-20 nm, and it
may also vary from 100nm to numerous micrometers,
respectively [11]. The process, such as dissolving, catalyzing,
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and hydrolysis of cellulose, is carried by the usage of the ionic
liquid. The newer version of the ionic liquid has been discov-
ered; it is composed of the hydrogen bond donor molecule
with that of the halide salts.

2.1. NC Property and Its Applications. The characteristics of
the NC may differ from that of the classical material with
regard to its morphology, geometric dimension, high specific
surface area, alignment, orientation, and toxicity. It has the
physical property merely the same as that of perfect crystals.
The crystalline nature of NC provides no pattern of chain
folding. The strength and the modulus are given by 7 and
140-150 GPa, respectively [12]. From the architectural rep-
resentation, NC comprises the homopolysaccharide with 8
-1,4 anhydro-D-glucopyranose unit with varying hydroxyl
groups 101 and 102. The OH groups are helpful in the for-
mation of the hydrogen bond, and it plays a key role in the
production of the semicrystalline packing and fibrillary,
which reigns the objective of the cohesive component.
Therefore, to perform surface functionalization, the OH
groups are awarded with NC having various reactive sur-
faces. The NC is considered less toxic [13, 14].

3. Reinforcement in Composite System

The measurable effects are produced by adding the rigid par-
ticle with that of polymer material namely increased stiff-
ness, depletion in the thermal expansion coefficient, and
rise in the creep resistance and fracture toughness [15].

3.1. Principle and Theory. The factors that affect the mechan-
ical behaviors of the components are its size, shape, and the
aspect ratio. While determining the mechanical property of
the non-spherical NC, the following parameter to be consid-
ered is its orientation with respect to its applied stress. Like-
wise, with the variation in the shape of the particle, the
mechanical performance of the reinforced polymer gets

affected [16]. This effect mainly occurs in the non-spherical
shaped NC composite. Hence, several studies proved that
the crystal structure of the NC produces better reinforcement
comparative to that of the fiber-shaped structure [17]. The
various compositions of the nanoparticle are arranged very
densely compared to the monodispersed nanoparticle, thus
leading to the formation of the agglomerates. Therefore, to
yield larger moduli, the aggregated particle transfers large
sum of load comparative to that of the primary particles
[18]. NC particle is composed of multiple hydroxyl groups
that stimulate both the physical and chemical relationships
between the matrices and the NC, thus resulting in rise in
the strength of the material. The strength and the stiffness
of the material are increased by its dispersion quality.

3.2. Reinforcement of the NC in Synthetic Polymer Composites.
The reinforcement effect of NC is distinguished by its crystal-
line and amorphous nature. The cellulose chain in the crystal-
line region accords to the stiffness and elasticity of the
material, whereas for the amorphous region, it bestows to
the plasticity and elasticity in case for the bulk material. The
coefficient of the NC is obtained by the combination of the
amorphous and crystalline domain. The wet NC is used to
get better mechanical property of the material.

3.3. Performance of Mechanical Properties over the NC/Epoxy
Composites. Epoxy components are generally malleable, and
they get break down at large stress and strain. Basically, the
strength and the coefficient of the material get raised by addi-
tion excess weight of about 0.3-0.6%. This growth is mainly
due to the reunion of the epoxy component. The capacity of
the epoxy composites is mainly dependent on the strength
and the stiffness of the material. If the epoxy reunion gets
poor, there arises a problem in carrying external load. There
occurs an excitement between the NC and the epoxy when
the bonding between them gets stronger. This, in turn,
increases the coeflicient of the composite. When the required



amount quantity of the NC is added to the saturated volume,
it ends with poor stresses and strains. Due to intermodular
forces, NC usually forms bundle of aggregates having the
aspect ratio less than the discrete dispersal particle. The sur-
face functionalization is registered to increase the wettability
of the NC facet. This leads to raise in interfacial interaction
between the epoxy composites, whereas the salination of the
NC decreases the nature of the brittleness of the composites,
thus leading to betterment in the coverage of the NC; at the
higher temperature, the reinforcement effect is achieved.
Grafting helps in improving the dispersion of the NC in the
epoxy matrix. The toughness nature is persuaded by the
hyperbranched polymer structure because of the wide inter-
action between the composites.

3.4. Performance of Mechanical Properties over NC Polyurethane
Composites. The polyurethane material basically has high flex-
ibility and high deformation property. The mechanical
behaviors of the polyurethane are affected by adding NC at
when the strain at the break decreases Young’s modulus and
the strength of the certain levels. The coefficient of the poly-
urethane is grown by 253% by adding 4 wt% filler. Compos-
ites get increased, leading to the increase in the NC in the
form of fiber and crystals. The strong interfacial bonding
occurs with the rise in the tensile strength. When comparing
with NCC to that of NCF, NCC has much higher tensile
strength because of the emergence of the interconnected net-
work. The origination of the interconnected cellulose network
tends to rise in the increased filler content. The emergence of
network in NC is attributed to the flexibility as well as the
aspect ratio. It leads to reunion of the NCF and polyurethane
as they avoid the movement of the polymer chain, which
results in high strength and high numerical coefficient value.
Due to the flexible nature of the NCF, there is an occurrence
of several inter hydrogen bonds. The physical reunion
occurred mainly due to hydrogen bonds. This tends to influ-
ence the mechanical behaviors of the composites [19]. The
formation of hydrogen bond takes place with the HS and SS
of the urethane group. The hydrogen bonds form when link-
ing the polyurethane molecule and NC. With the addition of
the NC to that of the NC polyurethane, the viscosity gets
increased.

3.5. Performance of Mechanical Properties over NC Polyester
Composites. The tensile strength of the polyester composite
is between 831 and 987 MPa. This occurs with the addition
of 6wt% of the NC. Further adding NC with the polyester
matrix has given rise to the tensile strength with the 10%
of 4wt% filler loading. The tensile strength increases because
of the reduced volume fraction of the polyester component.
When disputing the mechanical property of the composites,
the acquirement of the NC interconnections bond is being
obtained. These networks are capable of enacting as a load
bearing component.

3.6. Mechanical Performance of NC Polyethylene Composites.
With the addition of filler, the gradual increase in the
strength and the Young’s modulus is obtained by the poly-
ethylene composites. Thus, this increment in these parameters
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says there is no variation between the NCC and the NCF. The
rigidity of the NC comes up with the decrease in the elonga-
tion of breakup.

3.7. Reinforcement of NC in Biopolymeric Composites. The main
phenomenon to be considered for achieving best mechanical
property of the composite is good interfacial interaction and
stress transfer within NC and polymer matrix. NC may best
accompany with the aqua; hence, biopolymer matrix is best
suited for the dispersion process. The selection of the biopolymer
is one of the main aspects in this process.

3.8. Mechanical Aspect of NC Polyvinyl Alcohol Composites.
The tensile strength of the polyvinyl alcohol may be
73 MPa. The tensile strength of the NC is increased by 3-
5%. The mechanical property of the composite is increased
by the intermolecular force between the NC and the polyvi-
nyl alcohol. The reduction in the dispersion of the composite
leads to the reduction in the tensile strength of the compos-
ite [20, 21].

3.9. Mechanical Performance of NC Gold Polyvinyl Alcohol.
The existence of the polyvinyl alcohol on the base of the
NC tends to increase the ductile nature of the composite.
The crosslink is formed between the NC and the gold poly-
vinyl alcohol due to the presence of the gold particle on the
NC, thus leading to the formation of the better polymer
chain with increased strength and the coefficient value.

3.10. Performance of Mechanical Properties over NC Epoxy
Polyvinyl Alcohol Polyacrylamide Composites. When there
is less bonding between the NG, this poly acrylamide is capa-
ble of producing better tensile strength. The process of syn-
thesizing a minimal quantum of graphene oxide has been
depicted in Figure 2(a), and its formulation of nanocompos-
ite film has been depicted in Figure 2(b). The hydrogen
bonding takes place at all of these places with the presence
of the NC. This hydrogen bonding takes place between the
NC and the polymers. The chain mobility gets decreased
due to this effect.

3.11. Mechanical Performance of Chitosan Composites. Chi-
tosan has been used in lot of studies due to its composition;
it has 1-5wt% with the tensile property of NCF, having the
young modulus of about 150% and with the composition of
NCF of 12.4%. There are two factors involved in this pro-
cess: one is interaction of the polymer with the nanocrystal
and the other is the reinforcement effect. The interfacing of
matrix and the filler is best carried with the anionic sulfate
group of the NCF and the cationic group of chitosan,
whereas with the composition of 12.4 wt%, NCF is not much
suitable to perform the strengthening of the tensile strength.
The tensile strength has been increased from 85 to 120 MPa
with the gradual rise in the filler component of about 0-
20 wt%. Thus, elongation at break is decreased from 20 to
6wt%. If the component containing more than 20% of
NCG, then there is a decrease in the tensile strength as well
as the elongation at break point. The illustration of poly-
acrylamide scheme characterized with cross-linked structure
has been depicted in Figure 3.
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3.12. Mechanical Performance of NC Starch Component. Due
to poor mechanical property and high hydrophilic nature,
the starch-based film is not much used in several applica-
tions. The coeflicient of the starch film and the tensile
strength gets increased from 7.689 to 1.575 MPa, whereas
the tensile strength gets increased from 7.629 to 1.515MPa,
respectively. The NCF and starch contain hydroxyl group

that are capable for the formation of the hydrogen bond
within the NCF chain and the starch chain.

3.13. Mechanical Performance of NC/Polycaprolactone
Composites. In the room temperature, this component is
mostly ductile and exhibits less elastic coefficient. In addi-
tion, NC of up to 12% leads to rise in tensile strength and
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reduction in strain at break [22]. This rise leads to hardness
of the NC. The NCF and starch contain hydroxyl group that
are suitable for the formation of the hydrogen bond.

3.14. Reinforcement of NC in Rubbery Composites. The
stress—strain curve of NC composites exhibits similar fash-
ion. Having less NC content, the rubbery material exhibits
the non-linear behavior. The NBR chains are formed due
to rigidity and highly crystalline nature. The composite
material constitutes both the rubbery material and the NC.
The characteristics over the physical and mechanical proper-
ties of CNC content across tensile strength have been
depicted in Figure 4.

3.15. Performance Realization of Bulky Chain Natural Rubber
Composites. The tensile strength of the natural rubber com-
posites is increased by 250%, having the addition of the NC
from the 3-15 phr. The rise in mechanical property is due to
interaction property, reinforcement effect, and dispersion
between the nitrile and the NC [23]. Likewise, with the tensile
strength and the coefficient value, the tensile strength of the
nitrile gets raised due to rise in the concentration of the NC
of up to 15.88% kN/m. One of the essential factors that hinder
the commercial degradation of nanoparticles is the non-
presence of robust and quick characterization strategies for
performing an effective process and quality assessment along
the manufacturing loop. Particularly, this challenge is more
significant for the existing industry of producing nanoparti-
cles. In spite of its impressive NC properties, it could be mod-
ified in its technical form of production in reaching its
maximum potential in its functioning. In addition, the
enhancements of its tool of measurement in characterizing
its capability are also one of the biggest challenges to be
addressed.

3.16. Mechanical Performance of NC Butadiene Rubber. The
mechanical performance of the NC butadiene rubber is sim-
ilar to that of the nitrile rubber, and the tensile strength and
tear strength of the butadiene are about 16.9-24.1 MPa and,
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thus, 43.5-65.3 MPa, respectively. The excellent interfacial
bonding and the distribution are mainly due to rise in the
modulus and the strength of the material. The cross-
linking between the matrix and the NC is mainly due to
NC and the nitrile butadiene rubber, as shown in Figure 5.

3.17. Illustration of Sensors Like Skin for Robotics. Being
expandable, one of the most essential qualities of skin sur-
face is transducing the deformations characterized under
mechanical properties for movement, perception over tactile
strength, and essentially manipulating the objects [24]. In
addition to that, the skin could also make the sensing of
humidity, temperature, and vibrations, as depicted in
Figure 6. In both men and women, the detections over the
sensations associated with the tactile properties are made by
mechanoreceptors [25, 26]. The spatial density and the sensi-
tivity associated with mechanoreceptors change across the
whole body with the maximal performance and count being
placed at the forearm and the leg, as depicted in Figure 6. In
order to manufacture the materials, which are maximally sen-
sitive under the deformations of mechanical structures, the
demonstrations over the nano- and the microstructuring of
various elastic composites and substances have been estab-
lished. This adheres to piezo sensitivity. The most regularized
form of piezo-sensitive substances is declared to be as carbon
conductive inks or elastomers with which the variation in the
resistivity of the material is being explored with the induced
strain or pressure.

4. Results and Discussion

4.1. Potential Application. These NC composites are used in
various applications, such as food, packaging, automobile,
water treatment, and in the paper industry. There are vari-
ous functions involved in the food packing process; one such
process is to increase the food packing property. Polymer-
based food packing has best result in the food packing indus-
try, in which the foods are prevented from dust, oxygen,
moisture, and microorganisms, thus leading to rise in main-
taining the quality of the food. In the food packing industry,
the NC is best suited for the filler application, as shown in
Table 2. NC has been used as filler to increase the mechani-
cal property during packing.

NC is a non-toxic material, and it is used in several bio-
medical applications. In tissue engineering and in the drug
carrier, the potential of the NC plays a wide role, whereas
several studies have proven to show the increase in the
porosity of about 93%, bulk density of 0.02g/cm, and
absorption ratio of 3000%. NC crystal also possesses grafting
property. They are also used in the electronic application.
The mechanical property of the PEO is increased by the elec-
trospinning property of the polyethylene oxide and poly lac-
tic acid. Polyvinylidene fluoride-co-hexafluro propylene is
used in segregation of the lithium ions in the batteries. In
rubber industry, they are used in the reinforcement property
of the NC crystals as well as the NC fiber.

4.2. Reinforcement of NC in Industrial Electronic Automation.
A magnificent enhancement in the utilization of naturally
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TAaBLE 2: Properties of biodegradation associated with nanocellulose system of composites.

Composites of nanocellulose Degradable performance Test over degradation
NCF (PLA) The rapid initialization of degradation has been made around 5-9 weeks ASTM D54426 at 60°C
Bacterial cellulose/starch Cent percent degradable at 30°C Soil

Nanocellulose/NR After the competition of fourth week, the degradation exists over 76% Soil
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TaBLE 3: Applications on nanocellulose polymer substrates, illustrating the electronic and mechanical domains.

S Usage of composite Inferences

no substance

1 Digital and electronic ~ Nanocellulose polymer composites have been utilized in manufacturing smart and intelligent cards, solar
display cells, radio spectral frequency tags, solar cells, and medical wearable sensing equipment [29].

) Automotive A substitute composite material for carbon or glass fiber nanocellulose substrates that are essentially utilized

mechanical parts for door and window panels and glass substances
The improvisation of nanocellulose polymer substrate has been realized greatly over the electronic and
3 Packaging mechanical performance when compared to the pure polymer; it is being inferred that the permeability of O,

content and the transmission rate of water vapor are also highly enhanced

existing polymer composites of fiber in the previous decades
has been noticed, for its implication in various applications
in different domains, such as construction machineries,
sports machineries, automotive electronic machineries, and
smart artificial intelligence machineries. Most of the coun-
tries in Europe have inculcated many efforts for enhancing
the utilization of naturally developed polymer composites
both in hybrid and pure nature in the components of automo-
tive sections [27]. The major pioneers in the industrial auto-
mation also been developed in utilizing these nanopolymer
composites for the non-structural and the structural elements
in automobile applications. A major potential is being
enforced on utilizing certain natural fibers such as flax, hemp,
jute etc allowed to mix with glass or carbon resulting in hybrid
form for the automotive electronic parts. The non-natural
mixed fiber substances are being integrated with the elec-
tronic components with which its reliability of functioning
is totally dependent on its internal bonding characteristics
[28-29]. The common existing fiber composites, such as glass
and banana, neither hybrid form of both being built with
these NC structures, are implied for structuring the bumpers
and other polyvinyl components in modernized vehicles. The
reinforcement of polymer composites incorporating the
banana fiber has been utilized for manufacturing the casings
of mirror. The resins built by thermoset and hemp have been
designed with complete body automotive functioning under
certain electronics mode, and this is incorporated by Henry
Ford. In addition to that, the electronic parts associated with
the inserts and the door panels have been built with hybrid
form of hemp-kenaf-wood composite mixtures. The rein-
forcement of sisal fibers within the poxy vector is being utilized
for manufacturing cylinders for different electronic automotive
applications. Table 3 depicts the applications on NC polymer
substrates, illustrating the electronic and mechanical domains.

