MODULE 3: FUNCTIONAL POLYMERS AND HYBRID COMPOSITES IN FLEXIBLE ELECTRONICS

Stretchable and Wearable Microelectronics: Introduction, basic principle and working
of lithography for micro-patterned copper deposition. Synthesis, properties and
applications of PDMS (Polydimethylsiloxane) and its uses in e-skin (electronic skin) and

RFID applications.

Polymers: Introduction, synthesis, conduction mechanism of polyaniline and its
electronic devices applications. Molecular weight of polymers: Number average and
weight average molecular weight of polymers-numerical problems. Synthesis and

properties of Polyvinylidene Fluoride (PVDF) and its applications in E-nose devices.

Polymer Composites: Introduction, synthesis and properties of epoxy resin-magnetite
(FesO4) composite (ultrasonication method) for sensors applications. Synthesis and
properties of Kevlar Fiber Reinforced Polymer (KFRP) for smart electronic devices

applications.

Stretchable and wearable microelectronics

Microelectronics deals with electronic circuits and devices fabricated at a very small
scale (micrometers or nanometers). It includes components such as transistors, sensors, and
microchips. Conventional microelectronic devices are fabricated on rigid silicon wafers. These
rigid devices are commonly used in smartphones, laptops, and computers. Traditional
microelectronics are flat, hard, and inflexible. The human body is soft, curved, and flexible,
unlike rigid electronic chips. Rigid electronics cannot easily conform to skin, clothing, or
internal organs. To overcome this limitation, stretchable and wearable microelectronics were
developed. Stretchable electronics are fabricated on flexible and elastic substrates. Common
substrate materials include rubbery polymers, silicones, and soft plastics. These materials allow
circuits to bend, twist, and stretch without losing electrical performance. Stretchable electronics
can move like human skin while maintaining functionality. They are widely used in wearable

devices, electronic skin (e-skin), and biomedical sensors.
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Wearable electronics are devices that can be worn on the body, such as clothes,
wristbands, or skin patches.

They are designed to continuously monitor health or environmental conditions.
These devices are made to be comfortable for long-term use.

Stretchable and wearable microelectronics are advanced devices designed to be:
Worn directly on the skin or integrated into clothing

Able to move and stretch naturally with the human body

Unlike conventional electronics, they do not use hard and brittle silicon or metals.
Instead, they use soft, biocompatible materials.

These materials are: Conductive (allow electricity to flow) Elastic (can stretch and

return to original shape)

Commonly Used Materials

1.

2
3.
4

Conductive polymers (e.g., PDMS — polydimethylsiloxane)
Conductive inks (Contain materials like silver, graphene, or carbon nanotubes)

Liquid metal alloys (e.g., gallium-based alloys)

. Non-toxic liquid metal droplets

Lithography for Micro-Patterned Copper Deposition

1.

Lithography is a key process in microfabrication, used to create patterns on substrates
(like silicon wafers).
The basic principle of lithography for micro patterned copper deposition is to use a
light-sensitive material (photoresist) and a photomask to create a pattern, which then
acts as a template for selectively depositing the copper in the desired areas.
This is commonly achieved using an additive process like electroplating, which is
preferred because copper is difficult to pattern by etching.
The core principle is photopatterning, which uses a photochemical reaction to transfer
a geometric blueprint onto a substrate surface.
The key components are:

» Substrate: The base material (e.g., a silicon wafer) onto which the copper will be

deposited.
> Photoresist: A light-sensitive polymer coated onto the substrate.
> Photomask: A template with opaque and transparent regions that defines the

desired pattern.



Exposure to light through the mask changes the solubility of the photoresist in a
developer solution, allowing for the selective removal of either the exposed (positive resist) or

unexposed (negative resist) areas to form a patterned stencil.
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Steps involved in lithography

1.Substrate Preparation: A clean, flat silicon wafer is used as the substrate. A thin conductive

seed layer of copper is deposited by sputtering or evaporation.The substrate is cleaned to
remove contaminants and may be treated with an adhesion promoter to ensure the photoresist

sticks properly.