5. Conclusion

NC is characterized by the following properties, such as the
crystalline and amorphous property. Depending on its size,
the NC has better surface area, better dispersion and wetta-
bility, and increased interfacial bonding ability. The hydro-
philicity may occur due to surplus quantity of the hydrogen
group, thus ensuring the biodegradability and green nature
of the NC composites. Various works have been enacted on
the synthetic and natural polymers reinforced by the NC. In
this proposed study, the applications are mainly highlighted

with the enhancement and utilization of NC polymer sub-
strates in both the domains of mechanical and electronics
along with the illustrations of its unique properties. This
shows the advancements in its properties when its utilization
has been used in hybrid form in the state of mixed composi-
tion. It demonstrates its potentiality of being different and
advantageous than the conventional mixture of composite
substance that has been used traditionally. Future work
includes the NC usage in the environmental application, such
as water spitting as photocatalyst and in biomedical applica-
tion including the antioxidant and drug carrier.
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In the present scenario like COVID-19 pandemic, to maintain physical distance, the gait-based biometric is a must. Human gait
identification is a very difficult process, but it is a suitable distance biometric that also gives good results at low resolution
conditions even with face features that are not clear. This study describes the construction of a smart carpet that measures
ground response force (GRF) and spatio-temporal gait parameters (STGP) using a polymer optical fiber sensor (POFS). The
suggested carpet contains two light detection units for acquiring signals. Each unit obtains response from 10 nearby sensors.
There are 20 intensity deviation sensors on a fiber. Light-emitting diodes (LED) are triggered successively, using the
multiplexing approach that is being employed. Multiplexing is dependent on coupling among the LED and POFS sections.
Results of walking experiments performed on the smart carpet suggested that certain parameters, including step length, stride
length, cadence, and stance time, might be used to estimate the GRF and STGP. The results enable the detection of gait,
including the swing phase, stance, stance length, and double supporting periods. The suggested carpet is dependable,
reasonably priced equipment for gait acquisition in a variety of applications. Using the sensor data, gait recognition is
performed using genetic algorithm (GA) and particle swarm optimization (PSO) technique. GA- and PSO-based gait template
analyses are performed to extract the features with respect to the gait signals obtained from polymer optical gait sensors
(POGS). The techniques used for classification of the obtained signals are random forest (RF) and support vector machine
(SVM). The accuracy, sensitivity, and specificity results are obtained using SVM classifier and RF classifier. The results
obtained using both classifiers are compared.

interaction are feasible. Initially, age estimation was done
on facial features. At distance, the facial features have low

Utilizing biometric information, identity recognition is
being done in many scenarios. Even gender recognition
and age estimation are being done by such information.
Human age estimation has emerged as an important area
of research [1], such that minors can be prevented from pur-
chase of banned items and also access of inappropriate web
pages. Further, elderly monitoring and human-computer

resolution on constrained details [2]. Every gait cycle con-
sists of two steps and spans the time between the first time
an event occurs with a particular foot and the next time it
occurs with the same foot. Due to their superior elasticity,
reduced Young’s modulus, better strain limitations, impact
strength, and shock resistance, polymer optical fibers (POFs)
outperform silica optical fibers [3]. The use of POF for gait
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FIGURE 1: Structure of FOPS smart carpet for gait analysis.

examination has several applications in the clinical setting,
including sensors for tracking joints angular movement, heel
pressure, gait frequency, and foot positioning during the stride.
Over the years, many POF sensor designs have been put forth,
fiber Bragg gratings (FBGs), and interferometers. In terms of
cost, manufacturing complexity, and signal processing simplic-
ity, intensity variation-based sensors outperform the others.
Since each sensor would need a photo-detector and a light gen-
erator, the absence of multiplexing abilities poses a significant
obstacle to the implementation of intensity deviation sensors
in the measurement of multiple parameters.

In Leal-Junior et al. [4], an insole POF-based gait signal
detector and an intensity deviation POF curve sensor were
created. For the practical testing of the sensors, a robotic
leg and an electrical stimulating system for gait intervention
were utilized. A method to monitor ground reaction force
(GRF) throughout the gait phase was described in Leal-
Junior et al. [5]. Because of the viscous elasticity, this poly-
mer is not able to respond in accordance with stress consis-
tently. Therefore, a method compensating for this impact is
also suggested. Avellar et al. [6] created an intelligent carpet
for measuring gait patterns and GRF built on POF. One fiber
of the recommended carpet includes amplitude variability
sensors and two photodiodes for acquiring signal. Multiplex-
ing technology is centred on coupling among the luminaires
and POF longitudinal portions. Specifically, built wearable
foot sensors implanted in the shoe liner were used by
Bucinskas et al. [7] to develop a system for fall prediction.
By analysing, parameters such as weight, step size, and tim-
ing of phase enable gait evaluation.

A multiplexing strategy relying on light source coupling
was presented in as a solution to this problem. In this tech-
nology, photo-detectors are placed above POF edges; mea-
sure the power of sensors’ optical fluctuation during the
activation of light sources. This approach yields better spa-
tial resolution. Additionally, compared to other systems,
the intensity deviation multiplexing approach produces a
device at a cheaper cost [8]. Involving a mainframe can
improve surveillance systems’ intelligence, analyse customs,
and allow robots [9]. Artificial intelligence-based gender cat-
egorization may utilize facial [10], vocal [11], or gait [12]

inputs. Among these, gait has become the most sophisticated
feature, being detected from a distance [13]. Many pioneer-
ing works on this have been reported. Furthermore, gait can
be utilized for gender classification as done by Kozlowski
and Cutting [14].

This research introduces the development of a smart plat-
form that measures GRF and spatio-temporal gait parameters
(STGP) using a polymer optical fiber sensor (POFS). The POF
is made up of polymethyl methacrylate (PMMA), fluorinated
polymer cladding, and polyethylene coating. The features
obtained from the proposed POEFS in the form of signals are given
to the classifier to analyse the gait. The accuracy, sensitivity, and
specificity results are computed by utilizing various classifiers
such as support vector machine (SVM) and random forest (RF).

2. Materials and Methods

2.1. Polymer Optical Fiber Sensor. The construction of the
POFS smart carpet is performed on a single POF arranged
perpendicular to the walking direction between two 60cm
x 2m polyethylene layers, as shown in Figure 1. The POF
was composed of PMMA having 980 yum core diameter,
fluorinated polymer cladding (20 um), and polyethylene
covering, which provides 2.2 mm overall diameter. A flexible
light-emitting diode (LED) lamp strip that is laterally placed
serves as the light source and the sensors’ reactions. The
FRMD-KL25Z microcontroller handles signal capture and
LED control. When contrasted to industrial devices often
utilized for gait assessment, this leads to a cheaper cost solu-
tion. It must also be mentioned that the planned POFS smart
carpet does have a modular design, which means that the
system may be built with varying numbers of LED elastic
light belts across the span total span.

To ensure the appropriate length and thickness of the POF
sensor, it is mounted on a permanent support. 20 sections are
created laterally on the fiber with 20 cm separation. Each lateral
part is outfitted with LED flexible light belts. When pressure is
imparted to each lateral part, an optical power change occurs,
which P1 and P2 detect. The optical power fluctuation of all
20 sensors was measured using two photo-detectors. Thus, P1
acquires the responses of 10 sensors (Rp,), whereas P2 acquires
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FIGURE 2: Characterization setup: (a) characterization of force; (b) characterization of space.

the responses of the other 10 sensors (Rp,). A microprocessor
regulates the activation rate and sequence of one LED belt at
a time. This is accomplished by activating two sensors (left
and right) at the same time. The acquisition pattern is obtained
from LEDs 1-10 with 30 Hz activation rate. Furthermore, the
microcontroller is in charge of acquiring the optical signal
detected by individual photo-detectors. Figure 2(a) depicts the
setup for the characterization of force. The next approach is
the characterization of space that depends on the placement
of foot in specified distance markers. The purpose of this pro-
cedure is to link optical intensity with carpet distance. This
assessment is connected to the force description since the sen-
sor reaction with predetermined weights must be obtained pre-
cisely on the top of sensors. The setup for the characterization
of space is depicted in Figure 2(b).

Equation (1) is used to compute the association between
the attenuation of optical energy and the person’s distance
towards the POFS. F; indicates the force deployed over the
POES. F,, is the applied force alongside the fiber. n denotes
the separation between F, and F,. | denotes the spacing
between LEDs.

(1)

Figure 3 depicts the reaction of detectors towards the
loads given POFSs in the force evaluation, including the
coefficient of determination (R2) and relative errors.
Markers stand for the observed response, and consistent
lines indicate the fitness of POFS. Figures 3(c) and 3(d) show
the behaviour of load administration and a saturating pro-
pensity for larger loads. Figures 3(a) and 3(b) depict the
responses of POFS. Since linearity and sensitivity are con-
nected to the manufacture of each sensor, sensitivity varies
for each light detector. Interestingly, the sensors 1 obtained
by each optical detector exhibit polynomial behaviour.

2.2. Feature Extraction. There are two categories of human
gait representation [15, 16]. The frequency model-based fea-
ture is not reliable. Therefore, another set of features such as
force and space-based features have been used [17]. All data
for experimental purpose are obtained from the POFS-based

carpet. Human gait signals may be extracted using filtering
and thresholding. In Wang et al. [18], extracting human gait
features from signal sequences has been done. As the fea-
tures of the gaits are not unique, normalization has to be
done to bring to the same value.

2.2.1. Gait Energy Signals. Gait energy signal (GES) gives the
spatiotemporal data of silhouette out of the whole cycle of
gait. By obtaining mean of the signals yields a signal repre-
senting energy. D(x, y) representing GES can be calculated
by using Equation (2). Here, N gives a count of gait cycle sig-
nals. x and y indicate the gait signal coordinates.

M=

D(x.y) = % Bt(x. y). (2)

t=1

Taking gait as the relevant characteristics [19], the gait
model (GM) presents the sensitive ageing-related parame-
ters, such as applied force and length of stride varies with
age. Length of stride and force [20-22] are useful parameters
for getting a useful gait-based age descriptor.

2.2.2. Dynamic Gait Energy Signal. Due to the slight move-
ments of legs and the pressure applied on the sensor, static
data from these get into GES. For reducing the impact of
this static information, the dynamic information is attained
with force, leg joint change and stride length represented
by Equation (3).

0 if Igps(x,y) >220

Igps(%.y) = { 1 if Iaps( ) #0 . 3)

Second step computes dynamic part of GES with
“AND” operator in individual signals of gait cycle
sequences after acquisition of the dynamic section of the
signal as indicated in Equation (4).

F'(x,y) = F(x,y) X Iges (% y)- (4)

2.2.3. Gait Energy Projection Model. Gait energy projec-
tion model (GPM) gives the important gender-associated
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left POFS 2 and 4-10 with P2.

In GPM, the two projections are gait energy longitudinal
Transverse Projections projection (GLP) and gait energy transverse projection
Gait Sequences [Force, Stride, Pressure, (GTP).
‘ Angle]
1 M
GLPcycle = M Z GLPi’ (6)
i=1
1 M
Longitudinal Projections GTPcycle = M Z GTP;, (7)
[Stride Length, Body Size, > Concatenation i=1
Cadence Speed
peed] No of sets of signals=M; and i stands for the i™ signal
vector.
2.2.4. Gradient Gait Energy Signal. Based on the averaging
b Prf)PoseélPM concept, gradient gait energy signal (GGES) has more
escriptor mobile attributes than the straight forward gait signals.
Kernels are required to acquire the energy of signals. Ker-
F1GURE 4: GPM descriptor identification. nels create the gradient GGES pattern from energy signal

of gait.

parameter like size of body and variation in the length of 3. Feature Selection Using Genetic Algorithm
stride as depicted in Figure 4.

Genetic algorithm (GA) offers optimization inspired by nat-
ural solution [23, 24]. The operations are iterative and pro-

GPM = {GLPCYdeUGTPCyde}' (5)  vide chromosome as a symbols string. Initial population is
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an arbitrarily created set of strips. Three basic operations of
genetic origin guide the search: selection, crossover, and
mutation. The aim of selecting feature subset is to utilize
lesser number of features, and the performance of SVM
and RF may be evaluated by a validation data set for guiding
the GA. Each feature subset possesses few features. By ran-
dom generation, initial population is selected.

3.1. Particle Swarm Signal Template Optimization. GA and
particle swarm optimization (PSO) are used to attain the
borders of GES and GGES contours. The optimization pro-
cess will be performed during the training and testing pro-
cess. The parameters in gait signals are split into categories
of weight (Wy, W, Wy, Wg) and stride (Sy, Sy Sp)- It is
observed that the S;; and S;; are the only parameters depend
on covariate conditions and S, is independent. Swarm tech-
nique is applied in dividing the features of the signal by
closely looking towards the parameters. The use of particle
swarm signal template optimization (PSSTO) has more
impact on the performance of the technique. So, the param-
eters that are retrieved can be tuned by using another over-
laying optimizer. PSO includes necessary parameters such as
position (Xf() and velocity (V};) as described in Equations (8)
and (9). For the i particle at k™ time, the minimum and
maximum ranges are coined by X, , and X_ .., respectively.
The update in velocity at time k + 1 is computed using Equa-
tion (10).

1= X + rand (X0 — Xoin)s (8)
i X T rand (X —X00)
Yy = min max min , 9
k At ( )
i i Pi —Xi Pg _ Xi
V;(+1 = wV}c + C, rand % + C, rand %’

(10)

where P{indicates the overall best position and P'denotes
the best position. C; and C, are the coefficients. The veloc-

ity used to revise the location of particle is computed using
Equation (11).

X, =X, + Vi, At (11)

Updating velocity and position, and fitness computa-
tion are major operations that are repeated until conver-
gence and are depicted in Figure 5.

4. Classification and Recognition

4.1. Training and Testing Phase. The total signals are clas-
sified into training and testing sets. In training phase,
database signals are selected and applied with GES/
GGES. The PSO template and GES/GGES features are
contrasted with test signals. Linear discriminant analysis
(LDA) is selected as classifier to recognize exact signal.
Obtained signal is provided to Principal Component
Analysis (PCA) for additional reduction in dimension.

4.2. Feature Reduction. For feature reduction, PCA and LDA
are the optimum transform schemes. PCA discards labels of
class and its target is to locate the orientation known as princi-
pal component, which maximizes the conflict. LDA computes
the orientation and linear discriminants for maximization of
separation. Combination of PCA and LDA is known to give
good results.

4.3. SVM Classification. SVM classifier with linear kernel
has been one of classifiers, which can categorize the fea-
ture vector with the help of a hyper plane [25]. The sep-
aration between the data is coined as decision hyper-
plane, and the separation from the hyper-plane is
termed margin. Optimum target of SVM training is to
obtain the hyper-plane having highest margin and to
provide accurate classification [26]. Usage of linear ker-
nel reduces the risk of over-fitting the data and
increases the efficiency of classification by reducing
the overall complexity.

4.4. RF Classifier. Random trees, then again, randomize the
choice criteria. A random choice basis is characterized by a
random characteristic and an irregular limit. Random trees,
in this way, separate the preparation information on totally
random characteristics [27]. This randomization primarily
addresses high dimensional information and speculation. A
random tree chooses an irregular element and a random
edge and partitions the preparation pictures at a hub as
depicted in Figure 6.

Recursively, an entire tree and thusly an accumula-
tion of trees are assembled, which comprise a random
timberland. The classification results from each tree
are gathered for an info picture and regularly, a basic
larger part casting a vote plot grants the subsequent
class mark. In the accompanying areas, we present the
utilization of RF on various related picture tasks. The
features extracted consist of feature vectors from the
trained data, and the trained data are given by Equation

(12). Here, T, is the elements that are present in the
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data; each of the data has its own feature which is  obtain the relevant data. The process flow of the pro-
termed c,,. posed POFS signal-based gait classification model is
provided in Figure 7.

D=T cp;nzl,---Nandpzl,mP. (12)

n

5. Results and Discussion

The accuracy of classification increases due to the  The performance of SVM and RF using GA and PSO are
presence of decision trees, which acts the nodes to  contrasted to find out the optimum technique that
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FIGURE 9: Age recognition with PSO and RF.

provides better results. The classifiers are provided with
optimum features provided by GA and PSO algorithms.
Optimal features selected are given as the input to the
classifiers, and the results does not have the effect of
unwanted features.

5.1. Age Recognition. Let us consider age recognition using
GA and PSO optimization with various conditions. The
parameters like recall, precision, and correct classification
rate (CCR) are evaluated. Various descriptors such as step
length (SL), stride length (STL), cadence (CD), and stance
time (ST) are used for the recognition of age. For all the
parameters evaluated, SL produces maximum value. So, SL

can be selected as the optimum descriptor for the recogni-
tion of age. The results obtained for age recognition with
GA and SVM are depicted in Figure 8.

While considering recall (elder), STL produces maxi-
mum value of 93.9%. For all the remaining parameters,
descriptor SL produced maximum values. So, SL can be
selected as the optimum descriptor for the recognition of
age. The descriptor ST provides the lowest values for the
performance parameters. The results obtained for age recog-
nition with PSO and RF are depicted in Figure 9.

5.2. Gender Recognition. Let us consider gender recognition
using GA and PSO optimization with various conditions.
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Various descriptors such as GPM, GES, dynamic gait energy
signal (DGES), and GGES are used for the recognition of
gender. The parameters like recall, precision, and CCR are eval-
uated. During the recognition of gender using GES descriptor,
maximum values are obtained for all the parameters. Lowest
parameter values were obtained for the descriptor GPM. This
implicates that GES is the optimum descriptor for gender rec-
ognition using GA and SVM. The results obtained are shown
in Figure 10.

While performing gender recognition with PSO and
RF, the usage of GGES descriptor provides maximum
value 95.9% for the parameter precision (elder). Maxi-
mum values for all the remaining parameters are obtained
for the descriptor GES. Lowest parameter values were
obtained for the descriptor GPM. This implicates that
GES is the optimum descriptor for gender recognition
using PSO and RF. The results obtained are shown in
Figure 11.
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5.3. Classifier Performance. SVM and RF are the two classi-
fiers used for recognizing various gait-related human biomet-
rics. The performance of these two classifiers is compared to
find out the optimum classifier for gait classification from
the signals obtained from POFS. Initially, SVM is considered
with two optimization techniques such as GA and PSO. The
accuracy comparison is depicted in Figure 12.

PSO-SVM provides the maximum accuracy for different
gait-related analysis. So PSO is identified as the best optimizer
for the selection of descriptors. The maximum overall recog-
nition accuracy is found to be 87.16% for PSO-SVM. In the
next stage of experiment, RF is considered with two optimiza-
tion techniques such as GA and PSO. The accuracy compar-
ison for RF classifier is depicted in Figure 13. In this analysis,
PSO-RF provides the maximum accuracy for different gait-

related analysis. So PSO is identified as the best optimizer
for the selection of descriptors while using RF classifier.

From Figures 12 and 13, it is clear that the maximum
value for overall accuracy of 89.58% is provided by PSO-
RF classifier. This value is 2.42% more than that of PSO-
SVM classifier. So, the PSO-RF classifier can categorize sig-
nals obtained from POFS in an efficient way.

6. Conclusion

This study described the construction of a smart carpet that
measures GRF and STGP using a POFS. The suggested car-
pet contains two light detection units for acquiring signals.
Each unit is capable of obtaining response from 10 nearby
sensors. There are 20 intensity deviation sensors on a fiber.
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One LED is triggered successively using the multiplexing
approach that is being employed. Multiplexing is dependent
on coupling among the LED and POFS sections. Results of
walking experiments performed on the smart carpet sug-
gested that certain parameters, including SL, STL, CD, and
ST, might be used to estimate the GRF and STGP. The
results enable the detection of gait instances, including the
stance and swing phases, stance length, and the double sup-
porting periods. The suggested carpet is dependable, reason-
ably priced equipment for gait acquisition in a variety of
applications. An optimized GA-based approach for auto-
matic feature selection has been proposed. Using PCA and
LDA, irrelevant information has been reduced. SVM and
RF classifier have been used to categorize signals in terms
of person age and gender. This method could provide insight
into gait classification problems with an overall accuracy of
89.58%. The inclusion of polymer-based sensors (POFS)
provided high quality signals, and the analysis provided bet-
ter results. Major merits of using POFS are the improved sig-
nal quality and fast response.
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The development in the use of polyaniline (PANI) in advanced studies makes us draw attention to the presented research and
combine it into one study like this one. The unique composition of PANI qualifies it for use in electrochemical applications in
addition to many other applications whose use depends on its mechanical properties. Based on this, it is necessary to limit the
reactions that produce PANI and the cheapest cost, and then limit the current uses in the formation of nanocomposites with
metals, their oxides, and/or carbon nanocomposites in order to determine what is missing from them and work on it again to
expand its chemistry. The development in the use of PANI in advanced studies makes us draw attention to the research
presented on PANI and combine it into one study. One of the very important things that made PANI possess a very huge
research revolution are preparation in a variety of ways, easy and inexpensive, from which a daily product can be obtained with
very high purity, as well as its distinctive properties that made it the focus of researchers in various scientific departments. The
unique structure of PANI, which is easy to prepare in its pure form or with various chemical compounds including metals, metal
oxides, and carbon nanomaterials (such as carbon nanotubes, graphene, graphene oxide, and reduced graphene oxide), qualifies
it for use in electrochemical applications. The various studies reviewed showed that PANT gave good results in the applications of
super capacitors. In some of the studies mentioned later, it gave a specific capacitance of 503 F/g, cycle stability 85% at 10,000
cycles, energy density 8.88 kW/kg, and power density 96 W h/kg. It was also noted that these values improved significantly when
using PANI with its nanocomposites. Because of its good electrical conductivity and the possibility of preparing it with a high
surface area with nanostructures in the form of nanowires, nanofibers, and nanotubes, PANT was used as a gas sensor. We have
noticed, through the studies conducted in this field, that the properties of PANI as a basic material in gas sensors are greatly
improved when it is prepared in the form of PANI nanocomposites, as explained in detail later. From this review, we tried with
great effort to shed light on this attractive polymer in terms of its different preparation methods, its distinctive properties, its
nanocomposites, and the type of polymerization used for each nanocomposites, as well as its applications in its pure form or with
its nanocomposites in the supercapacitor and gas sensor applications.

1. Introduction interest in the world of scientific research due to their dis-
tinctive chemical and physical properties and their various
During the past few decades, nanomaterials, polymeric mate- applications in photonics, electronics, sensors, conductive

rials, and hybrid materials [1-6] have aroused a distinguished =~ materials, biotechnology, medicine, and pollution control
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[7-15]. Conductive polymers are among the important clas-
ses of polymers that have become popular in recent decades
because of their high efficiency, which made them distin-
guished in the field of electrical conductivity and energy
storage [16-18]. Polyaniline (PANI) and its derivatives,
polypyrrole, polythiophene, poly(para-phenylene), and
polyphenylene sulfide (Figure 1), are among the most widely
used classes of conductive polymers in recent times because
of their good electrical properties that can be controlled,
their good environmental stability, their cheapness, and
their easy preparedness [19-21].

2. Polyaniline

PANI is the most important of these polymers mentioned,
which has been used in research as an advanced polymeric
material during the last decade, because it is a polymer rich
in electrons and has good electrical conductivity, as well as it
has a good ability to modify and processing [22]. PANI has
been used in many applications including solar cells [23],
lithium batteries [24], supercapacitors [25], fuel cells [26],
flexible electrodes [27], corrosion-resistant coatings [28],
water pollutant removal [29], screen printing [30], and sen-
sors [31]. MacDiarmid (1997) suggested different kinds of
basic PANI. He proposed three idealized oxidation state
structures including completely reduced leucoemeraldine
base (LEB), semi-oxidized emeraldine base (EB), and fully

oxidized pernigraniline base (PAB; Figure 2). The EB is the
greatest broadly studied PANI type [32, 33].

Different forms of PANI display various colors like leu-
coemeraldine structure of PANI is colorless or white in
color, emeraldine type is blue in base structure and green
in salt form, and pernigraniline structure is blue to violet
color. Using protonic acids and oxidative doping proce-
dures, EB can be converted into a conducting state
(Figure 3), but this process cannot be performed for LEB
and PAB [34-36].

The color change associated with PANT in different oxi-
dation states can be used in sensors and electrochromic
devices [37]. The best method for making a PANI sensor is
arguably to take advantage of the dramatic conductivity
changes between the different oxidation states or doping
levels [38].

3. Synthesis of PANI

PANI is considered one of the attractive electrical conduc-
tive polymers, because it can be easily converted between
base and salt forms easily by adding base (OH") or acid
(H"). The properties of reduction and oxidation, good elec-
trical conductivity, easy method of preparation, and modifi-
cation in addition to its environmental stability made PANI
one of the most conductive polymeric materials that the
researchers dealt with in their work. In the past, the
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FIGURE 3: Formation of emeraldine salt from leucoemeraldine structure by oxidation and from emeraldine base by protonation.

oxidative polymerization of aniline monomers in an acidic
medium was used to prepare PANI, but with the develop-
ment of work and research on PANI, different methods
and techniques were used to prepare it, including [39]:

1. Electrochemical polymerization.

2. Chemical polymerization.

3. Vapor-phase polymerization (VPP).

3. Photochemically initiated polymerization.

4. Enzyme-catalyzed polymerization.

5. Polymerization employing electron acceptors [39].

3.1. Electrochemical Polymerization. The electrochemical
method for preparing conductive polymers plays an impor-
tant role in the preparation, because in many applications, it
is required to prepare polymers in the form of a thin film
with a wide surface area. When conductive polymers are
prepared using the chemical method, it is difficult to follow
the electrochemical process of the prepared polymers,
because the study of electrical and optical properties
depends mainly on these thin layers of polymer deposited

on the electrode. This method of preparing conductive poly-
mers is similar to the electrodeposition method used in
metals. Electrodynamic and galvanic techniques were used
to prepare PANI as electrochemical methods. The electro-
chemical method used in the preparation includes many
advantages over the chemical method, which is cheap and
easy to operate, giving a very pure and homogeneous poly-
mer deposited on the electrode; in addition, the process
takes place in a simple chamber cell containing a power
source, an electrode, and an electrolyte solution [40, 41].
The electro-polymerization method to prepare PANI fol-
lows the next steps: (1) formation of a positive free radical
(cationic free radical) of aniline monomers by oxidation at
the anode, (2) the combination of the structures formed in
the first step to form dimers through the process of removing
protons and rearranging electrons in the aromatic rings, (3)
the growth of these formed dimers and the formation of
new, larger structures, (4) the last step is the spontaneous acti-
vation of the polymeric chain formed by the acid present in
the solution to obtain the resulting denatured PANI, and this
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is the proposed mechanism for the electro-polymerization of
PANI (Figure 4) [41, 42].

3.2. Chemical Polymerization. The chemical method (oxida-
tive polymerization) for the preparation of polymers is char-
acterized as a simple and cheap method capable of preparing
large quantities of polymers within a short time. Until now,
it is the common method used by many companies to pre-
pare PANTI [43].

In this method, the oxidizing force that initiates the poly-
merization process is provided by adding a chemical oxidizing
agent to the solution. Ammonium persulfate ((NH,),S,04),
sodium vanadate (NaVO,), cerium sulfate (Ce(SO,),), hydro-

gen peroxide (H,0,), potassium iodate (KIO;), potassium
dichromate (K,Cr,O,), and others were used as oxidizing
agents during the polymerization process [44]. In addition,
ammonium persulfate ((NH,),S,04) is one of the most widely
used oxidizing materials in this method. Usually, ammonium
persulfate is used in the polymerization of aniline in an acidic
medium (pH < 3), in order to be suitable for dissolving the ani-
line, to stimulate the initiation of the polymerization process,
and to avoid the formation of unwanted by-products. The usu-
ally used molar ratio between persulfate and aniline (APS/Ani-
line) is less than 1.2 [45].

The mechanism of polymerization of aniline by ammo-
nium persulfate occurs in its initial stages through a
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mechanism similar to the mechanism of polymerization of
aniline by electrochemical method as described previously
[46-48]. The first stage includes the formation of the radical
cation of aniline by capturing nitrogen electrons with
ammonium persulfate [49].

In the second step, the reaction occurs between the
nitrogen radical cation with the radical cation in the para-
site of another aniline molecule, and the reaction continues
(Figure 5). Mostly, the interaction between the radical cation
of nitrogen in the first aniline molecule with the radical cat-
ion occurs in the para site of the second aniline molecule,
but sometimes, the reaction occurs with the radical cation
in the ortho position with the second aniline molecule, and
this leads to a distortion of the resulting PANI chains [39].

3.3. Vapor-Phase Polymerization. One of the important pro-
cesses of PANI synthesis is VPP. This method was used for
the first time to deposit conductive PANI on cotton threads
in 1998, by saturating cotton threads with ammonium per-
sulfate (NH,),S,04, then passing aniline steam over cotton
threads to be coated with conductive PANI [51].

VPP technology is used to manufacture ultra-thin poly-
mer films, such as PANI, polypyrrole, polythiophene, and

others. This process is one of the techniques of self-
assembly polymerization that takes place under the vapor
phase, which can easily prepare thin films of polymers with
very high purity and with superconductivity, because they
are free of impurities, as well as the possibility of preparing
them at the nanoscale [44, 52, 96, 97].

3.4. Photochemically Initiated Polymerization. Photocatalytic
polymerization is a promising and attractive method for
producing PANI with unique properties and compositions.
In addition, it is a very important method for the production
of hybrid materials [53]. In 1998 [54] and 2001 [55],
Kobayashi and co-workers demonstrated that it is possible
to prepare PANI by photopolymerization using single- or
bi-layer films containing [Ru(bipy),]*" as a primer and
methylviologen (MV?**) as an oxidizer, then irradiated with
visible light to give PANL [Ru(bipy),]** is irradiated at the
452 nm region, and this leads to the generation of the triple
excited state *[Ru(bipy),]*". The process of electron transfer
between “[Ru(bipy),]** and MV** leads to the generation of
the strong oxidizer [Ru (bipy),]**, which is responsible for
the process of oxidation of aniline and then polymerization
of the latter to PANL In these studies, the formed PANI



was deposited on monolayer or bilayer films to be used later
in molecular electronics.

Later, different techniques were used for the irradiation
process to form PANI using an external source, including
gamma rays [56], microwaves [57], ultraviolet rays [58],
and X-rays [59].

3.5. Enzyme-Catalyzed Polymerization. The researchers in
the past years have resorted to using enzymes, such as horse-
radish peroxidase (HRP), as catalysts for the synthesis of
some important polymers, such as PANI and poly pyrrole
in the presence of oxidants, such as peroxide [60, 61]. This
method is considered environmentally friendly, because the
peroxide is converted to water, but several studies have pro-
duced branched polymers with low molecular weight. To
overcome these problems, Samuelson et al. [62, 63] used var-
ious electrolytes, such as poly(styrene sulfonate) (PSS) as
templates in the HRP-catalyzed PANI preparation mixture
to produce regular polymeric chains. PSS plays three roles
in this process:

(i) PSS acts as a template that aligns the aniline mono-
mers before starting the polymerization process in
order to arrange the monomers in the desired
head-to-tail coupling position.

(ii) It provides important doping in the process of acti-
vating PANT into the form of electrically conductive
emeraldine salt.

(iii) It imparts the water solubility of the (PAni/PSS)
product [64].

In this method, the polymerization process takes place in
an acidic medium at (pH = 4), in which water-soluble PANI
is obtained [65]. The good electrolytes used are poly(vinyl-
phosphonic acid) and DNA, as well as PSS [66, 67].

4. Properties of PANI

4.1. Physical Properties. PANI has various physical proper-
ties, depending on its three forms, where these forms show
different colors according to their chemical nature. PANI
appears white/clear or colorless if the polymer form is leu-
coemeraldine, and if the polymer type is pernigraniline, it
gives blue to violet color, and if the polymer form is emeral-
dine, it gives blue color if it is basic and gives green color if it
is salt form. PANI also has good electrical conductivity only
in the emeraldine form, and the other types do not show sig-
nificant conductivity [37]. As for solubility, all forms of
PANTI are insoluble in water, acetone, ethanol, and other sol-
vents, but are soluble in dimethylformamide, dimethyl sulf-
oxide, and N-methyl-2-pyrrolidone [37, 68, 69].

4.2. Optical Properties. The optical properties of PANI are
used to study the oxidation level and protonation process
of the polymer. Huang and MacDiarmid observed that when
leucoemeraldine was converted from its base form to its salt
form, a blue shift occurred from 3.94 to 4.17eV. This shift
occurred due to the excitation of electrons between the
locally occupied upper molecular orbital (HOMO) to the
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lower unoccupied molecular orbital (LOMO), where the
absorption peak was observed at 2.1eV [70]. Barbero and
Kotz studied the optical properties of PANI films deposited
on gold, and two absorption states appeared in the UV-vis-
ible region of the oxidized state of the polymer, the first at
3.8 eV (which is due to the m—n" transition®) and the second
at 2.75eV (which is related to the n-to-7* transition), as it
has one absorption band at 1.5eV near infrared and is due
to the transition entering the band [71].

For emeraldine conductive PANI in its salt form, there
are predictions of molecular orbital calculations, and later
(ab initio calculations), where these studies show the pres-
ence of a single broad polaron band within the band gap.
This band is half full, resulting in a signal in the ESR scan.
Calculations of this band structure are consistent with the
observed UV-visible and infrared spectra [72, 73]. The
emeraldine salt in their compact coil structure shows three
bands: the first band at 330 nm, which is assigned to (7-7"
band transitions), and two visible-region bands at 430 nm,
which is attributed to (m — polaron band), and 800 nm,
which related to (polaron — 7*) [74].

4.3. Mechanical Properties. PANI shows a noticeable differ-
ence in mechanical properties according to the polymeriza-
tion method from which it was prepared. Emeraldine salts
prepared by electropolymerization method are highly
porous and have poor mechanical properties. In addition,
PANI films prepared by electropolymerization method have
poor mechanical properties, so they are not used frequently.
As for PANI prepared from solutions, it is more rigid and is
widely used as films and fibers, because it has less porosity
and better mechanical properties [39]. The first to study
the mechanical properties of PANT are Wei et al., where they
noticed that a layer of PANI with a thickness of 0.07 + 0.03
mm at a temperature of 25°C and under nitrogen atmo-
sphere showed a storage modulus of ~200 MPa [75].

4.4. Electrical Properties. PANI is an attractive conductive
polymer that is widely used in the electrical field, because it
has good electrical conductivity in its emeraldine salt form.
When the acid is added with the basic emeraldine of PANI,
it works on protonating the imine group’s nitrogen, thus con-
verting it into a salt, thus turning from the non-conductive
form to the electrically conductive polymer [37]. Generally,
the range of PANI conductivity is from ¢ <107'°S/cm
(undoped base emeraldine) to o > 10 S/cm (doped salt emer-
aldine) [76, 77]. The process of improving the electrical con-
ductivity or increasing the number of different properties of
PANI simultaneously is coupled with the doping process of
the polymer. In recent decades, many researchers in the world
have tended to dope PANI with various classes of chemical
compounds for use in different applications. The purpose of
this is to improve the electrical conductivity of the new com-
pounds prepared (polymer compounds) to be used in that
application [37, 78]. Table 1 shows the electrical conductivity
of the items prepared with PANIL.

4.5. Anti-Corrosion Properties. Corrosion is a chemical
change to the metal due to the environmental influences
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TasLE 1: Electrical conductivity of polyaniline and/or its composites.
No. PANI system Dopant Conductivity S/cm  References
1. PANI-SAP Sulfonic aminophenol 0.13%x 1073 [79]
PANI-H,SO, Sulfuric acid 1.09
2. PANI-NA Nicotinic acid 0.63 [80]
PANI-MNA 2-Methyl nicotinic acid 0.089
PANI Molybdenum disulfide 1.09x 107"
3. MoS,/PANI-8 2.5%107" (81]
MoS,/PANI-38 238
FTO/PANI Florine doped tin oxide (FTO) and graphene (GR) 0.09 [82]
4. FTO/PANI-GR 1 mg 0454
FTO/PANI-GR 3 mg 4.76
5. GO-PANI Graphene oxide 0.1 [83]
PANI Carbon black (CB) 0.01
6. PANI/CB Graphite (GR) 0.03 [84]
PANI/GR Multi-wall carbon nanotubes (MWCNTSs) 0.07
PANI/MWCNTs 2.28
- PANI 0.50 (5]
PANI/MWCNTs MWCNTs 1.95
PANI-Au Gold (Au) 2.13x 107
5 PANI-Au-CSA Camphor sulfonic acid (CSA) 5.42x 1073 [86]
PANI Tin dioxide (SnO,) 0.21
9. PANI-SnO, (0.02 g) 2.6 x10% (87]
PANI-$nO, (0.05g) 3.1x10°
PANI Silver NPs (Ag) 33%x107°
10. . [88]
PANI/Ag 52x10
" PANI 9%-DBSA/DVB Dodecylbenzenesulfonic acid (DBSA) 0.01 (89]
Divinylbenzene (DVB)
12. PANI 13%-DBSA/PC Polycarbonate (PC) 0.01 [90]
13. PS/(PANI-DBSA) 30% Polystyrene (PS) 0.001 [91]
14 PANI 0%/PVA-g-PAA Poly(vinyl alcohol) (PVA)-g-poly(acrylic acid) (PAA) 0.01 (92]
PANI 5%/PVA-g-PAA 0.04
15. RGO/PANI/EVA Reduced graphene oxide (RGO) and ethylene vinyl acetate (EVA) 1.7%x107! [93]
16. PANI-TiO, Titanium dioxide (TiO,) 1x107° [94]
PANI 2.6x 107
17. PANI-TiO, (15%) Titanium dioxide (TiO,) 3.8x1072 [95]
PANI-TiO, 4.8x107
18. PANI-NC Nanoclay (NC) 2.143 [96]
19. PVA/PANI/Ni Poly(vinylalcohol) (PVA) and nickel nanoparticles (Ni) 49 [97]

surrounding it, and it is one of the major problems facing the
various processes that use the metal as a base element in their
applications. Many materials have been used to end or reduce
the corrosion process, and one of these materials is PANI,
which was first reported in the 1980s [41]. PANI was used
to effectively protect steel from oxidation (corrosion) when
it was used with fuel cells at the same time. Research and stud-
ies have proven that preparing layers of sulfate with PANI is
much better and more suitable for reducing the corrosion of
steel than layers of PANI with phosphate [98]. The materials

prepared from PANI molybdate and PANI tungstate as coat-
ing materials to reduce steel corrosion were studied by
Kamaraj et al. [99]. Likewise, with nickel-plated steel, the
PANI coating showed great protection for this steel from cor-
rosion [100]. In addition, Mirmohseni and Oladegaragoze
used PANI-coated iron in different corrosive environments
to study the corrosion potential and corrosion current [101].