2.Photoresist Application: A uniform layer of liquid photoresist is applied to the entire

substrate, typically using a spin-coating process and excess solvent is removed. Examples are
Novolac resin (base polymer, soluble in alkaline solution), DNQ (Diazo-Naphthoquinone) —

photoactive compound. DNQ acts as a dissolution inhibitor before UV exposure.

3. UV Exposure: A photomask (glass plate with opaque and transparent regions) is placed over

the wafer. UV light passes through transparent regions and blocks opaque areas. UV light hits
selected areas of photoresist. DNQ undergoes Wolff rearrangement, forming indene carboxylic

acid. This new compound becomes soluble in developer.

4. Development: The wafer is washed with a developer solution. UV-exposed photoresist

dissolves. Unexposed photoresist remains intact. This creates trenches or openings that expose
the underlying substrate where copper deposition is desired. Pattern is clearly formed, exposing

the copper seed layer.
Chemical change:

DNQ (insoluble) — Indene carboxylic acid (soluble)



5. Copper_Deposition: Copper is deposited over the entire wafer surface, filling the open

trenches in the photoresist pattern and covering the remaining photoresist. This is often done
using physical vapor deposition (PVD) or chemical vapor deposition (CVD), but more
commonly via electroplating (also known as electrochemical deposition or ECD) for high-
aspect-ratio structures. In electroplating, the wafer acts as a cathode in a copper salt solution,

and an electric current is used to deposit the copper metal onto the exposed areas.

6.Lift-off: The remaining photoresist and the copper deposited on top of it are dissolved and
washed away using a suitable solvent (e.g., acetone). This leaves behind only the precisely
patterned copper traces that adhered directly to the substrate, completing the micro patterned

copper deposition.
7.Final result: High-resolution microscopic copper wiring, same as photomask design

Polydimethylsiloxane (PDMS)

Polydimethylsiloxane (PDMS) is a high-performance, transparent, flexible silicone
polymer widely used in flexible and wearable electronics.It consists of a long polymer chain

formed by repeating monomer units. The chemical repeat unit of PDMS is [ Si(CH,), — O]

In

The polymer backbone is composed of alternating silicon (Si) and oxygen (O) atoms,
while two methyl (—CHs) groups are attached to each silicon atom. This unique structure gives
PDMS high flexibility, as the Si—O bond allows easy rotation and the methyl groups act as soft

side chains.

Svnthesis of PDMS

PDMS is usually synthesized in two main steps:
Step 1: Hydrolysis of the Monomer

Monomer, Dichlorodimethylsilane ((CH3)ZSiC12)is hydrolysed with water (H,0) .The two

chlorine (Cl) atoms are replaced by hydroxyl (—OH) groups forming a very reactive

intermediate called a silanol.
Step 2: Condensation Polymerization

The silanol molecules don't stay separate for long. The hydroxyl (~OH) group of one silanol
molecule reacts with the ~OH group of another. They link up by forming a strong siloxane (Si—

0O-Si) bond. Siloxane (Si—O-Si) bond is formed and a molecule of water is released. This is
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called a condensation reaction. This process repeats over and over, with more and more

molecules linking together to form long, liquid chains of the polymer.

HO-[Si(CH,),~O]-H + HO-[Si(CH,),~O]-H — HO-[Si(CH,),~0],~H + H,0

=5i-OH + HO-Si= — =8i-0-Si= + H,0

Step 3: Curing (Turning the Liquid into a Solid Rubber)

The condensation process produces linear chains of PDMS, which is a thick, honey-

like liquid. To obtain a useful, solid, rubbery material, it is further treated with cross-linking

agents such as tetraethyl orthosilicate (TEOS) and Pt-based catalysts. These introduce chemical

bridges between the long polymer chains. This converts the liquid into a solid, three-

dimensional (3D) network, giving PDMS its characteristic strength and elasticity.

Properties of PDMS

PDMS has a unique combination of properties:

1.

It is flexible and elastic because of its Si—O bonds, which are stronger and more flexible
than C—C bonds in polymers. It can be stretched 100-300%, twisted, and bent without
breaking, just like skin.

It is biocompatible. It is non-toxic and FDA-approved for medical use. It does not cause
reactions with human skin or tissue. This is a must-have for any wearable or implantable

device.

. It has high optical transparency. It is crystal clear. This is useful for LEDs or optical sensor

applications.

It is hydrophobic due to methyl side groups. It naturally repels water, which helps protect
electronics from sweat and moisture.

It is permeable to gases. It allows gases like oxygen and carbon dioxide to pass through.
Thus, it can “breathe” in e-skin applications.

It is a very good electrical insulator. It does not conduct electricity, making it a perfect base

(substrate) on which to build electronic circuits.



Applications in E-Skin (Electronic Skin)

1.

Electronic skin (e-skin) is an artificial skin used in robots and prosthetic limbs to sense
touch, pressure, heat, and motion, similar to human skin.

PDMS is used as the skin layer because it is soft, stretchable, flexible, and biocompatible,
making it safe for direct contact with human skin.

PDMS acts as a flexible substrate on which tiny rigid sensors, electrodes, and wires can be
mounted without breaking during bending or stretching.

PDMS is mixed with conductive materials such as carbon nanotubes (CNTs) or metal
electrodes (e.g., serpentine copper) to form thin, transparent, and stretchable conducting
films.

When PDMS is combined with piezoresistive materials, it functions as a flexible pressure
sensor.On pressing, the electrical resistance changes, indicating touch or pressure.

PDMS has a low Young’s modulus (~1 MPa), similar to human skin, giving a natural feel
and comfort during long-term wear.

PDMS-based e-skin can detect finger bending, body movement, and heartbeat, making it
suitable for wearable health-monitoring patches.

It is also used as a sweat sensor, analyzing biomarkers such as glucose and lactate levels

for health monitoring.

Applications in RFID tags

1.

RFID (Radio Frequency Identification) is a wireless technology that uses radio waves to
automatically identify and track tags attached to objects, people, or animals, without
needing a direct line of sight like barcodes.

PDMS is used as a base substrate for RFID tags to make them flexible and wearable instead
of flat and rigid.

RFID antennas fabricated on PDMS can be bent, stretched, or embedded into clothing
without damage.

PDMS acts as a protective encapsulation layer for fragile RFID circuits and chips.

PDMS can support stretchable conductive antennas made from copper (Cu), silver
nanowires (Ag), graphene, carbon nanotubes (CNTs).

Due to its biocompatibility, RFID chips encapsulated in PDMS can be safely implanted

under the skin.



7. Implantable PDMS-based RFID tags are not rejected by the body and are used for: Medical
identification and secure access control

8. PDMS is washable and waterproof, protecting RFID components from, moisture, sweat,
physical damage. This increases the durability and reliability of rfid tags in harsh

environments.

Polymers

A polymer is a large molecule built by the repetition of small, simple chemical unit
called as monomer which are covalently linked to each other. The properties of polymers are
entirely different from those of monomers. The molar masses of polymers vary from 103 to
107. Polymers have large molecular mass, produces unique physical properties including
toughness, high elasticity, and a tendency to form amorphous and semicrystalline structures

rather than crystals.

Degree of polymerization

Degree of polymerization is the number of repeating units present in a polymer molecule.