4.6. Semiconducting Properties. PANI is considered one of
the most promising materials in the field of electronics due
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TABLE 2: Summary of some polyaniline nanocomposites synthesis with metal nanoparticles.
No. PANI nanocomposite type Dopant Preparation method References
1. PANI/Au Au In situ interfacial polymerization [123]
2. PANI/Ag Ag Oxidative polymerization [124]
3. PANI/Ag Ag In situ photo-redox mechanism [125]
4. PANI/Ag Ag In situ polymerization [126]
5. PANI/Fe Fe Sonochemical method [127]
6. PANI/Ni Ni Oxidative polymerization [128]
7. PANI/Cu Cu Electrochemical polymerization [129]
8. PANI/Pd Pd Templating method [130]
9. PANI/Pt Pt In situ interfacial polymerization [131]
10. PANI/Pr Pr Oxidative polymerization [132]
11. PANI/Se Se Oxidative polymerization [133]
12. La/Cd/PANI La/Cd Graft copolymerization method [134]
13. PANI/CdS CdS Facile chemical methods [135]
14. PANI/PbS PbS Chent’;zi‘lln‘i’;‘:la“on [136]
15. PANI/Au Pd Au Pd Oxidative polymerization [137]

to its good conductivity of electrons. The results of electrical
and thermal conductivity of the ionic liquid of PANT showed
that this polymer is a p-type semiconductor, and the diode
of PANI was prepared by Yakuphanoglu and Senkal [102].
On the other hand, PANI films doped with boric acid were
prepared, then the electrical properties of these films were
examined. It was found that PANTI films doped with boric
acid show semi-conductive properties, and its electrical con-
ductivity was found 1.02 x 107* S/cm at room temperature.
The optical band gap of the PANI films doped with boric
acid was 3.71eV. Because of these semiconducting proper-
ties, PANI is widely used in organic field transistors and in
solar batteries [103].

4.7. Capacitive Properties. PANI has been widely used in
recent years in various electrical and electronic devices, espe-
cially electrical storage devices, such as the super capacitor.
PANTI has contributed to improving the properties of these
energy-saving devices due to the rapid oxidation and reduc-
tion reactions that occur in a large part of the polymer mate-
rial. PANI gives a good capacitive response and produces
superior specific energies compared to double-layer capaci-
tors. Moreover, PANI has a stronger effect than inorganic
batteries and also has remarkable electrical conductivity.
However, capacitors made of pure PANI experience contrac-
tions in the charge-discharge cycle [41, 104]. To overcome
these problems and enhance the properties of the capacitors,
researchers resorted to using other compounds with PANI,
such as PANI-graphene [105-107], PANI-carbon nano-
tubes [108-110], PANI-manganese oxide [111], PANI/
MoS,-MnO, [112], PANI-silver-manganese dioxide [113],
and others. These modifications of the electrodes containing
PANI proved to be of great improvement in the increase of
energy density, stability, and strength [41].

4.8. Magnetic Properties. Due to its high spin density, PANI
shows good interest in magnetic behavior and has been used

in many studies [114]. The paramagnetic nature is closely
and directly related to the magnetic and electrical properties
of electrically conducting PANI, which is caused by the pres-
ence of hydrochloric acid as dopant with PANI as a result of
the oxidation process [115].

The polymeric composite nanotubes (PANI-Fe,O,)
have been prepared in [116], and this composite exhibited
good magnetic behavior and significant magnetic properties.
Similarly, the self-assembly method was used to prepare the
polymeric composite (PANI-Fe;O,) nanorods. In addition,
because hydrogen bonding in methanol and PANI struc-
tures actually affects the polarization, it has been observed
that there are good magnetic properties of iron in PANT [41].

The rotation sensitivity of PANI refers to the magnetic
centers that are found in charge carriers that are implanted
in metal fields as well as those along polymer chains. In this
spin, the electron comes into contact with the samples, and
this leads to clearly showing anti-ferromagnetic properties,
such as paramagnetic sensitivity [41, 117].

5. Nanocomposites of PANI

A composite is a new substance resulting from the mixing of
two or more materials that are significantly different from
each other in properties. The resulting new materials (com-
posites) have different properties or improved properties
from those of the parent materials. The idea is to form a
new material (composite) to bring out new, diverse, and
remarkably progressive properties [118]-[120]. Although
PANI exhibits attractive qualities and outstanding proper-
ties, there are some limitations in some applications [121].
Making some improvements on PANI, such as combining
it with other materials to form polymeric composites, is very
important to give higher efficiency in different applications.
The process of mixing materials with polymers is the result
of polymeric composites, so if the added material is in the
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TaBLE 3: Summary of some polyaniline nanocomposites synthesis with metal oxide nanostructures.
No. PANI nanocomposite type Dopant Preparation method References
1. PANI/TiO, TiO, In situ deposition oxidative polymerization [138]
2. PANI/MnO, MnO, Simultaneous-oxidation route 7]
3. PANI/MgO MgO In situ polymerization method [139]
4. PANI/ZnO ZnO In situ chemical oxidation method [140]
5. PANI/NiO NiO Electrodeposition method [141]
6. PANI/Fe,O, Fe,0, In situ polymerization [142]
7. PANI/y-Fe, 0, y-Fe, 05 In situ polymerization [143]
8. PANI/a-Fe,O4 a-Fe,0,4 In situ polymerization [144]
9. PANI/CuO CuO In situ polymerization [145]
10. PANI/Co,0, Co;0, In situ polymerized method [146]
11. PANI/V,0O4 V,0, Chemical oxidation method [147]
12. PANI/RuO, RuO, Chemical bath deposition (CBD) method [148]
13. PANI/SnO, SnO, Chemical oxidative polymerization [149]
14. PANI/Sm,0, Sm,0, In situ oxidative polymerization [150]
15. CeO,/PANI CeO, Chemical oxidative polymerization [151]
16. PANI/ALO, AL O, Surface initialized polymerization (SIP) method [152]
TABLE 4: Summary of some polyaniline nanocomposites synthesis with carbon nanocompounds.
No. PANI nanocomposite type Dopant Preparation method References
L. PANI/SWCNT SWCNT Oxidative polymerization method [153]
2. PANI/f-SWCNT f-SWCNT Electrochemical polymerization [154]
3. PANI/MWCNT MWCNT Oxidative polymerization method [155]
4. PANI/MWCNT MWCNT In situ enzymatic aniline polymerization [156]
5. MnO,/PANT/MWCNT MnO,/MWCNT In situ chemical oxidation polymerization [157]
6. MWCNTs/PANI/TiO, MWCNT/TiO, One-pot polymerization process [158]
7. CuOﬁ\I?I\;gll\IPfA N CuO@NiO/MWCNT Oxidative polymerization method [159]
PANI/GO GO In situ polymerization technique [160]
. CuNPs-PANI-GO CuNPs-GO In situ oxidative polymerization [161]
10. Ag,PO,-PANI-GO Ag,PO,-GO Interfacial polymerization [162]
11. PANI-RGO-ZnO RGO-ZnO In situ oxidative polymerization [163]
12. PANI/graphene G In situ polymerization [164]
13. Pt-PANI-graphene Pt-G In situ oxidative polymerization [165]
14. Polyaniline/fullerene Cg, Ceo Copolymerization of aniline [166]
15. Polyaniline/graphite oxide Graphite oxide Interfacial polymerization [167]

nanoscale dimensions, the new material is called the poly-
meric nanocomposite. It has been observed that many materials
were mixed with PANI to form PANI composites. The addi-
tives added to PANI to form PANI composites may be in the
form of metals, metal oxides, carbon nanostructures, polymers,
or various organic compounds [122]. Table 2 shows the prepa-
ration of PANT nanocomposites with metal nanoparticles.

PANI composites were also synthesized with metallic
nano-oxides due to their great importance in many appli-
cations, such as electrical storage devices, water purifica-
tion, electronic devices, supercapacitors, sensors, solar
cells, and others. Table 3 shows the preparation of PANI
nanocomposites with metal oxides and the method of
their preparation.

On the other hand, PANI was extensively synthe-
sized with carbon nanocompounds, due to the high
properties demonstrated by these prepared nanocom-
posites compounds. The prepared PANI nanocompos-
ites were used in many different applications and
showed high efficiency in the applications used in them.
Table 4 shows some PANI nanocomposites with differ-
ent carbon nanocompounds.

In addition, there is a huge amount of polymeric
nanocomposites of PANI in different shapes and struc-
tures and with different applications and polymerization
techniques, and this is clear evidence of the importance
of PANT and its wide uses in the experimental and the
industrial field.
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TaBLE 5: Some of the different studies used in the applications of supercapacitor based on polyaniline or its nanocomposites.

Cycle

PANI nanocomposites Electrolyte Specific capacitance stability Energy and power density ~ References
85%

PANI 1M H,SO, 503 F/g (10,000) 96 W h/kg and 8.88kW/kg [172]

PANI nanowires 1M H,SO, 742F/g 92% (1500) 68 W h/kg and 16 kW/kg [173]

PANI nanofibers 1M H,SO, 548 F/g 75% (1000) 36 W h/kg and 0.12 kW/kg [174]

Sulfonated PANI 1M H,SO, 1107 F/g — 31.4 W h/kg and 14.8 kW/kg [175]

PANI/G/CNT 1M H,S0, 510F/g 91% (5000)  20.5W h/kg and 25kW/kg [176]

GO/PANI PVA/H,PO, 1095 F/g — 243 W h/kg and 28.1 kW/kg (177]

EMITFSI/PVDF- 87.8 mF/cm™ at 0.22mA/  100% 12.2mW h/cm™ and

PANI/G HFP cm™ (10000) 2264mW/cm ™ [178]

Carbonized iron/PANI/G 1M NaNO, 69.9F/g 91% (10000) 68 W h/kg and 718.2 W/kg [179]

G/PANI/MnOx 1M Na,SO, 955 F/g 89% (1000) 61 W h/kg and 4.5 kW/kg (180]

Polyaniline/G/Fe,0, 1M H,S0, 1124 F/g 82% (10000)  14.4W h/kg and 58 W/kg [181]

hydrogel

PANI/TiO,/GO 1M H,S0, 430F/g — — [182]

PANI/SWCNT 1M H,80, 485F/g — 228 W h/kg and 2250 W/kg [153]

PANI/MWCNT 1M NaNO;, 328 F/g 94% (1000) — [183]
0,

PANI/MnO, 0.1 M Na,SO, 715F/g (9566(5)5‘3 200 W h/kg [184]

MnO,/PANI/Hollow 97 7%

mesoporous PVA-KOH 248.5F/g (5600(3 88.4 W h/kg and 800 W/kg [185]

c

PANI/SnO, 1M H,S0, 305 F/g 95.5% (500) 42W h/kg (186]

PANI/V,0, 5M LiCl 443 F/g 92% (5000) 69 W h/kg and 0.72 W/kg (187

PANI/MoS, 1M H,S0, 575 Flg 98% (500) 265 W h/kg and 18 W/kg (188]

MnO,/PANI/MWCNTs 1M KOH 395F/g 72% (1000) — [157]
0,

PANI coated RuO,/TiO, 0.1 M H,SO, 67.4F/g (fé .(?0/2)) 3.37 W h/kg and 60 W/kg [189]

PANI-RGO-ZnO 1M H,SO, 40F/g 86% (5000) 5.61 W h/kg and 403 W/kg [163]

CuO@NiO/PANI/MWCNT 3M NaOH 1372 F/g 83% (1500) — [159]
0,

PANI/fGO-Co.S, 1M H,50, 767 Elg (8516(7)(;; 612 Whikg and 88kW/kg  [190]

92.4%
PANI/Mo0O,/G 1M H,S0, 593 F/g ooy 555 Whikgand 167899 W/ikg  [191]

6. Application of PANI

Conductive polymers, since their discovery until now, have
shown very unique properties due to their distinctive elec-
tronic arrangement, chemical nature, and due to their
diverse physical specifications, and this makes them essential
materials in many different applications. For example, PANI
is a good electrical conductive polymer, and due to its low
cost, ease of preparation, unique properties, and non-
polluting of the environment, it attracts the interest of many
researchers for its use in many applications. The most
important applications in which PANI is used as a main
material or as a secondary material are as follows.

6.1. In Supercapacitor. The world economy has played a very
important role in the use of multiple sources of energy, such

as natural gas, fossil fuels, and gas. The use of this fuel pro-
vides good energy, but it causes many environmental prob-
lems. Therefore, it has become very necessary to replace the
traditional energy system with alternative energy sources.
For this, scientists have always sought to develop and produce
environmentally friendly, high-energy, and renewable energy
sources, such as water energy, supercapacitors, wind energy,
and fuel cells. Super capacitors are considered one of the most
promising energies and of great commercial importance in
the future markets, because they are used in many different
applications, such as electrical and electronic devices and
wearable devices. The main difference between super capaci-
tors and conventional is that super capacitors have a capacity
for storing energy 1000 times more than dielectric capacitors,
as well as their long life, and show high-energy density and
have fast charging and discharging [168].
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TaBLE 6: Some different studies on sensors based on polyaniline or one of its nanocomposites.

Sensory system Analytes  Sensitivity % at ppm Range (ppm) Response time Recovery time Detection limit References
PANI NH, 140% for 100 ppm  1-2000 ppm 60s 240 — (201, 203]
PANI-MWCNTs NH, 320% for 100 ppm 0.9 20 min 40 min 50 ppm [204]
PANI-MWCNT CcO 6.8-26.7% — 76s 210s — [205]
PANI-SWCNT NH, 5.8% 0.1-100 — — 0.05 ppm (206]
PANI-SWCNT NO, 1.9% 0.5-80 — — 0.5ppm [206]
PANI-SWCNT H,$ 3.6% 2-100 — — 0.5 ppm [206]
PANI/Co,0, Co 8.6% — 140s 90s — (207]
PANI/TiO, nanorods NH, 75% for 100 ppm 1 40s 400s 20 ppm [208]
PANI-SnO, NPs NH, 8% for 100 ppm 0.08 10s 150s 100 ppm [209]
SnO,/rGO/PANI H,S 9.1% for 0.1 ppm 0.1 — — 0.05 ppm [210]
PANI/TiO, nanofibers NH, 180% for 0.2 ppm 0.33 20s 50s 25 ppb [211]
PANI/TiO, Acetone 0.5% 15-50 — — 10 ppm [212]
PANI/TiO, Ethyl acetate 0.06% 10-80 — — 10 ppm [212]
PANI/TiO, Toluene 1.4% 2-35 — — 2 ppm [212]
PANI/TiO, Ethanol 2.1% 1-35 — — 0.5 ppm [212]
PANI/AuNPs H,S — 0.1-8000 — — 0.1 ppm [194]
PANI/rGO NH, 50% 0.01 1000's 50s 5ppm [213]
PANI/Ag NPs NH, 200% 1.2 20 min 30 min 100 ppm [214]
PANI/Au/AL O, Acetone 0.06 30-300 — — 30 ppm [215]
PANI-PMMA fibers Ammonia 550% for 30 ppm 27 2005 3005 1 ppm [216]
PANI/In, O, NH, 90% for 93 ppm 0.7 10s 60s 23 ppm [217]
PAN/acrylic acid Ammonia 2% 1-600 — — 1 ppm [218]

Supercapacitors can be divided into three main types,
which are as follows: (i) double-layer electrostatic capacitors,
whose electrodes are mostly carbon materials, such as carbon,
carbon nanotubes, and graphene, (ii) pseudo-electrochemical
capacitors, whose electrodes are mostly made of conductive
polymers and metal oxides, and (iii) hybrid pseudocapacitors,
which are a mixture between the above two types [121, 169].

The electrode materials used in supercapacitors have a
very important role on the efficiency of the storage device
and the energy conversion process. The electrodes used in
supercapacitor devices depend on the use of carbon mate-
rials, metals, and conductive polymers [170]. Although
supercapacitors using various carbon materials exhibit sig-
nificant energy density, good conductivity, and adequate
durability, their energy density is low. As for metals, they
show very appropriate electrochemical properties when used
in super-capacities, but their abundance in nature, difficulty
in obtaining them, and high cost limit their use for this pur-
pose. Because of its different oxidation states, high conduc-
tivity, and specific capacitance, PANI can be used with
great success in supercapacitors. In addition, the flexible
electrochemical properties of PANT make it very suitable to
be strongly used in the manufacture of supercapacitor elec-
trodes. The electrochemical properties of supercapacitors
in which PANI is used as a base material in the electrodes
depend on the properties of the PANI itself, such as synthe-
sis method, chemical/physical properties, dopant, and nano-
structure of PANI [171]. Various carbon compounds were
used with PANI to prepare the supercapacitors, such as gra-

phene, fullerene, carbon nanotubes, and graphene oxide.
Metal nanomaterials with PANI were also used for the same
purpose. Table 5 shows the use of various types of materials
with PANI to prepare the super capacitors.