Degree of Polymerization (n) =M/m;

Where, M= Mass of Polymer; m = mass of monomeric unit

Polymedsation —
3CH,=CH, e —;—CH;—CH;]-
= 3
Ethylene
polyethylene

Degree of polymerization (n) =3

Mass of this polymer M = (28 x 3) = 84Da

Molecular weight of Polymers-Number average, Weight average

Molecular weight of a polymer is defined as sum of the atomic weight of each of the
atoms in the molecules, which is present in the polymer. Polymers contain mixture of chains
of different lengths so it’s not possible to assign a definite molar mass to a polymer. Polymers
exhibit very different physical properties compared to the monomers, dependent on the length
of the polymer chains. The presence of small amounts of very long or very short chains can
have drastic effects on properties of the material. Molecular mass of polymers determines many
physical properties like strength, stiffness, elasticity, viscosity etc. The molecular weight of a
synthetic polymer does not have a single value, since different chains will have different lengths

and different numbers of side branches. There will therefore be a distribution of molecular



weights, so it is common to calculate the average molecular weight of the polymer. Two
important ways to define the average molecular weight, the two most common being the

number average molecular weight and the weight average molecular weight.

Number-average molecular weight

The total weight of all the polymer molecules in a sample, divided by the total number of
polymer molecules in a sample

M- = YieamiM;  YiZymy  nyMy +n;M; + nzM;
oy Y2 ng +n, + ng

where,

Mi= Molecular weight of i type polymer

n; = Number of chains with molecular weight M;

ni, N2, N3,....0= Do g Ny

wi or m; = Total mass of i type molecules

Total mass of the molecule is given by }.;2, n;M;= Y2, m;
Weight-average molecular weight

The weight average molecular weight depends not only on the number of molecules
present, but also on the weight of each molecule. Weight average molecular weight (M,,)
measuring system includes the mass of individual chains, which contributes to the
overall molecular weight of the polymer. It is based on the fact that bigger molecules contain
more mass than smaller molecules. Thus, larger the size of molecule more its contribution to
the molecular weight average. Unlike the number average molecular weight (Mn), which
considers the number of molecules, Mw gives greater importance to larger molecules because
they contribute more to the overall mass.

- = YRamM? ¥R mM;  myM; + m,M, + m3M;

w =

o) - 0
i=1M; i=1 M, my +m; + m3

M_ _ n1M12 + n2M22+ n3M32
N n1M1 + nzMz + n3M3

w

where,

Mi=Molecular weight of i type of polymer molecule, n;= Number of polymers with molecular
weight M;

— [00]
ni, n2, N3,.....N= Zi:l n;


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/molecular-weight
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/small-molecule
https://www.sciencedirect.com/topics/engineering/molecular-weight-average

wi or m; = Total weight of i type molecules
Total mass of the molecule is given by )72, n;M;= Y72, m;

Polyaniline (PANI)

Polyaniline (PANI) is one of the most widely studied intrinsically conducting polymer
due to its simple synthesis, environmental stability, and tunable electrical properties. Unlike
many conducting polymers, polyaniline can exist in different oxidation states—
leucoemeraldine (fully reduced), emeraldine (partially oxidized), and pernigraniline (fully

oxidized), with the emeraldine salt form being electrically conductive.

Svynthesis of polyanilene

1.Preparation of oxidant solution

Dissolve ammonium persulfate (APS, (NH4)2S20s) in HCI in a beaker. Stir until a clear

solution is obtained.

2.Preparation of aniline solution:

Dissolve aniline in HCI in a separate beaker with continuous stirring. Aniline reacts with
hydrochloric acid (HCI), which acts as a catalyst, forming anilinium chloride.

This protonation increases the solubility of aniline and activates it for polymerization.
Aniline + HCI1 - Anilinium chloride

3.Cooling of solutions: Cool both the APS solution and aniline solution to approximately 0 °C

using an ice bath.

4. Polymerization reaction: The anilinium chloride solution is stirred at ~0 °C, and

ammonium  persulfate  ((NH4):S20s) is added as an  oxidizing agent.
The oxidant initiates the coupling of aniline units through oxidative coupling, leading to chain

growth. The reaction mixture gradually turns green, indicating the formation of polyaniline.

S.Completion of polymerization: Continue stirring for sufficient time to ensure complete

polymerization and formation of polyaniline precipitate.