There are also a very large number of polymeric nano-
composites of PANT used in supercapacitors, and they gave
good efficiency while using as supercapacitors.

6.2. In Sensors. The device that can show the occurrence of
various changes in its environment and detect the presence
of other things is called a sensor. The common sensors at
present are composed of organic or inorganic semiconduct-
ing materials or films [192]. One of the materials that have
gained great demand in recent times for the manufacture
of sensors is conductive polymers. PANI is one of these
polymers, which has received great interest as sensors due
to its different structures and morphologies in which it can
be prepared, such as microstructures, nanowires, nanotubes,
nanoparticles, and nanosheets [193]. Using PANI or one of
its nanocomposites, various sensors have been manufac-
tured, such as chemical and biological sensors. Researchers
have tried to prepare PANI with different nanostructures,
such as nanofibers, nanowires, and nanotubes; then, these
nanostructures were used in gas sensors because of their very
high surface area and the possibility of gas emission. Pure
PANI cannot detect H,S gas alone, because H,S gas molecules
cannot change the conductivity of PANI, so gold nanoparti-
cles are grafted with PANI to form gold nanocomposites with
PANTI, and this new system can easily detect H,S gas, and the
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response rate reaches very low concentrations (0.1 ppb)
[194]. PANI nanostructures were also used to sense the pres-
ence of ammonia, hydrochloric acid, hydrazine, chloroform,
carbon oxides, and methanol Table 6, and this led to a notice-
able structural change in the PANI nanostructure chains [38].
The sensing property of PANT can be improved by adding dif-
ferent nanomaterials to form PANI nanocomposites, as this
reduces the sensing time and leads to the detection of mate-
rials or gases even in very low concentrations [193, 195-202].

7. Conclusions

Providing polymeric composites with metals or their oxides
in addition to various other composites in order to improve
some properties is the subject of all investigations now.
Because PANI originally has unique electrical properties, it
always attracts the attention of researchers in their studies
as well as in various applications, the most important of
which is electrical applications. We concluded during this
study that it is possible to improve the electrical properties
of PANI to be used in sensor applications as well as in other
applications.

The recent discoveries in the chemistry of PANI made
researchers to devote their efforts to research in this field.
It appeared to PANI with important specifications that made
it preferred over the rest of the other polymers. One of the
most important properties of PANI is its electrical conduc-
tivity and its various applications, which opened new hori-
zons for researchers to research in this field. It was found
that PANI possesses real electrical properties that made it a
cornerstone in many applications that could be of great help
to humanity in their lives, including super capacitors, solar
cells, all kinds of sensors, batteries of all kinds, and fuel cells.
It was also found that the electrical properties of PANI are
significantly improved when it is grafted with some nanoma-
terials to form PANI nanocomposites. We concluded, dur-
ing this study, that it is possible to improve the properties
of PANI by grafting it with other materials, especially nano-
materials, to form polymeric nanocomposites of PANI, and
that the latter can improve the applied properties of superca-
pacitors, gas sensors, and others, as documented in this
study.
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The present study portrays the development of lightweight epoxy laminates filled with boron carbide (B,C) and lead (Pb) particles
through a novel layered molding and curing route. Six different laminates of single and tri-layers were prepared with varying
compositions and were subjected to thermal, radiation shielding, and dielectric studies. Radiation shielding test were done
using a narrow beam setup with six different sources such as Cobalt-57 (Co°7-122 keV), Barium-133 (Ba'*3-356 keV), Sodium-
22 (Na*2-511 and 1275keV), Cesium-137 (Cs'*’-662keV), Manganese-54 (Mn>*-840keV), and Cobalt-60 (Co®°-1170 and
1330 keV). The dielectric studies were done to understand the dielectric constant, dielectric loss factor, and AC conductivity at
different temperature and frequency ranges. From the characterizations, it was found that the thermal stability of the single-
layered sample increased with respect to the addition of B,C and Pb particles, which may be due to the thermally stable nature
of the particles. The radiation shielding study of the samples witnessed the superior characteristics and radiation shielding
ability of sample D (40% Pb) and sample E with Pb cladding at incident gamma radiation energy of 662keV. The dielectric
constant of the samples increased significantly at higher temperatures and the dielectric loss factor increased with an increase
in temperature and decreased with an increase in frequency. The AC conductivity of the samples increased with respect to an

increase in temperature and frequency.

1. Introduction

The ionizing radiation finds a great place in various indus-
trial sectors such as medical, spacecraft, nuclear power sec-
tors, and not limited to these. Exposure to ionizing
radiation leads to harmful effects on both biotic and abiotic
species around the globe. It is obvious that these mentioned
sectors have to find a precautionary measure to shield these
harmful radiations as well. Lead (Pb), a traditionally used
shielding material, suits the purpose of shielding. However,
due to its toxic nature, high density, and poor mechanical
strength, there is a huge demand for alternative materials
[1, 2]. Polymer composites have nowadays become a poten-
tial alternative for lead-based radiation shielding materials.

Several researchers have focused on the development of
particle-filled shielding materials based on rubber, epoxy,
polyethylene glycol, and unsaturated polyester resins and
reported their suitability for the radiation attenuation appli-
cations [3, 4]. Similarly, in microelectronics, the replacement
of passive electronic components with passive embedded
components attracts researchers due to the minimal utiliza-
tion of size, reduction in cost, and flexibility in the circuit
design. Particularly, in conductive polymer electronics, the
need for a thin layer of dielectrics with good dielectric con-
stant, loss factor, and conductivity makes researchers think
toward a positive alternative [5].

Epoxy, a capable hinderer of radiation, is studied exten-
sively by researchers due to its good characteristics such as
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density, mechanical property, and stability. Moreover, it
could be manufactured easily when compared with metal
matrix composites. Also, epoxy possesses good dimensional
stability, good adhesion properties, high resistance to heat,
and good chemical stability. Additionally, the presence of
an aromatic ring in its chemical composition makes it suit-
able for gamma and neutron radiation shielding applications
[6]. Boron carbide (B,C) among ceramic materials is nowa-
days a promising replacement for Pb owing to its superior
hardness, neutron absorption capability, and high melting
point [7-10]. Several B,C-based radiation-shielding mate-
rials were developed recently for neutron radiation-
shielding applications [11-14]. However, works are limited
to the fabrication of layered composite laminates for radia-
tion shielding. On the other hand, epoxy displays a very
low dielectric constant, which is less than 10 and is unfit
for practical electronics applications. However, an increase
in the dielectric constant can be achieved by adding filler
particles to the epoxy matrix. This, in turn, leads to a detri-
mental effect on the mechanical properties of the material.
Hence, proper care must be ensured for enhancing the
dielectric constant by precisely altering the filler particle
content [15]. Some works support the suitability of Pb and
B,C filled in the epoxy matrix for X-ray attenuation and
found an improvement in shielding efficiency with increased
addition of particles [16].

Hence, in this work, efforts are made to manufacture sin-
gle- and tri-layered epoxy-based laminates dispersed with
B,C and Pb filler particles via a layered molding and curing
route for shielding radioactive rays and to attempt the devel-
opment of conductive polymeric laminates for electronics
applications. The prepared laminates were subjected to
gamma radiation, dielectric characterization, and the shield-
ing characteristics, and electrical properties were studied.

2. Materials and Methods

2.1. Materials. Epoxy (Grade LY566) and the corresponding
hardener (Grade HY951) used for this work were procured
from Herenba Resins Pvt. Ltd., Chennai. Commercially
available metallic particles B,C (99.9%) with particle size
10 ym were purchased from Neena Metal Mart, New Delhi,
and the powdered lead (Pb) particles (99.9%) of particle size
10 um were purchased from Alpha Chemika, Mumbai. The
confirmation of the powdered particles was done by SEM
equipped with an electro dispersive spectrum analyzer using
JEOL-JSM-5600LV under 20kV and exposure time of 50
seconds and is depicted in Figures 1(a) and 1(b).

2.2. Experimental Methods. The composite laminates for
radiation shielding were effectively prepared through a lay-
ered molding and curing route [17, 18], and are depicted
in Figure 1(c). Rectangular molds of dimension
300 mm X 130 mm x 15 mm were used for making the lami-
nates for radiation shielding. Four different samples of vari-
ous compositions for single-layered studies and two different
samples with three layers were made, and the properties of
the prepared laminates were tabulated in Table 1. Initially,
the epoxy matrix was taken in the beaker and the B,C and
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Pb filler particles were added. The particles were mixed thor-
oughly for 30 minutes using mechanical stirring to eliminate
the formation of voids and for ensuring proper dispersion of
particles. The procedure is followed by the addition of hard-
ener in the epoxy-hardener weight ratio of 2:1, which is
then mixed mechanically for 20 minutes. After thorough
mixing, the solution was poured into the glass mold and
was allowed to cure for 24 hours. Similarly, layered samples
were made at a definite interval of 45 minutes after the pour-
ing of the first and the subsequent layers. The same proce-
dure was followed for the preparation of all the layered
samples. The samples were allowed to cure for 24 hours
before removing from the mold. Proper care and safety mea-
sures were ensured during the handling and preparation of
lead samples. The samples prepared were as shown in
Figure 1(d). The samples were powdered for studying the
thermal degradation and the samples with dimensions 15
mmx 15mmx9mm were made for studying the
radiation-shielding properties. The samples were cut with
dimensions 10mm x 10mm x3mm for performing the
dielectric studies. The thermographs of the samples were
recorded using a Thermogravimetric Analyzer (TGA-
Q500TA Instruments, USA) with a range of 30-800°C in
Nitrogen atmosphere at a heating rate of 20°C/min. Further-
more, the samples were subjected to density measurements
through the Archimedes method utilized with calibrated sin-
gle pan electrical balance and ethanol solution. The experi-
mental apparent density is measured using the following
equation for 3 samples for each composition:

m,

Ps: Pe’ (1)

m, — ms

where p_ and p, are the density of the sample and ethanol,
respectively, m; and m, and m, are the mass of the sample
weighed in the balance, mass of the sample hanging on the
arm of the balance in the air, and mass of the sample hang-
ing on the arm of the balance immersed in an ethanol solu-
tion, respectively.

2.3. Shielding Parameters. Mass attenuation coefficient (y,,,)
is the predominant parameter, which witnesses the shielding
capacity of the material, explained as the ratio of linear
attenuation coefficient and the density of the sample. It is
measured through the narrow beam good setup. Further-
more, various parameters such as linear attenuation coeffi-
cient (u), half value layer (HVL), tenth value layer (TVL),
and mean free path (MFP) were calculated using the basic
relations as shown in the equations.

H= iy s (2)
In2
HVL= -2, (3)
u
Ty =m0, (4)
Y
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FiGure 1: Continued.
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F1GURE 1: (a) SEM-EDS confirmation of B4C particles; (b) SEM-EDS confirmation of Pb particles; (c) manufacturing route-layered molding
and curing, and (d) as-prepared samples for mechanical and radiation shielding studies.

TasBLE 1: Composition of the samples.

Samples Composition of single-layered composites (wt%) . Density (g/cm?) .

B,C Pb Theoretical Experimental
A 20 10 1.389 1.345 £ 0.005
B 20 20 1.557 1.520+0.012
C 20 30 1.788 1.712 £ 0.003
D 20 40 1.995 1.956 + 0.006
Composition of tri-layered samples (wt%)
Samples Layer 1 Layer 2 Layer 3 Theoretical Experimental
E Pb-20 B,C-20 Pb-20 2.099 1.998 + 0.003

F B,C-20 Pb-20 B,C-20 1.858 1.802 £0.010
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FIGURE 3: (a) Primary thermograms of samples and (b) derivative thermograms of samples.

1
MFP = ; : (5) TABLE 2: Degradation temperature of the samples.

Degradation t t °
The HVL and TVL are defined as the average distance Sample nomenclature egradation temperature (C)

X X T - - Onset Inflection End-set
required for attenuating the incident gamma radiation flux .
by a half and a tenth of its value, respectively. MFP could 341 377 452
be understood as the average distance traversed by a gamma B 338 386 467
ray of given energy in a medium until it interacts with the C 349 388 487
same medium [19]. D 357 411 512
. . . . E 338 356 486
2.4. Radiation-shielding Studies. The prepared single- and
F 342 365 495

tri-layered composite laminates were subjected to
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radiation-shielding studies through the narrow beam good
geometry setup as depicted in Figure 2. Co”’ (122keV),
Ba'* (356keV), Na** (511 and 1275keV), Cs'*” (662keV),
Mn>* (840keV), and Co® (1170 and 1330keV) are the six
different sources of radioactive radiation. The Nal (TI) scin-
tillation detector was used to detect the gamma radiations.
The signals from the detector (8.2% energy resolution at
662keV) were recorded in an EG & GORTEC-13 bit plug-
in card coupled with a PC/AT. The setup was checked for
its stability and reproducibility prior to and after every set
of runs.

2.5. Electrical Characterization. The samples prepared were
subjected to electrical characterization to understand the
various dielectric behaviors such as the capacitance C, and
dielectric loss factor tand. The studies were conducted at
various temperatures ranging from 40°C to 150°C and also
with a range of frequencies from 100Hz, 1kHz, 10kHz,
100kHz, and 1 MHz. LCR Meter Aglient 4284A through
the parallel plate capacitor method was used for the study.
The samples were subjected to annealing in the sample
holder at 160°C prior to observations. The temperature was
in a controlled environment with an accuracy of +0.5°C
and the readings were taken during the cooling process of
the sample. The air capacitance C, was measured and the
dielectric constant of the samples was calculated using the
formula ¢, = C,/C,. It should be also noted that the AC con-

ductivity of the prepared samples was determined by the fol-
lowing relation:

Opc =6 & w tan §, (6)

where ¢, is the permittivity of free space and w is the angular
frequency and is given by w=2nf, and f is the applied
frequency.

3. Results and Discussion

3.1. Thermal Studies. Figures 3(a) and 3(b) depicted above
clearly elucidates the thermal stability of the as-prepared
samples through primary and derivative thermograms. It is
evident from Figure 3(a) that single-step degradation is
observed in all the samples in a Nitrogen environment.
The degradation temperatures (onset, inflection, and end-
set) of the samples are tabulated in Table 2. The initial deg-
radation temperature (onset) was determined at 5% weight
loss of the samples. The inflection temperature and the
end-set temperature were determined at the moment of sud-
den steep in weight loss and at the end of attaining constant
degradation of the sample, respectively. It could be under-
stood from Figure 3(a) that the onset temperatures of all
the samples are between 330°C and 360°C. The inflection
temperature ranges from 377°C to 411°C in the case of
single-layered samples and is 356°C and 365°C for tri-
layered samples. The initial decomposition of the samples
could be resulted due to the degradation of polymer chains
in the epoxy matrix [20]. The rise in inflection temperature
could be attributed to the addition of thermally stable metal-
lic particles such as B,C and Pb. The derivative thermogram
depicted in Figure 3(b) illustrates the shift in the plateau cor-
responding to sample D to the right side, which could be
obviously due to the better thermal stability of the sample.
On the other hand, the tri-layered sample with B,C cladding
has shown improved thermal stability when compared to
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that of the Pb cladding. The resulting thermal stability
throughout the as-prepared samples could be resulted owing
to the hindering effect of B,C and Pb on the mobility of
polymer chain due to the inert characteristics of B,C and
Pb [20].

3.2. Radiation-shielding Studies. Figure 4(a) shows the mass
attenuation coefficient (y,,) of the samples with respect to
the incident radiation energy. It is evident from the graph
that p,, for all the samples (both single and tri-layered)
decreases with an increase in incident gamma energy. How-
ever, y,, of the tri-layered sample showed exemplary results
at low gamma energies. Particularly, the sample with Pb
cladding has a very good mass attenuation coeflicient
(5cm?/g). On the other hand, the sample with B,C cladding
showed a mass attenuation value of 2.85cm”/g, which is
nearly half that of the Pb cladding. The reason for the phe-
nomenon is obvious that the thickness of the sample plays
a vital role in accessing the radiation-shielding performance
[20]. However, the thickness beyond 10mm reduced the
dependency of shielding efficiency on the thickness of the
samples [6]. Moreover, the decrease in y,, values is attrib-
uted to Compton scattering, which is predominant in higher
energy ranges [6]. The linear attenuation coeflicient calcu-
lated by using the formula mentioned in equation (2) is in
accordance with the measure of y,, and the density of the
samples and is depicted in Figure 4(b). It should be noted
that HVL, TVL, and MFP are the other predominant param-
eters, which provide valid information about the penetration
of radiation in a material and its shielding capabilities. The
above parameters for the as-prepared samples are depicted
in Figures 4(c)-4(e) and are obvious that these parameters
increase with an increase in incident gamma energy. This
could be ascribed due to the notion that an increase in inci-
dent energy leads to a decrease in the chance of interactions
between the photons in the material [19]. Moreover, it is
well known that the sample with lower HVL, TVL, and
MFP values results in extraordinary shielding capabilities
due to the shorter distance between two interactions of the
radiation [19]. From Figures 4(c)-4(e), the performance of
tri-layered samples is obvious owing to the above notions.
However, among the single-layered samples, the one with
40% Pb (sample D) shows better shielding properties when
compared with the other as-prepared samples. This could
be attributed by the increased addition of Pb.

Radiation protection efficiency (RPE) is the measure of
percentage effectiveness in shielding the incident gamma
radiations. The RPE of as-prepared samples is illustrated in
Figure 4(f), and it is obvious from the graph that all the sam-
ples showcase a similar trend in shielding radiation, that is,
efficiency decreases with an increase in incident gamma
energy. Among the samples, the tri-layered samples with
Pb cladding showcases better shielding efficiency of nearly
50% at 662keV owing to the increased presence of Pb.
Moreover, the presence of Pb-epoxy layer could result in
in-elastic and elastic scattering leading to increased radiation
shielding. However, the mid layer with B,C-epoxy could
result in photoelectric absorption and elastic scattering lead-
ing to shield low-energy gamma rays emerged from layer 1
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[21]. On the other hand, the single-layered sample with
10% Pb displays poorer RPE owing to the reduced addition
of Pb.

3.3. Dielectric Properties. Figures 5(a)-5(f) depicts the dielec-
tric constant of sample A to sample F with respect to the
temperature and frequency. It is obvious from the figure that
dielectric constant increases significantly to a considerable
extent with respect to temperature. The segmental mobility
of polymer chains could be the possible phenomenon behind
the increase in dielectric constant with respect to tempera-
ture. It is obvious that the enhancement of orientation of
dipole due to segmental mobility leads to the increase in
dielectric constant [22]. Moreover, at low frequencies, ther-
mal activation predominates the dipole orientation and seg-
mental mobility, resulting in increased dielectric constant.
On the other hand, at higher frequencies, the molecular
dipoles could not trace the increment in the frequency owing
to lower thermal activation resulting in a lower dielectric
constant in all the as-prepared samples. Nevertheless, an
increase in particle addition (Pb addition up to 30%) led to
an increase in the dielectric constant of the samples. This
is because of the fact that the incorporation of conducting
fillers in the conductor-insulator composites results in the
formation of electrically heterogeneous material. Similarly,
the sample with Pb core has showcased significant improve-
ment in dielectric constant when compared to that of the
B,C core. Furthermore, the improvement in dielectric con-
stant due to particle addition could be attributed due to
the increase in interfacial polarization [23, 24]. The samples
invariably displayed a similar trend in the case of the dielec-
tric loss factor (tand) which is much obvious from
Figures 6(a)-6(f). The dielectric loss factor found to increase
with an increase in temperature and decrease with an
increase in frequency and is owing to the thermal indepen-
dence at higher frequencies. This is due to the inability of
the molecular dipoles to follow the high frequency [25].
Figures 7(a)-7(f) illustrates the AC conductivity of the sam-
ples with respect to temperature and frequency. It is clear
from Figures 7(a)-7(f) that the AC conductivity of the sam-
ples increases with respect to the increase in temperature
and frequency. Here, both the single- and tri-layered sam-
ples exhibit enhanced AC conductivity when the particle
composition is increased. The sample with Pb core displayed
better AC conductivity than that of the B,C core. This could
be owing to the fact that in conductor-insulator composites,
electron tunneling, a phenomenon in which the electrons
will tunnel in between clusters separated by insulated poly-
meric layers, is the very obvious reason for the enhancement
in AC conductivity [25-28].

4. Conclusion

In this work, six different laminates of epoxy matrix dis-
persed with B,C and Pb particles were developed through
a layered molding and curing route. The samples were sub-
jected to radiation-shielding, thermal stability, and dielectric
studies, and the results are concluded as below.
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(i) The thermal stability of the single-layered sample
increased with respect to the addition of B,C and
Pb particles, which may be due to the thermally sta-
ble nature of the particles. Similarly, the tri-layered
samples with B,C cladding portrayed better ther-
mal stability compared to that of Pb cladding owing
to the inert characteristics of B,C that hinders the
mobility of epoxy polymer chain due to the thermal
effect.

(ii) The radiation shielding study of the samples wit-
nesses the superior characteristics and radiation-
shielding ability of sample D (40% Pb) and sample
E with Pb cladding at incident gamma radiation
energy of 662keV.

(i) At lower energies, all the samples possessed nearly
100% RPE and, at 662keV, sample E possessed
nearly 42% which is much higher than that of all
the samples. This results in the usage of the as-
prepared sample for radiation-shielding application
of low-energy radiation involved in spent fuel cas-
kets and containers.

(iv) The dielectric constant of the samples increased
significantly at higher temperatures, which could
be due to the segmental mobility of polymer chains.

(v) On the other hand, at higher frequencies, the
molecular dipoles could not trace the increment
in the frequency owing to lower thermal activation
resulting in a lower dielectric constant in all the as-
prepared samples.

(vi) The dielectric loss factor found to increase with an
increase in temperature and decrease with an
increase in frequency and is owing to the thermal
independence at higher frequencies.

(vii) The AC conductivity of the samples increased with
respect to an increase in temperature and fre-
quency, which could be owing to the phenomenon
of tunneling of electrons.
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Different semiconductor materials have been used for the fabrication of PIN diodes such as Si, Ge, GaAs, SiC-3C, SiC-4H, and InAs.
These different semiconductor materials show different characteristics and advantages such as SiC-4H is ultrafast switch. But, when
flexible polymers composites like Si-nanomembranes, polyethylene terephthalate (PET), and biodegradable polymer composite like
carbon nanotubes (CNT) are used for fabrication, the device has the capability to switch from rigid electronic devices to flexible and
wearable electronic devices. These polymer composites’” outstanding characteristics like conductivity, charge selectivity, flexibility,
and lightweight make them eligible for their selection in fabrication process for wearable electronics devices. In this article, the
performance of PIN diodes (BAR64-02) as an RF switch is investigated from 1 to 10 GHz. PIN diodes can control large amounts
of RF power at very low DC voltage, implying their suitability for RF applications. In this paper, the benefit of using plastic
polymer composites for the fabrication of PIN diodes, capacitors, and antennas is thoroughly described. Along with this,
individual characterization, fabrication, and testing of all biasing components are also done to analyze the individual effect of
each biasing component on the performance of PIN diodes. The complete biasing circuitry for the PIN diode is modeled in the
HESS software. When a PIN diode is inserted in between 50 ( microstrip line, it introduces 1dB insertion loss and 20 dB
isolation loss from 1 to 7 GHz. Finally, a PIN diode is integrated in a reconfigurable antenna to study the actual effect. The
transmission loss in the RF signal is nearly 1 dB from 1 to 7 GHz in the presence of biasing components.

1. Introduction

The exclusive properties and features of flexible electronics
like high elasticity, durability, stability, being extremely light-
weight, and the ability to be fabricated on rough surfaces
make them a splendid aspirant for extensive applications.
The areas of flexible electronics have been continuously
advancing every single day, from new research in compatible
materials to new procedures for fabricating such devices in
alternative shapes, in a quicker, economical, and more handy
manner [1-2]. Flexible electronics interact with surroundings
in ways that were not possible earlier. Many consumer appli-
cations, including folding phones, rollable large-area displays,

electronic textiles, biomedical sensors, and flexible integrated
circuits, are only possible due to the advancement in fabrica-
tion techniques. These advanced fabrication processes intro-
duce the ultra-downscaling capability of silicon [1-4], which
convert rigid wafers into single-crystal Si-nanomembranes
(SiNMs). Therefore, silicon attracts researchers’ interest for
its incorporation into flexible electronics area. The ultrathin
and transferrable single-crystal Si can be easily released from
SOI and easily integrated on plastic polymer substrate using
an elastomer stamp [5-6]. A large number of semiconductor
materials such as amorphous silicon, polycrystalline silicon,
organics, and polymers have been used for low-frequency
flexible electronics because they suffer low crystalline quality
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and low carrier mobilities. On the other hand, flexible low-cost
polyethylene terephthalate (PET) substrates and single-crystal
Si-nanomembranes (SiNMs) offer high carrier mobilities so
these materials are well suited for microwave applications
[5-8]. In the literature, a lot of flexible plastic substrates are
available to realize flexible electronics like PET, polyethylene
naphthalate (PEN), polycarbonate (PC), polyethersulfone
(PES), and polyimide (PI). Nowadays, many compound semi-
conductors could also be released into thin membrane forms to
attain mechanical flexibility while maintaining their outstand-
ing electronic properties. Hence, semiconductor properties like
high electron mobility (GaAs, InGaAs, InAs, GaN), wide band-
gap (GaN), and high breakdown electric field (GaN) are main-
tained along with additional mechanical flexibility [9-12].
Many printing technologies have been already advanced like
roll-to-roll, inkjet, screen-printing, vacuum-based deposition,
and polydimethylsiloxane (PDMS)-assisted transfer printing
techniques, which can transfer semiconductor properties on a
plastic polymer substrate [10-17].

RF switches are key component for controlling the link-
ing between different circuits in a reconfigurable device [18]
at RF frequencies. A perfect RF switch provides negligible
resistance in the ON state and very high resistance in the
OFF state to the signal flow. However, practical RF switch
provides definite values of impedance in the ON and OFF
state. Several types of RF switches like MEMS, optical, and
semiconductor are reported in the literature for altering
the performance of a reconfigurable system [19-21]. All of
these switches have certain advantages and drawbacks. The
MEMS switching devices have the advantage of very high
isolation with minimum power loss, but certain disadvan-
tages such as high operating voltage (20-100V), very low
switching speed (1-200 seconds), high cost, and lower reli-
ability restrict the use of MEMS switches [22-25]. The opti-
cal switches provide very high isolation and require no DC
bias for their activation. They can be simply incorporated
into a device without any DC bias lines hence eliminate
redundant interference and radiation pattern alteration
[26-28]. However, optical switches have lossy performance
and very complex activation procedure. Various semicon-
ductor switches like varactor [29-32], PIN are usually used
in the reconfigurable system because they are a faster and
more compact substitute to RE-MEMS [33-37]. The advan-

tages of semiconductor switches include fast switching, high
isolation, low power consumption, and low operating voltage
(0-10V). Different switches are selected depending on the
suitable application. For example, a fast and discrete switch-
ing response requires PIN diode [34], while a continuous tun-
ing response requires a varactor diode [31]. The PIN diode
offers high switching speed (1-100ns) and high isolation
compared to other semiconductor switches. Reconfigurable
antennas using PIN diodes [38-41] have more degrees of
freedom in choosing different reconfiguration states.
Researches can choose the appropriate switch for specific
application by keeping the individual performance of switch
in their mind. Figure 1 depicts an illustration that compares
the different properties of the different switching mechanism
for operation. PIN diode is best option among semiconductor
switches if cost, switching speed, and isolation are concerned.
If a microwave PIN diode is fabricated using a flexible mate-
rial like SINM and PET polymers, then high semiconductor
performance can be achieved along with attractive mechani-
cal features. In this paper, working operation and characteri-
zation of microwave PIN diode as an RF switch and different
techniques and materials used to fabricate flexible PIN diode
are presented.

2. PIN Diode: Preface

PIN diodes can be fabricated using different combinations
of semiconductor materials like Ge and Si. If a wide-
band-gap material is used for fabrication, then the PIN
diode can handle high operating voltage as well as extreme
temperature surroundings. SiC PIN diodes can handle high
voltage and offer very high speed, whereas InGaAs on InP
substrates give lower turn-on voltage for PIN diode. If a
PIN diode is fabricated using an SOI substrate, then it gives
high-voltage-handling capability and high reverse break-
down voltage. Also compound semiconductors have played
crucial roles in high-frequency electronics because of their
extraordinary material properties like high electron mobil-
ity (GaAs, InGaAs, InAs, GaN), wide bandgap (GaN), high
breakdown electric field (GaN), and high thermal stability
(GaN). These compound semiconductors can also be
released into thin membrane forms to achieve mechanical
elasticity while maintaining their electronic properties.
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PIN diode can be fabricated using flexible single-crystal SINM,
which can be easily integrated on a low-cost plastic substrate
for high performance [16-17]. The fabrication process of the
flexible PIN diodes on a plastic substrate by using the SINM
transfer technique is entirely well matched with that used to
fabricate flexible thin film transistors. The fabrication process
starts with a lightly doped p-type Si (0 0 1) UNIBOND SOI
substrate with a 200 nm Si top layer and a 200 nm buried oxide
(BOX) layer. Optical photolithography is used to define the
heavily doped n- and p-type regions in the top Si layer. The
flexible single-crystal Si PIN diodes that are monolithically
integrated on a low-cost, low-temperature, PET substrate
[12] as shown in Figure 2. Flexible and stretchable passive
components like inductors and capacitors are essential ele-
ments for RF filters, bias networks, power dividers, and imped-
ance matching networks. Flexible inductors and capacitors can
also be fabricated not only on plastic substrate but also on bio-
degradable carbon nanofiber (CNF) (polymer composite) sub-
strates for environmental-friendly applications [10, 13]. The
polymer composite CNFs gives excellent mechanical proper-
ties along with high electrical conductivity.

The semiconductor device PIN diode is used as an RF
switch and its performance mainly depends on the layout,
dimensions, and the temperament of the semiconductor
material used in fabricated prototype. The sketch of a PIN
diode is depicted in Figure 3. It is fabricated by inserting a
wide region of intrinsic semiconductors among p-type and
n-type semiconductors. In this, heavy doping of p- and n-
type regions is done to get good ohmic contacts. On the
other hand, the central I layer is lightly doped and wider in
nature compared to p and n layers. Therefore, due to the
wide I layer, PIN diodes have low junction capacitance, very
high carrier lifetime and very high breakdown voltage. PIN
diodes perform as switches due to the high-level injection.
When the diode is in the OFF state, it is non-conductive.
But when the PIN diode is in the ON state, high-level injec-
tion takes place and it behaves as a variable resistor. When it
is forward-biased, the concentration of charge carrier in the
p and n regions is higher than the intrinsic concentration in
the I region. Therefore, E field expands on the whole length
of the I region because of high-level injection. This extended
E field increases the speed of transportation for charge car-
riers from p to n layers. As a consequence of this, the diode
has faster operation and hence best suitable for high-speed
RF applications.

3
Uniaxial tensile strain
1 Glass
1
Metal
7
contact

FIGURE 3: Layout of a basic PIN diode.

At low frequency, the PIN diode tracks the ordinary PN
diode equation. Its I-V characteristic (Figure 4(a)) deter-
mines the forward voltage (Vy) and reverse voltage (Vy).
At RF frequencies, during forward bias, the diode is ON
for both positive and negative cycles. As in negative half
cycle, the charge carriers in the I layer are not entirely
cleared by the input signal, as there is not adequate time.
Therefore, diode is continuously ON in the negative as well
as positive RF cycle. When the diode is reverse-biased, very
high impedance and low capacitance oppose the flow of RF
signal. PIN diode acts as a current controlled resistor under
forward bias conditions. Under this condition, equivalent
model comprises of series combination of resistance (R,)
and a very low inductance (L) as shown in Figure 4(b).
Under reverse bias, equivalent circuit of a PIN diode is
shown in Figure 4(c), which comprises parallel connection
of resistance (Rp) and capacitance (Cy).

3. Characterization of PIN as Switch

The low-cost silicon PIN diode is a powerful RF switch
because it provides good return loss, high linearity, and high
switching speed. The operating parameters that define PIN
diode’s switch characteristics are mainly insertion loss and
isolation loss. The insertion loss is the amount of signal loss
through the physical layout in the ON state, whereas
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FIGURE 4: (a) V-I characteristic of PIN diode. (b, ¢) Equivalent model under forward and reverse bias.

isolation loss is the measure of how efficiently a switch is in
OFF state. The biasing of PIN diode must be done precisely
to get a good separation between DC power supply and RF
signal. If proper biasing is not done RF current can flow in
the DC biased signal, which degrades the effective operation
of DC power supply. The DC signal can be easily separated
from the RF signal by putting a series RF inductor and a
shunt capacitor in the DC bias line. The equivalent model
of Infineon diode is done in ADS software to study the actual
effect of practical diode as shown in Figure 5. The insertion
loss and isolation are calculated from equations (1) and (2).
Under forward bias, the PIN diode is modeled as a series
combination of resistance (2.1 ) and inductance (0.6 uH)
as shown in Figure 5(b), and in reverse bias, it is modeled
as a parallel combination of resistance (3 k) and capaci-
tance (0.17 pF) as shown in Figure 5(c).

R
Insertion loss = 20 log, ( 1+ — ). (1)
27,
Isolation loss = 10 log,o (1 + (4nfCZ)~?). (2)

From the simulated parameter, it is found that insertion
loss is 0.1 dB from 1-8 GHz under switch in ON condition as
shown in Figure 5(d). Also, it is observed that when diode is
in switch OFF condition; insertion loss is better than 19 dB.
Therefore, it shows very high impedance and there will be
no transmission of signal from source to load. These are only
simulated parameters, but when PIN diode is actually placed
in a fabricated prototype, it encounters microstrip line, bias
voltage, and bias lines. In this paper, PIN diode is used for
closing or opening a connection between a microstrip lines.
The PIN diode is properly biased using an SMD capacitor
and an inductor. So first, the performance of a microstrip
line is evaluated. Then characterization of RF inductor and
RF capacitor is also done to study the amount of insertion
loss introduced by them. To find out the response of these
components, some prototype has been fabricated and tested
successfully.

4. Performance Evaluation of
Biasing Component

Fabrication of all prototypes is done on a 20 x 20 mm? sized
FR4 substrate using the MITS PCB prototyping machine.
The relative dielectric constant of FR4 ¢, =4.4, and the
height is 1.57mm. Here, Infineon BAR64-02 PIN diodes,
Coil Craft Inductors, and Murata SMD Ceramic Capacitors
are used during fabrication. The measurement of S parame-
ters is done using an Agilent N5222A Vector Network
Analyzer.

4.1. Microstrip Line (50 Q) Structure. A 50 Q) transmission
line is designed and tested here. The schematic for micro-
strip line, measurement setup, and the fabricated structure
are revealed in Figure 6(a) and 6(b). The measured parame-
ter of the microstrip line and E field distribution are shown
in Figure 6(c) and 6(d). Ideally, the 50 2 microstrip structure
has 0 dB insertion loss, but actually insertion loss is not neg-
ligible. The simulated value of insertion loss is 0.5 dB over 1-
10 GHz, whereas measured value of insertion loss is 0.1 dB
from 1 to 6 GHz and 0.4 dB from 6 to 9 GHz.