6.Filtration and washing: Filter the resultant mixture and wash the precipitate successively

with 1.0 M HCI, followed by double-distilled water, several times until the washings become
colorless and wash the residue with acetone to remove impurities and unreacted monomers and

dry the obtained polyaniline powder at 60 °C to obtain the final product.



During polymerization, aniline units link together forming a conjugated polymer
backbone consisting of alternating: Benzenoid units (-NH- linked rings, reduced form) and
Quinoid units (=N- linked rings, oxidized form). The general structure of polyaniline contains

a mixture of benzenoid and quinoid segments, represented as: (Benzenoid)l_x(Quinoid)X

Polyaniline polymerization reaction

P i "®
NH, N I@H_‘:('I:
¥ [
H—Cl:
*
HCI - Catalyst
aniline Anilinium chloride
Polyaniline is synthesized by Stirring (NH4)»S,05
oxidative polymerization of il )
aniline at ~0°C Oxidant

- lil l'l
X

I 1-x7
Quininoid Benzenoid

Conduction mechanism in Polyanilene

Polyaniline exists in four main forms depending on the oxidation level (x):

1. Leucoemeraldine (x = 0)
Completely reduced form containing only -NH- groups.
It is colorless and insulating due to the absence of charge carriers.
2. Emeraldine Base (x = 0.5)
Partially oxidized form containing both -NH— and =N- groups.
It is blue and insulating because it is not protonated.
3. Emeraldine Salt (x = 0.5)
Formed by protonation (neutralization) of emeraldine base in acidic medium.
It is green and electrically conductive.
4. Pernigraniline (x =1)
Completely oxidized form containing only =N— groups.

It is purple and insulating.
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Different forms of POLYANILINE

_ . . i e
N H —N— N Colorless

=0 (Insulator)
X= Completely reduced contains only NH group

H
—N N N=( =N— N Blue

x=0.5 (Insulator)
Partially oxidised, not neutralised and contains both NH and N group
H . H H+
N N— [N =N— - Green
x=0.5 A (Conductor)

Partially oxidised, neutralised and contains both NH and N group

N={ =N N={ =N
(Insulator)
x=1
Oxidation  Completely oxidised contains only N group

1. Polyaniline exists in several different oxidation states of which only emaraldine salt

(Reduced form aniline) conducting.

2. Polyaniline is partially oxidized using a suitable oxidizing agent, into a base form of aniline

which contains alternating reduced and oxidized forms of aniline polymer back bone.

3. Base form of polyaniline treated with aqueous HCI (1M), undergoes protonation of imine

nitrogen atom, creating current carrying species (+ve) in the polymer backbone.

4. These charges are compensated by the anions (Cl-) of the doping agent giving the

corresponding salt.

Application of PANI in electronic devices

1.

PANI is used in conductive coatings for electronics and textiles (antistatic
applications).

PANI is used in corrosion protection on metals through protective coatings.

PANI is used in chemical and biosensors for detecting gases, humidity, and
biomolecules.

PANI is used in electrode material in batteries, supercapacitors, and rechargeable
devices.

PANI is used in flexible electronics such as OLEDs, wearable sensors, and smart
textiles.

PANI is used in electromagnetic interference (EMI) shielding in electronic devices.
PANI is used in environmental and biomedical applications, including water

purification and drug delivery.
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Polyvinylidene Fluoride (PVDF)

Polyvinylidene Fluoride (PVDF) is a semi-crystalline polymer of vinylidene fluoride
(VDF) monomer with the repeat unit: (—C H,-CF,-),. PVDF is made by free-radical

polymerization of VDF using dibenzoyl peroxide or ammonium persulfate as an initiator.

initiator

nCHy =CFy — (—CH2_CF2_)n

—+4
L

e
4
Ly

PVDF can exist in several crystalline phases:

a) a-phase:This is the most common phase. It is non-polar and has a twisted chain structure.
The dipoles of C—F bonds are arranged in alternating directions and cancel out. Hence, there is

no net polarization.

b) p-phase: This phase is highly polar, where the dipoles (C—F bonds) are aligned in one
direction. Hence, it has strong net polarization. It has a dipole moment of about 2.1 D per unit.
It has a straight chain structure. This phase is responsible for unique piezoelectric and
pyroelectric properties. The a-phase can be converted into the B-phase by stretching the film
3-5 times at 80—100 °C. It can also be achieved by applying a strong electric field while heating
to 70—100 °C, which aligns the dipoles (positive-negative ends). This process is called poling.

¢) v- and 0-phases: These phases are less common.
PVDF with B-phase has unique properties. Few of them are given below:

Properties

1. Piezoelectric property: It generates electric charge when mechanically deformed. If
pressed, bent, or stretched, it produces a small voltage. Conversely, when a voltage is
applied, it slightly changes its shape (expands or contracts). This occurs because, in the -

phase, the dipoles (C—F bonds) are aligned in one direction.
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. Pyroelectric property: It generates a voltage when temperature changes. This makes it

useful for thermal sensors.

. Ferroelectric property: It can hold electric charge. It has a dielectric constant of 8—12,

which is suitable for capacitor applications.

Chemical and thermal resistance: PVDF exhibits high chemical resistance. It is
hydrophobic (repels water) and resistant to acids, solvents, and other harsh chemicals. It is
thermally stable up to approximately 170 °C. It is also UV-stable and can last over 20 years

outdoors without yellowing.

. Mechanical strength: PVDF is a strong and tough polymer with high flexibility compared

to other fluoropolymers.

Applications in E-nose and Sensing Devices

1.

E-Nose (Electronic Nose)

1.

An electronic nose is an artificial nose that mimics the human sense of smell using an array
of sensors to detect and identify different gases or odors.

. PVDF films are used as the sensing layer because they are piezoelectric. When gas

molecules adsorb on the PVDF film, they change the mass or induce strain on the surface,
causing a measurable change in the electrical signal.

. PVDF films can be coated with nanoparticles, enzymes, or polymers to selectively detect

different gases or odors.

. In an electronic nose, a thin PVDF film is coated on an electrode that can adsorb certain gas

molecules (the “smell”). The PVDF sensor is made to vibrate at its natural high frequency
using its piezoelectric property.

. When target gas molecules land on the coating, they add a tiny amount of mass to the sensor.

This extra mass changes the vibration frequency of the PVDF.

. The piezoelectric effect converts this change into an electrical signal. This signal is analyzed

to identify the odor (such as detecting food spoilage), environmental gases, explosives). By
using an array of PVDF sensors with different coatings, the e-nose can identify the unique
"frequency fingerprint" of a complex smell.

Polymer composites

Polymer composites are advanced engineering materials formed by combining two or

more distinct materials to obtain properties that cannot be achieved by any single material

alone. Polymer composites are generally made of two components, namely (i) matrix and (i1)

fibre. In a polymer composite, a polymer matrix (such as epoxy, polyester, or thermoplastics)
is reinforced with fibers or particulate fillers like glass fibers, carbon fibers, Kevlar fibers, or
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nanoparticles. The polymer matrix binds the reinforcement together, transfers stress, and
provides shape and environmental resistance, while the reinforcement phase improves
mechanical strength, stiffness, electrical, magnetic, or thermal properties. The strong
interaction between these two phases results in a material with enhanced performance and
multifunctional behavior.

_ . lﬂ'}'ﬂ.‘ of Matrix ——— Natural Fibres - Wood - Cellulose, Lignin
w —> Layer of Fibre—
| = LayerofMatrix | __ g 1 ihetic Fibres - Keviar, Carbon Fibre

Epoxy resin-magnetite (FesQ4) composite

An epoxy resin—magnetite (FesO4) composite is a polymer composite material in which
magnetite (FesOa) particles are dispersed inside an epoxy resin matrix to combine the
mechanical strength of the polymer with the magnetic and electrical properties of magnetite.