4.2. RF Bypass Element: SMD Capacitor. A DC block capac-
itor plays a major role when the biasing components of PIN
diode are designed. It is used to provide isolation between
RF signal and DC signal. DC block capacitor also helps to
isolate two or more different DC regions distinctly to bias
more than two diodes independently. The value of RF
bypass/DC Block capacitor is chosen to provide minimum
impedance for RF signal and maximum impedance for DC
signal. Ideally, DC blocking capacitor should behave as a short
circuit at operating frequency. Usually X = 1/wC = 1/27fC
should be less than 2 ohms at operating frequency. So, when
a capacitor is positioned in between the 50-ohm line, the signal
should bypass with least insertion loss. To find out the inser-
tion loss of a 30 pF SMD multilayer capacitor; it is placed in
0.5 mm wide gap of 50-ohm transmission line as depicted in
Figure 7. During HFSS simulation, a capacitor is modeled
as 30pF using lumped boundary condition. The proposed
structure, measurement setup, and the fabricated prototype
are shown in Figure 7(a) and 7(b). Simulated and measured
S parameters and electric field distribution are shown in



International Journal of Polymer Science

RF choke DC=5V
inductor -
DC Block
capacitor
JL N
1 14
o1 PNUM=2
PIUM PIN R»=50
7=
R»=50 Moddl
Z * I7=0ohm
I7=0ohm
(a) (b) (0)
0
e ~—— e -
10 S11 diode OFF $21 diode ON
. - - -
,‘..'_h.-: S21 diode OFF - —
-20 4 -

21, S11 (dB)
|
(98]
o

|
S
S

|
v
S

-60

Freq.(GHZ)
(d)

FIGURE 5: (a) The biasing circuit; (b, ¢) equivalent model in ON and OFF states; (d) S parameter vs. frequency.

Figure 7(c) and 7(d). Simulated value of S,, is 0.5dB from 1-
7 GHz whereas measured value is 0.2dB from 1-7 GHz.

4.3. Testing of RF Choke Element: RF Inductor. The RF choke
coil is designed for blocking or decoupling higher frequen-
cies. RF choke coil provides large impedance to RF signal
while minimum impedance to DC. Generally, the choke coil
reactance X; =wL should be greater than 5k at operating
frequency, where w=angular frequency in Hz, L is the
inductance measured in henry. As choking and blocking
means providing high impedance to that signal. It is clear
that we want to isolate the DC signal and the RF signal to
reduce the interference. In this regards capacitor and induc-
tor plays an important role. The values of both components
are chosen so that they have least influence of RF and DC
signals. Here inclusion of capacitors and inductor in a circuit
are checked in the presence of DC power supply. For this, a
prototype is designed and fabricated as shown in Figure 8(a)
and 8(b). The layout consists of SMD capacitor of value
0.3nF and inductor of value 0.3uH. When DC signal is

applied, the capacitor should bypass the RF signal and
should offer very high impedance to the DC signal. The
measured results shown in Figure 8(c) indicate that S,; is
better than 2dB and S;, is better than 13dB from 1 to
7 GHz. The E filed distribution is given in Figure 8(d).

5. Performance of PIN Diode: An RF Switch

For the characterization PIN diode, a prototype has been
fabricated and tested as depicted in Figure 9. For proper
biasing, an Infineon BAR64-02 PIN diode, 2 RF inductors,
and 2 SMD capacitors are used. When we apply +1.1V on
the DC pad, the diode is forward-biased. At this time, diode
should offer very low impedance to the flow of RF signal,
and hence S,; should be minimum. The results shown in
Figure 10(a) indicate that S,, is better than 2.5dB for
1-6.5GHz. At the time of reverse bias, the diode should
block RF by giving maximum impedance. The results shown
in Figure 10(b) indicate that isolation loss is better than
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18dB. As S,; parameter gets distorted after 7 GHz, its oper-
ating bandwidth should not exceed after 7 GHz.

6. Implantation of PIN Diode in a
Reconfigurable Antenna

Flexible antennas are fabricated on substrates such as Kap-
ton, PET, and liquid crystal polymer (LCP) substrates.
Dielectric constant and loss tangent are important material
parameters to design low cost and compact flexible antenna
for wearable devices. A reconfigurable antenna was designed
and tested as shown in Figure 11. In the proposed antenna
[38], a reconfigurable feeding structure is used to switch its
operating bands among multiple narrow bands. Here, five
PIN diodes are implanted in the feed structure to control dif-
ferent stub positions autonomously. The implantation of
PIN diode into antenna structure offer very low insertion
loss of 1dB up to frequency 7 GHz. These unique features

(d)

FIGURE 6: (a) Microstrip line; (b) measurement setup; (c) S parameter vs. frequency; (d) E field distribution.

are beneficial for space and aviation applications compared
with the current bulky and surface mounting antenna mod-
ules since they can minimize weight and drag-force during
high-speed motion.

7. Conclusion

PIN diodes have been used as a microwave switch in a lot of
microwave circuits. With the advancement in fabrication
technology, we are shifting to flexible and wearable electron-
ics. The flexible devices can be fabricated on such polymers,
which not only have excellent electrical properties like high
carrier mobilities, dielectric constant, and low loss tangent
but also have excellent mechanical features like high elastic-
ity, durability, stability, and being extremely lightweight. The
flexible PIN diode can be fabricated not only on polymer
substrate like PET, polyethylene naphthalate (PEN), poly-
carbonate (PC), polyethersulfone (PES), and polyimide
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(PI), but also on biodegradable polymer composite carbon
nanofiber CNF substrates for environmental-friendly small
footprint applications. Some points need to be addressed
during fabrication. The fabricated device should give low
series resistance and capacitance in order to be able to
achieve high-frequency operation. The polymer substrate
material is chosen so that device should maintain its perfor-
mance over repeated bending operations. The performance
of PIN diode has been successfully investigated by testing a
reconfigurable antenna. Each biasing component, i.e., SMD
inductor, SMD capacitor, and PIN diode is implanted indi-
vidually in the microstrip line structure to study the inser-
tion and isolation loss. After fabrication of prototypes,
measurement for transmission parameters was successfully
done. It is concluded that the PIN diode is an ideal choice
for high RF power applications because of high switching
speed and low power dissipation. From the observed perfor-
mance parameters of PIN diode, it is concluded that the
transmission loss of RF signal is nearly 1dB, and the isola-
tion loss is better than 20 dB from 1 to 7 GHz in the presence
of biasing components.
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The major motivation behind transistor scaling is the requirement for high-speed transistors with lower fabrication costs. When
the fin thickness or breadth is smaller than 10nm in a trigate FET, charges travel in a nonconfined fashion, resulting in the
creation of energy subbands and causing volume inversion. In comparison to the carrier near a surface inversion layer, volume
inversion experiences less interface scattering. In large-scale integrations, we have focused on developing a 3D model for
surface potential by establishing the three-dimensional Poison’s equation and building a unique fin field-effect transistor
(FInFET) structure. In this context, there is a growing interest in developing a low-cost, simple solution that combines plastic
(polymer) as a substrate and organic materials to create electronics such as monitors and sensors. The research examines
characteristics such as silicon width, oxide thickness, doping concentration, metal work-function about gate, and various
surface potentials. For different circuit configurations, it also examines the DC and AC characteristics of the FInFET structure.
A differential amplifier is built for RF application based on the device specifications. This work is aimed at improving the
semiconductor design structure by adjusting device parameters, analyzing the results, establishing the best FInFET device
preferences, and selecting an application for the optimized device. The 3D Poisson’s equation may be used to create an
analytical model of a trigate nanosize FInFET, which can then be tested using a TCAD simulator. By constructing such a
FinFET, we can structure and analyze various electrostatic parameters. To facilitate the creation of FinFET-based circuits,
including product development, a novel transistor needs a creative device basis. The infrastructure’s support denotes a
computationally advantageous numerical model that accurately depicts a FInFET. The work presents a compact model for
semiconductor manufacturing that permits separate IC productions while achieving higher levels of excellence and using less
power. The design outperforms the CMOS by 22.7% in gain, 31.48% in power consumption, and 12.72% in CMRR, while
operating at a 5 GHz unity gain frequency.

1. Introduction

Over the last few decades, integrated circuit manufacturers
have steadily shortened the physical length of planar silicon
metal-oxide-semiconductor field-effect transistors (MOS-
FET) to improve their power efficiency, speed, and
manufacturing cost per transistor. As a result, an undesired
impact known as the second-order effect has developed par-

allel. The leakage current and, as a result, the dissipation of
the leakage (static) power are growing due to short channel
effects (SCE) [1].

Traditional bulk MOSFET scaling is nearing its conclu-
sion, not just because of manufacturing problems but also
because further scaling would not lower power dissipation
but would likely raise it dramatically. But then again, Den-
nard law of scaling still holds good. This law states that, as
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transistors get smaller, their power density stays constant, so
that the power use stays in proportion with area, both volt-
age and current scale (downward) with length. On the other
hand, leakage current poses a great challenge which leads to
chip heat up and also leads to power dissipation. With cur-
rently available commercial microprocessors operating in
the gigahertz range, shrinking the device’s size also leads to
an increase in operating frequencies [2]. The manufacture
of complementary metal oxide semiconductors (CMOS) is
now the industry standard. It is also the universal enabler
of a staggering number of electronic credentials that have
the potential to recast our daily lives [3]. Lower operating
power, more performance, and lower standby power are
the foundations for future technologies. High-performance
logic is associated with significant, sophisticated integrated
circuits that require high clock rates and low power con-
sumption, such as a microprocessor system. Static leakage
accounts for roughly half of the dissipated power with each
chip when using traditional planar, bulk MOSFET scaling.
Conventional bulk MOSFET scaling is nearing its conclu-
sion, not only because of manufacturing problems but also
because further scaling would significantly increase power
dissipation [4-6]. When transistors are scaled down, a new
generation of technology or node emerges. Deeper integra-
tion, lower energy consumption and higher performance
are the parameters to be addressed when the devices are
decided to scaled-down [7]. With currently available com-
mercial microprocessors working in the gigahertz range,
shrinking the device’s size likewise boosts operating frequen-
cies. As a result, every new generation of semiconductor
technology streamlines circuit performance and power con-
sumption, allowing the realization of increasingly complex
systems [8].

Transistors are linked and correlated towards the top
metal layers to attain output power outwardly. Apart from
integrating, the connected transistors are used in differential
common-source compensated amplifier steps. The neutrali-
zation capacitor improves the transistor’s stability and max-
imum possible gain by utilizing the gate-to-drain capacitor’s
feedback effect. Unit cells were used in the design and a sys-
tem MOM-cap for neutralization during the input, operator,
and output stages. Self-heating due to the centre fins causes a
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microscopic unit-cell transistor to change quickly, and fin-
gers are gently implanted, resulting in more dependable heat
dissipation. Furthermore, the small transistors with quick
fan-out to top metals allow adhering to the requisite electro-
migration criteria easy [9].

Because of the current decrease in MOSFET scaling, new
technologies are absolutely necessary. There are two options
for getting to the various approaches. The first is to create
novel materials that have improved carrier transport charac-
teristics. Second, the new transistor architectures (nonclassi-
cal multigate MOSFETSs) with superior electrostatics and
performance metrics allow for even more device scaling. In
multigate, the current drive is determined by the total cur-
rents of the gate electrode interfaces if the carriers have equal
mobility on all interfaces. Since charge sharing has ramifica-
tions inside the surrounding gates, premature inversion rises
around the corners of SOI devices. Corner effects are fully
parasitic in traditional single gate; however, in multigate,
the corners are intrinsic transistors. To ease the creation of
FinFET-based circuits, a novel transistor needs a creative
device basis. The infrastructure’s compliance denotes a com-
putationally advantageous numerical model that accurately
depicts a FInFET. A compressed model, on the other hand,
is referred to as a spice standard. The paper presents a com-
pact paradigm for semiconductor production that permits
separate IC manufactures while achieving higher efficiency
and using less power. The investigation’s goal is to improve
the semiconductor design structure by adjusting device
parameters, studying the results, establishing the best Fin-
FET device preferences, and selecting an application for
the optimized device. Moreover, the methods for fabricating
standard size circuits with SWCNTs (single-walled carbon
nanotubes) and organic polymers are not compatible with
manufacturing techniques like silicon-based semiconduc-
tors. Due to the absence of clearly identifiable on/off behav-
ior, grapheme with polymer’s almost zero band-gap
semimetallic feature restricts its promise for electronic inno-
vations, making it more ideal for radio-frequency (RF)
applications with FinFETs [10, 11].

The objectives of this paper are to (i) examine and eval-
uate the usability of standard electron transport models used
in commercial TCAD simulators for modelling the behavior
of nanoscale channel lengths, (ii) develop an analytical
model of a trigate nanoscale FInFET using 3-D Poisson’s
equation, (iii) evaluate the result using a TCAD simulator,
and (iv) construct analog/RF circuits with FInFETs that have
the best device characteristics and compare their perfor-
mance to CMOS Analog Circuit Design.

2. Related Works

A 30nm SOI FinFET Berkeley short-channel IGFET and
conventional multigate architecture for OP-Amp design
are proposed in [12]. To achieve compactness and lower
power consumption in sensor and biomedical applications,
researchers used a study technique against subthreshold
control using FInFET developed OTA. It denoted, examined,
and reasoned that OTA gain is independent of current in the
weak inversion region; however, it is dependent in the vital
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inversion region. Thanks to the compensation capacitor, the
unity gain margin and slew rate have improved. A sophisti-
cated electrostatic channel potential mathematical model to
analyze lightly doped multigate FinFETs and debated how
the larger k dielectric material affects the SCE is introduced
in [13]. A subthreshold surface potential analytical modeling
and the threshold voltage and subthreshold swing using a
triple material trigate FInFET are proposed in [14].

In contrast to TCAD simulated outcomes, analytical
model validation is obtained and proved to be more precise.
The inherent advantages of applying the source side (dual-
kS) and drain side (dual-kD) alone to boost these analog/
RF figures of merit (FOM) toward low power performance
at a channel length of 20nm are discussed in [15]. The
results show that a FinFET device with a dual-k spacer
(inside spacer high k) boosts specific gate fringe field cou-
pling across a specified underlap area on the source side. A
bulk FinFET structure with high k spacer Si;N, and low k
spacer SiO, with a gate length of less than 10 nm is proposed
in [16]. The device’s DC and AC performances are examined
and compared, revealing that spacer material increases the
parasitic capacitance and delays through device scaling.
The impact of HFin and WFin modifications on various per-
formance indicators is discussed in [17]. Static and dynamic
figures of merit (FOM) and specific DC and AC FOMs are
all included. Because cut-oft frequency (f ), gate capacitance
(C g), inherent delay, and output resistance (R, are offered

regularly by the adjustment concerning device geometry
guideline, the fixed or low-frequency concerts plus active
or high-frequency enforcement are presented constantly.
The findings can aid designers in creating 3-D designs that
are practically tailored to their needs.

A quantum model of the trigate n-FinFET device using
the Bohm quantum potential framework is proposed in
[18]. This included quantum confinement effects during
specific simulations. Substantial scaling capabilities of Fin-
FET transistors were examined, and the channel length
was calculated conservatively. Short channel effects may be
achieved by simply altering fin width and gate work func-

tion. This research demonstrates that the n-FinFET in the
presence of ZrO, is a viable device for the CMOS industry’s
future. The study underlines the importance of doping level
in determining the electrical properties of a FInFET channel.
Designed an inverted T (IT) FinFET structure and discov-
ered that a fin width (WFin) of less than 10 nm is required
for robust gate controllability; otherwise, punch through
occurs. Although the resistance to short-channel impact is
significantly lower than that of SOI FinFET at significantly
scaled L, an ideally outlined IT FinFET may deliver a higher

current and confirm reduced intrinsic delay discussed in
[19]. The Junction less inverted T-shaped gate FET con-
struction and found that Iy rose as channel capacity and
fin width grew, and thin thickness suffered greater degrada-
tion in threshold voltage. With the same ITSB width, the sig-
nificant height of fins is required to withstand SCEs and
reduce threshold voltage deterioration as channel length
decreases proposed in [20].

The transistor’s external resistance (R,,,) is aggressively
affected by the extension doping indicated during a specific
inclination of the epitaxial expanded S/D. The continued
doping orientation varies across external resistance for vari-
ous threshold voltage (V) models, including ultralow V,
low V,, ordinary V, and variable transistor supply volt-
ages (V4q). The channel’s electrostatic gate switch is repre-
sented as a subthreshold swing (SS,,) with a high drain
voltage (V). Some SS,, for peak I ¢ declines with enormous
Vi, essence, including a strategy for FinFET evolution on the
scaling domain and a more moderate operation V44 well dis-
cussed in [21]. FInFET devices at 14nm technology node
dimensions with and without LDD insertion are proposed
in [22]. The V., discrepancy between n-MOSFET transis-
tors in neither LDD should drop by 20% if HCI’s incorpo-
rated design authenticity connected with components
among LDD is taken into account. The results show that,
in addition to no LDD, FinFET architecture with a more
constrained mask delivers greater cost-effectiveness, exciting
accomplishment, and area scalability than designs with LDD
as major performance and lower power systems.
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Totally depleting dual-material double-gate (DMDG)
MOSEET as a surface potential 2D model is proposed in
[23]. This model takes into account the effect of temperature
as well as the impression of interface charge density. This
model has also taken into account the effects of a large
dielectric constant element like HfO,, predicting that the
surface potential on this channel will play a step role that
will exceed multiple SCE. As a consequence, the model spec-
ifies that the oxide thickness using HfO, should be larger
than SiO, in order to perceive this associated estimation
regarding surface potential. Drain current and surface
potential models for a physical-based double halo MOSFET

in the subthreshold regime are introduced in [24]. Margins
with unequal doping were used to regulate the depletion
layer extent against pseudo-two-dimensional Poisson’s
equation. By monitoring each surface potential and draining
current models, this classic silicon-dioxide (SiO,) balances
among a dielectric, hafnium oxide (HfO,).

Because of the complexity associated with transistor scal-
ing down and the emergence of new carrier transport
mechanics, standard models can no longer be utilized to
simulate such nanoscale devices, as stated above. As a result,
particular care should be taken in selecting the appropriate
simulation model. In this paper, we have focused on



International Journal of Polymer Science

Underlap

Source

0
_lSU

Channel

Ve

Drain

Fipy

FIGURE 4: Two-dimensional underlap FinFET structure.

developing a 3D model for surface potential by establishing
the three-dimensional Poison’s equation and building a
unique fin field-effect transistor (FinFET) structure. Further
we proposed two-stage operational amplifier for RF applica-
tion based on the device specifications.