Epoxy resin—magnetite composite = Polymer matrix (epoxy) + magnetic filler (FesOa
nanoparticles or microparticles)

Svynthesis of Epoxy Resin- Fe3;O4 Composite (Ultrasonication Method)

Materials Required
1. Epoxy resin (diglycidyl ether of bisphenol A, DGEBA)
2. Hardener (triethylenetetramine, TETA)
3. Fe3O4nanoparticles (synthesized or commercially obtained)
4. Solvent (optional): acetone or ethanol

5. Equipment: High-intensity ultrasonic horn/probe (e.g., 20 kHz), magnetic stirrer, ice-
water bath, glass beakers, personal protective equipment (gloves, safety glasses, lab
coat, respirator).

Steps involved in synthesis
Step 1: Preparation of Fe3O4 Nanoparticles

Chemical co-precipitation method: Mix FeCl3.6H>O and FeCl>.4H>O in a 2:1 molar ratio.
Add to NaOH or NH4OH solution under stirring at 60-80 °C. Black precipitate of Fe;O4
forms. Wash and dry the nanoparticles.

Fe?' + 2Fe*" + 80OH™ — Fe3z04 + 4H,O
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Step 2: Dispersion of Fe3O4 Nanoparticles (Ultrasonication)

Add a specific wt% of Fe3O4 nanoparticles (e.g., 1-10%) into epoxy resin. Use an ultrasonic
probe or bath for 30-60 minutes to achieve uniform dispersion and prevent agglomeration.
The high frequency ultrasound waves create cavitation, which breaks particle clusters and
distributes them evenly in the resin.

Step 3: Mixing with Hardener and Curing

Add the hardener to the Fe3Os-epoxy mixture in the proper ratio (usually 10:1 or as
recommended). Stir gently to avoid air bubbles. Pour into molds and cure at room
temperature or elevated temperature (60- 80 °C) for several hours.

Step 4: Post-Curing and Finishing:

After curing, remove the samples and post-cure (if required) to ensure full crosslinking.
The resulting composite is solid, smooth, and magnetically active.

Properties of Epoxy Resin- Fes;O4 Nanocomposite

1. Structural and Morphological Properties: Interfacial bonding between Fe;O4 and
epoxy enhances mechanical strength. Nanoparticle size (typically 10-50 nm) influences
electrical and magnetic performance.

2. Mechanical Properties: Increased hardness and tensile strength with optimal
nanoparticle loading. Improved toughness due to good stress transfer between Fe3Oas
and epoxy.

3. Electrical and Dielectric Properties: Addition of Fe3;Os4 increases electrical
conductivity and dielectric constant. The composite transitions from insulating to
semiconducting behavior.

4. Magnetic Properties: The composite becomes magnetically responsive
(superparamagnetic or ferrimagnetic).

5. Thermal Properties: Enhanced thermal stability and glass transition temperature (Tg).
Fe3O4 nanoparticles act as heat dissipation centers. Adding FesO4 nanoparticles raises
the decomposition temperature of epoxy, making the nanocomposite more heat resistant
than pure epoxy.

Kevlar Fiber Reinforced Polymer (KFRP) Composites

KFRP stands for Kevlar Fiber Reinforced Polymer — a composite material made by
embedding Kevlar fibers into a polymer matrix (usually epoxy or polyester resin).

In simple terms:

KFRP = Polymer matrix + Kevlar fiber reinforcement
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Kevlar is a high-strength synthetic fiber (aramid fiber) known for being very strong,
lightweight, heat resistant, impact resistant. hen Kevlar fibers are combined with a polymer
resin; the resulting composite becomes stronger and tougher than the polymer alone.
KFRP has two main components:

1. Reinforcement (Kevlar fiber)
e Provides strength and toughness
o Improves impact resistance
2. Matrix (polymer resin)
 Holds Fibers together
e Transfers load between fibers
e Protects fibers from damage

Svnthesis of Kevlar Fibers

Kevlar (poly-para-phenylene terephthalamide) fibers are synthesized in an industrial setting
due to the complex processes and hazardous chemicals involved. The key steps are:

1. Chemical Reaction: A condensation reaction occurs between 1,4-phenylene-diamine
(p-phenylenediamine) and terephthaloyl chloride.

2. Solution Preparation: This reaction produces a solution of the polymer in
concentrated sulfuric acid, which is necessary to keep the water-insoluble polymer in a
viscous, spinnable solution.

3. Wet Spinning: The highly viscous solution is forced through a spinneret (an orifice
with many small holes).

4. Orientation and Bonding: As the solution is spun, the polymer chains align
themselves in a parallel, "rod-like" fashion. Hydrogen bonds form between the chains,
resulting in incredible tensile strength both along and perpendicular to the fiber axis.

o
NH,
H H o
. - HCI | Lo Q
Q= O
NR, o

kevlar fibre L

Fabrication of KFRP Composites

Once the Kevlar fibers are obtained (often in woven mat form), they are combined with a
polymer matrix, most commonly an epoxy resin, to form the composite material.
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1. Kevlar Fiber Preparation: Select Kevlar fibres (Kevlar 29 or Kevlar 49) with a diameter
of 10-20 pm and clean the fibers to remove surface contaminants. Apply chemical or surface
treatments (such as mild acid treatment or plasma treatment) to improve fibre—matrix adhesion.

Dry the treated fibres thoroughly to avoid moisture-related voids.

2.Polymer Matrix Selection and Preparation: Choose a suitable polymer matrix based on
application requirements: Thermoset matrices (e.g., epoxy from bisphenol A +

epichlorohydrin) or thermoplastics (e.g., polypropylene) are used.

3. Fiber—Matrix Impregnation: In this step, the Kevlar fibers are soaked or coated with the

liquid polymer resin. The aim is to make sure the resin fully wets every fiber so that there are
no air gaps or bubbles.

4. Additive Manufacturing (3D Printing): The resin-impregnated Kevlar fibers are then
printed layer by layer using a 3D printer. The printer nozzle is heated to 220-250 °C, allowing
the polymer to flow and solidify around the fibers. By controlling the direction of the fibers

during printing, the composite becomes very strong along the fiber direction, which is useful
for electronic components.

5. Curing and Post-Processing: After printing, the composite is hardened (cured) by heating
or cooling, depending on the polymer used. This step locks the fibers firmly inside the polymer

matrix. Finally, the material is trimmed and shaped so it can be easily used in smart electronic
devices like sensors or wearables.

Properties of KFRP

1. KFRP composites have very high mechanical strength, which makes them strong and
resistant to stretching or breaking. They are also stiff and durable, so they can withstand heavy
loads without deforming easily.

2. They show good thermal stability, meaning they can tolerate both very low and high
temperatures. Since they have low thermal conductivity, they act as good thermal insulators.

3. KFRP materials have excellent electrical insulating properties because Kevlar does not
conduct electricity well. This makes them useful in flexible electronic circuits and insulating
components. However, their electrical conductivity can be slightly increased by adding
conductive materials like carbon nanotubes.

4. These composites are lightweight, which makes them useful in applications where reducing
weight is important. They also have good chemical resistance, meaning they are not easily
damaged by oils, acids, or other chemicals.
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Applications of KFRB
KFRP is used in smart electronics because it is lightweight, strong, and flexible.
1. Wearable Electronics
1. Used in flexible sensors in smartwatches and fitness bands
2. Bendable and impact-resistant
3. Prevents cracks during movement
2. Structural Supercapacitors
1. Used in energy-storage devices for EVs and drones
2. Acts as both a structural support and electrode
3. High mechanical strength (~200 MPa)
3. Flexible PCBs and Antennas
1. Used in bendable circuit boards for IoT devices
2. Provides insulation, EMI shielding, and thermal stability
3. Suitable for high-speed signal transmission
4. Portable Chargers and Smart Textiles
1. Used in foldable batteries and solar-integrated fabrics
2. Lightweight and reduces vibration.

3. Increases device durability and lifespan
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