3. Trigate Nanoscale FinFET

The fundamental impetus for transistor scaling is the need
for high-speed transistors with lower fabrication costs. This
decrease in transistor size or length shrinks circuits, increas-
ing the number of transistors on integrated circuits. Due to
the current lack of MOSFET scalability, novel technologies
or methodologies are required. There are two options for
getting to the various methods: creating a novel material
with improved carrier transport properties. Second, the
new transistor architectures (nonclassical multigate MOS-
FETSs) with superior electrostatics and performance metrics
allow even more device scaling. In multigate, the current
drive is determined by the total currents of the gate electrode
interfaces if the carriers have equal mobility on all interfaces.

In a trigate FET with a fin thickness or width less than
10 nm, charges can pass in a nonconfined way, resulting in
the creation of energy subbands, which causes volume inver-
sion. Compared to the carrier near a surface inversion layer,
volume inversion experiences less interface scattering. As a
result, the multigate structure has improved mobility and
transconductance. Calculating and virtually implementing
the channel charge density through a particular representa-
tion can result in a simple and compact mathematical model
for trigate FinFET, as illustrated in Figure 1. Without inter-
fering with the mobile charge densities at the source and
drain, the model expression’s drain current can be
expressed. It is simple to derive a well-matching mathemat-
ical and corresponding 3D mathematical simulation.
Through compressed modeling, a mobile deterioration that
is expected across velocity overshoots and the scattering
mechanism that is part of SCE can be constructed as an out-
spread version.

The analytical model of trigate FInFET is derived from
the solution of Poisson’s equation, which implies a little dop-
ing concentration in the channel. Due to the strong nonlin-
earity of the equation across the short channel, the
perturbation approach is employed to compute the channel

potential based on the three-dimensional Laplace solution.
An electrostatic potential expression is retrieved from Fin-
FETs in a doped channel area, recognizing relevant bound-
ary limitations. The three-dimensional Poisson equation
has been solved analytically; using the technique of splitting
variables about the boundary stands to realize the 3D chan-
nel’s potential. It is not possible to make fractions of fins due
to quantized device width. Therefore, designers can only
define the dimensions of the devices in multiples of complete
fins. The entire fin area is considered analogous to calculate
and formulate the effective silicon fin height (H,4) and effec-
tive silicon fin thickness (T ).

2§

T =Thy + (S Si) T o
0ox (1)

S.
Heff = Hﬁn + <Si> Tox’

ox

where S is silicon dielectric permittivity and S, is the
dielectric permittivity of SiO,. The summation of the chan-
nel potential due to top (th)’ front (wfg), and back gates

(wbg); source (y,); and drain (i) expresses the 3D surface
channel potential function (y,):

V3p = Vig + Vi + Wog T ¥ + Yy (2)

To validate the analytical model, the 3-dimensional sim-
ulator device “Sentaurus TCAD” was utilized to examine the
potential surface distribution inside thin-film silicon. We
used Vi, =0V, N, =11020cm’, £, =1.5nm, V4 =05V,
and @M =4.7eV to calculate the surface potential along
the channel. Here, V;,, =0V is used, and the charge density
Qo =0 is used. The electrostatic potential along the channel
is illustrated in Figure 2.

The computed and simulated surface potential values for
channel lengths of 10, 16, and 20 nm are graphed in the x
-direction with a horizontal distance along the channel. At
a fixed drain voltage of 0.4 V4, the electrostatic charge den-
sity increases as the channel X direction is changed. Given
that the threshold voltage is determined by the minimal level
surface potential near the source junction, it is easier to fore-
cast the proper threshold voltage range for the trigate
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FIGURE 5: Performance analysis of the FinFET.

FinFET device. The device’s performance is slowed by a high
threshold voltage, whereas a lower threshold voltage tends to
increase the OFF-state leakage current as illustrated in
Figure 3. FInFET of 10nm will have enough electrostatic
control because of sufficient gate length which provides good

thin fin thickness

electrostatic control. But beyond 5nm, it will not have
enough electrostatic control.

Quantum mechanical (QM) confinement occurs across
the channel of charge carriers in FInFET devices with a very

(10nm). Both structural and electrical
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TaBLE 1: Comparison of analog performance parameters for n-type 10 nm FinFET device.

10nm Proposed trigate underlap (HfO,) Proposed trigate underlap (SiO,)
Parameter Ref- 291 pigpet FinFET FinFET
Transconductance (4S) 352 262 390 315
Output conductance e(S) ~ 7.54x107*  2.84x107 8.37x107* 7.84x107*
Intrinsic gain (Ayo) 1.09 1.07 1.4 1.02
flj‘)rasmc gate capacitance o), 10715 1.18x 107V 1.05x 1077 0.85x 107
Cut-off frequency (THz) 0.05390 3.54 5.92 5.90

TaBLE 2: Analog performance parameters towards n-type 16 nm
SOI FinFET structure.

Parameter Bias condition n-FinFET
ON current (Iy) V4 =04V 334 (uA/pm)
OFF current (Igpg) V=04V 3.19E-6 (4A/pm)
Transconductance V=04V 408.2 uS
Threshold voltage V4 =04V 029V
Subthreshold slope V4 =04V 77.6 mV/decade
Output resistance V4 =04V 1.92x10° Q
Intrinsic gain V4 =04V 1.6
Parasitic gate capacitance V=04V 1.1x1077 F

confinement show the source of these confined carriers [25].
The threshold voltage varies in response to the influence of
QM (Vg,, QM), which may be measured as a function of
the carrier’s effective mass to free-electron mass as well as
the thickness of the silicon film in the confinement direction
[26]. When the drain-source voltage V is increased beyond
the saturation voltage V4, =V, =V, a pinch-off occurs in

the channel travelling from the drain to the source. This
effect, referred to as channel length modulation (CLM),
causes the channel to be slightly shorter than its physical
length L [27].

L'=L-AL, (3)

where L' is the gate electrical length due to drain-source
voltage V; and AL relates to the difference between L and
the pinch-off. A, is the effective natural length of trigate
FinFET.

AL = Aegs V pinch- (4)

Calculating the channel charge density, which is essen-
tially a specific representation originating from the whole
surface and core potential models yields a concise mathe-
matical model for trigate FInFETs. The mobile charge densi-
ties at the source and drain are used to create the drain
current expression. The mathematically modeled compo-
nents and the three-dimensional mathematical simulations
are well-matched. The compressed model is an outspread
design that considers SCE, such as mobility loss due to scat-
tering mechanisms, velocity overshoot, and quantum effects.

FinFETs are widely regarded as the most effective way to
achieve higher OFF-state leakage current (Ipp) and drain-
induced barrier lowering (DIBL). FinFET technology is
widely used in both analogue and digital circuit applications.
FOM analogue, transconductance, early voltage, intrinsic
DC gain, output conductance, and cut-off frequency are all
affected by SCE. It also depends on the gate’s influence on
electrostatic integrity (EI) in the channel region. Practically,
FinFETs are not completely robust to short channel effects
but FInFETs have ability to mitigate the short channel effects
because FInFET's contain gate all around the fin architecture
which gives complete control to gate over the channel which
reduces the short channel effects. But the channel control
becomes difficult in FInFET. Even though underlap FinFET
has a series parasitic rise, downscaling the structure aids in
analogue realization. Underlap creation in FinFET structures
may limit source-drain junction misalignment and improve
SCE immunity.

The electrostatic integration (EI) of the underlap FinFET
is superior, and its performance is less immune to interde-
vice variability and parametric fluctuations [28]. The barrier
near the underlap lengths of FinFET is accentuated by
spacers in the underlap FinFET as illustrated in Figure 4.
The primary reason of the barrier changes is an extension
of the gate fringing field, which moves the lateral electric
field toward the drain. By increasing intrinsic DC gain, this
electric field shift improves transconductance (g,,) while
degrading output conductance (g,).

Because of the lateral electric field swing between the
gate edge and the drain, the underlap zone improves gate
control by reducing SCE. Analog FOM is considerably
enhanced, along with cut-off frequency (f,), Transconduc-
tance (g,,), early voltage (Vg =14/g,), and intrinsic DC
gain (Ay) [29]. By comparing and plotting the different fea-
tures of a FinFET, we can analyze the analogous perfor-
mance for different spacers as illustrated in Figure 5.

HfO, and SiO, as spacers are used to evaluate the perfor-
mance of trigate FInFET and underlap trigate. When com-
pared to trigate FinFET without underlap, underlap
FinFET has a better overall performance. The underlap tri-
gate FInFET with HfO, as a spacer, in particular, overcomes
the SCEs with a 14.20% increase in g,, and a 28.44% increase
in intrinsic gain, as well as a 5.9 THz cut-off frequency. In
the inversion zone, the results show a noticeable linear
increase. Because of the improved g,, and cut-off frequency
properties, this device compares favorably to regular Fin-
FETs shown in Table 1. It is also well suited for analog/RF
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FIGURE 6: Two-stage differential amplifier block diagram.

applications. Both FinFET's and trigate are frequently seen as
belonging to a larger category of devices known as multigate
devices. The term trigate is that the channel has gates on
three sides of it out of four, whereas FinFET is one of the tri-
gate implementations. The orientation in the paper is to ele-
vate the tri-gate-based device.

4. Two-Stage Operational Amplifier Design

Electromagnetic interference (EMI) caused by electronic
devices increases noise in the analogue circuit. Because of
its low electromagnetic interference capabilities, the OP-
Amp is widely used in analogue and mixed-signal systems.
Though EMI is added to the input signal and fed into the
OP-Amp as an input, its output is either boosted as a
common-mode component or rejected as a differential mode
component. FInFET can be used instead of tiny CMOS to
create an OP-Amp with high gain and low power especially,
suitable for design of two-stage operational amplifier
because FinFET-based two-stage operational amplifiers give
enhanced performance at high voltage and a remarkable
great performance at lower supply voltage compared to con-
ventional MOSFET-based two-stage operational amplifiers.
The device’s analogue performance is improved through
the use of geometrical structure design to acquire optimum
parameters [30]. Table 2 shows that subthreshold slope
(SS), unity gain frequency, output conductance (g,), intrin-
sic gain (Ay,), transconductance (g,,), and output resistance
(Rp) are among the analogue optimal parameters’ equations.
A differential amplifier is followed by a common source
polymer-based amplifier in the two-stage OP-Amp, which
improves gain and strengthens the output voltage swing.
Differential amplifier generates a differential voltage between
the inverting and noninverting terminals, which is amplified

by the differential amplifier. The differential signal, which is
fed as input to the current mirror circuit to create single-
ended output voltage, provides active loads to the RF circuit.
To improve the amplification, the common source amplifier
is used as a buffer. With the help of a biasing circuit, all of
the transistors operate in the saturation area. To run the
OP-Amp with great stability and over a wider frequency
range, a compensating circuit is used [31] as displayed in
Figure 6.

Small signal analysis of a differential amplifier includes
NMOS (M1 and M2) as the first stage’s inverting and nonin-
verting terminals and NMOS (M3 and M4) as the active
load. A, is the voltage gain of the first stage of a differential
amplifier. The common source amplifier for gain (A,,) is
used in the second stage, with an active load of NMOS
(M6) and NMOS (M7) transistors.

Ay =GRy =g, (r||T04)>

(5)
Ay = =Gns(Tos|7o7)-
And the product of the first and second stages is the
overall voltage gain:
AO = AVIAVZ = "ImIme (7’02H7’04)(7’06”1’07). (6)
In the first stage, the total capacitance is (C,), and in the
second stage, the total capacitance is (C,):

C, =Cqpy + Cppyr + Cgpa + Cppy + Coseo 7)

C, =Cpps + Cppy + Cgpy + Cp.-

To build a shunt feedback loop using the Miller capaci-
tance, the drain of the NMOS (M6) transistor is linked to
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the gate of the NMOS (M6) transistor (CC). For high-
frequency operations, the feedback loop boosts stability.
The dominating pole is calculated by combining the first
and second stages of total capacitances. The frequency per-
formance at first (f ;) and second poles (f,) is as follows:

1
- 2R [Cy + C (1 + g,,R,)]
f — GmZCc
2 27‘[(C1C2 + CICC(I + CZCC)) '

fa

>

(8)

The gain bandwidth product (GBW) at the first stage is
expressed as

G 1 w
Gpw =Ag *fy= C—mll = E[’lncox(f>' )

Miller capacitance (CC) increase is thought to aid in
achieving improved stability and lowering the gain band-
width product. Nonetheless, as compared to standard
CMOS, the transconductance (g,,) of nano FinFET is high,
resulting in better gain bandwidth and unity gain frequency.
The two-stage differential FinFET OP-Amp has three
phases, namely, the differential phase, common source gain
phase, and biasing phase. FInFET's have turned the differen-
tial input signal into a single-ended output signal in the first
phase (M1-M5). Noninverting and inverting FInFET gate
terminals are M1 and M2, respectively. The differential
phase gain determines how much the single-ended output
is amplified. This phase gain is based on specific transcon-

ductance around the M1 FinFET, and it outputs total resis-
tance to the M2 FinFET’s drain terminal. The M3 and M4
FinFETs work as active load, single-ended conversion, and
CMMR management by acting as a current mirror. The
M5 FinFET is used to keep the differential pair’s bias
constant.

The common source gain phase amplifies the signal
from the M2 FinFET using a common source M6 FinFET.
This phase’s active load will be transistor M7. The gain of
the phase is determined by the specific transconductance
around M6 FinFET and the total output load resistance
toward M6 and M7. The gain improvement is achieved by
giving output bias current to M6 and M7 FinFETs. With
an active load inverter, this phase acts as a current sink. Dur-
ing the biasing phase, the M8-M13 FinFET transistors are
used in current mirror architecture to provide a biasing net-
work and also serve as a current source for the remarkable
M5 and M7 FinFET transistors. The current sink for this
phase will be the FInFET M5 plus M7 as illustrated in
Figure 7.

In the RF region of operation, stray capacitances in the
circuit generate an undesired phase shift, which makes the
network unstable and difficult to remove. A frequency com-
pensated capacitor (CO) is a series connected to the negative
feedback network to maintain steady operation as illustrated
in Figure 8. In a closed-loop design, an extra pole is formed
during the amplification stage. As a result, if the dominating
pole is greater than the new pole location, the phase falls.
The CO capacitor is a capacitor that rejects the effects of
poles. To maintain good stability, an RC Miller adjusted cir-
cuit is used. The frequency response associated with gain
enhancement technique is shown in the diagram below. It
was discovered that the gain is 23 dB and that the frequency
of unity gain is 5.07 GHz.

5. Results and Discussions

From Figure 9, it can be noticed that the phase has risen to
180 degrees, as can be seen. The RC compensated circuit
can boost the unity gain bandwidth by increasing the bias
current. When operating at 5 GHz, the circuit consumes a
total of 537.1 yW.

The differential polymer-based amplifier is built using
16 nm FinFET technology, and its performance is compared
to that of traditional MOSFETs. Using 16 nm FinFET tech-
nology, the overall gain increased to 22.7%. The FinFET’s
strong gm boosts the gain by a significant amount. The oper-
ational amplifier’s unity gain frequency is 5 GHz, thanks to
FinFET technology. FinFET minimizes power dissipation
by 31.48% when compared to the reference circuit and pro-
vides an ideal bandwidth range. Using a 16 nm FinFET with
a constant current bias and current mirror circuit, the
CMRR was enhanced to 12.72%. When compared to ordi-
nary MOSFETs, the FinFET OP-Amp produces better
results. FINFET technology outperforms CMOS technology
in terms of gain and unity gain frequency. The frequency
of unity gain is 5.07 GHz, which is suitable for RF models.
The same can be concluded by observing Table 3. This pro-
posed novel model also provides scope for cost effective chip



10 International Journal of Polymer Science
2000 -
180.0 —-
160.0 —-
/(?)); 4
'_8 B
< 140.0 -
2 i
£ il
Ay
120.0 —-
1 Fout :
1 2.04442GHz | |
80.0 r
I T W T T T T T T T T R}
100 10! 102 103 104 10 106 107 108 10° 10
Freq (Hz)
FI1GURE 9: Phase plot of FInFET two-stage OP-Amp.
TaBLE 3: Comparison table of polymer-based two-stage differential OP-Amp with CMOS and FinFET technology.
Parameter Ref. [32] Ref. [12] Proposed method
Technology node 16 nm FinFET 30 nm CMOS 16 nm FinFET
Mode of operation Saturation Saturation Saturation
VDD (V) 0.9 1.8 1
Gain (dB) 19.3 61.7 23.7
Unity gain frequency (GHz) 2.47 0.475 5.07
Power consumption (4W) 784 1258 537.1
CMRR (dB) 68 64.2 76.67

design, especially for low power, high speed, and area effi-
cient applications.

6. Conclusions and Future Scope

CMOS scaling has emerged as the most important predictor
of silicon technology advancement in terms of improving
performance and incorporating more functions into a chip.
The goal of this research was to develop a three-
dimensional polymer-based trigate FInFET and a circuit uti-
lizing the implemented compact model. FinFET is a three-
dimensional structure that conducts channels around a ver-
tical fin in three facets to improve driving current and func-
tions as totally depleted for superior performance. With
rising HFin, both Iy and Iypp increase. Because of its low
electromagnetic interference capabilities, the OP-Amp is
widely used in analogue and mixed-signal systems. With

its 16 nm predictive technology model (PTM) FinFET, it is
building a high gain and low-power FinFET polymer-based
two-stage OP-Amp. Create a TCAD SPICE file with the Fin-
FET device in it. The SPICE file has a lookup table-based
model of the TCAD device. The design outperforms the
CMOS by 22.7% in gain, 31.48% in power consumption,
and 12.72% in CMRR, while operating at a 5 GHz unity gain
frequency. Process variation in multigate devices is another
issue that needs to be addressed in order to achieve device
performance. The performance of the planned underlap Fin-
FET is less immune to interdevice variability and parametric
fluctuations, and it has better electrostatic integration (EI).
In the future, new architectures such as negative capacitance,
FETs that operate in the terahertz frequency range, and
entirely depleted SOI for quantum computing are planned.
As a result, greater gains in gate control over lower V,
can be obtained.
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