
 
 

© STM Journals 2025. All Rights Reserved S114  
 

ISSN: 2321-2810 (Online) 

ISSN: 2321-8525 (Print) 

Volume 13, Special Issue 5, 2025 

DOI (Journal): 10.37591/JoPC 

STM JOURNALS

Journal of  

Polymer & Composites 
 

https://journals.stmjournals.com/jopc 

Review JoPC 
 

Innovative Applications of Smart Materials in Aviation: A 
Comprehensive Review 
 
Vishal Kaushik1, Sanika Misal2, Siddhi Atkare3, Shreya Gundewar4,*, Pooja Batani5 
 

Abstract 

Smart materials are transforming the aviation industry by offering innovative solutions that enhance 
performance, safety, and sustainability. The use of smart materials can enhance the efficiency, safety, 
and longevity of aerospace structures by sensing, responding, and adjusting to environmental changes 
in real time. The objective of this review is to examine how smart materials can be used in aviation, 
especially in the field of sensor networks, control systems, and structural components. There is an 
increasing number of smart materials that exhibit adaptive behaviors in response to environmental 
stimuli, such as shape-memory alloys, piezoelectric elements, and self-healing composites, which 
enables real-time structural adjustments to improve aerodynamic efficiency. A detailed analysis is 
conducted into the potential benefits of these technologies for reducing aircraft weight, increasing 
component lifespans, and supporting advanced maintenance strategies. These materials not only 
optimize energy efficiency but also improve thermal management and provide innovative noise and 
vibration control solutions. Additionally, the integration of smart materials with Internet of Things (IoT) 
technologies and their contribution to structural health monitoring are highlighted. The purpose of this 
paper is to discuss the future role of smart materials in shaping next-generation aircraft, with particular 
attention to fuel efficiency, environmental impact, and safety enhancement. Although these advances 
have been made, the review acknowledges that there are still many challenges, including cost, 
reliability, and regulatory hurdles that need to be overcome, and stresses the necessity of further 
research and development in order to resolve these problems. This study concludes by underlining that 
smart materials hold the potential to be transformative when it comes to creating more efficient, 
sustainable and safer aviation technologies in the future. 
 
Keywords: Adaptive material, piezoelectric materials, shape memory alloys (SMA), smart materials, 
self-healing composites 
 
 
INTRODUCTION 

Smart materials have fully revolutionized the aviation industry by giving innovative ideas that 
actively react to environmental stimuli, significantly improving aircraft performance, safety, and 

operating efficiency. These materials are designed 
to have particular characteristics that change 
depending on the humidity, pressure, and 
temperature of the surrounding environment. 
Shape-memory polymers (SMPs), which can return 
to their initial shape in response to stimuli like heat 
or light, are a well-known example. Because of their 
lightweight design, high recoverable strain, and 
ease of manufacture, SMPs are particularly useful 
for a variety of aerospace applications, particularly 
when traditional materials are unable to match the 
stringent performance requirements of 
contemporary aircraft [1]. 

 
Aircraft with improved lift-to-drag ratios have 

longer flight ranges and consume less fuel since 
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they can make real-time modifications to their wing or fuselage designs. The study of changing wing 
structures, motivated by the swifts' dynamic wing movements, is an example of how bionics might 
improve aerodynamic efficiency. These developments show how airplane engineering is changing to 
adopt a more bio-inspired design approach. Improved structural integrity and long-standing problems 
with vibration control, energy harvesting, and noise reduction in airplanes are made possible by smart 
materials. Shape-memory alloys, for instance, make it easier to create materials that can mend structural 
damage and recover on their own, increasing the longevity and lifespan of aircraft parts. 
 

Furthermore, smart material-based noise reduction technologies not only improve passenger comfort 

but also lessen ambient noise pollution in the vicinity of airports [2]. 

 

Further, the exploration of inflatable buildings and sophisticated missile defense systems 

demonstrates the adaptability of intelligent materials in the aviation industry. These small and light 

designs significantly lower the launch mass, allowing for more economical use of fuel and resources. 

Because of their special qualities, traditional testing procedures for these flexible materials frequently 

provide difficulties, leading researchers to develop novel analytical strategies. Polyvinylidene fluoride 

(PVDF) films and piezoelectric materials are examples of smart materials that are being used more 

frequently to improve modal analysis and control in flexible inflated structures. In Figure 1, smart 

materials and structures are illustrated in a biomimetic coordination with actuators, sensors, and 

controllers. 

 

These materials have been shown to increase missile agility and cost-effectiveness[3]. However, 

because of energy constraints that affect performance and the difficulties of integrating them into 

current systems, the integration of smart materials into missile systems has advanced slowly. Intelligent 

aviation systems are emerging as a result of the combination of cutting-edge technologies like the 

Internet of Things (IoT) and smart materials, which improve user experience, safety, and efficiency. A 

clear schematic representation of composite material types is provided in Figure 2, distinguishing them 

by matrix type and relevant subcategories. 

 

 
Figure 1. Smart materials and structures[2]. 
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Figure 2. Composite material types and classification. 

 

TYPES OF SMART MATERIALS 

Shape Memory Materials 

Unique materials referred described as "shape memory materials" can, when deformed under certain 

circumstances, revert to a predetermined shape. Shape Memory Alloys (SMAs) are an important class 

of these materials that, when heated, return to their former shape after undergoing a forceful alteration 

in shape. SMAs are used in many different aircraft parts, including wing shapes that change in response 

to speed, influencing the wings and engines alike. Cooling techniques facilitate the form recovery 

process in form Memory Alloys (SMAs), which transition between two phases: low-temperature 

martensite and high-temperature austenite [4]. 

 

Shape Memory Alloys (SMAs) are available in many forms within the aerospace sector. Compared 

to iron-based SMAs, which are usually made for single-use applications, copper-based SMAs are 

typically less expensive and simpler to produce. 

 

Because of their super-elasticity, fatigue endurance, and corrosion resistance, nickel-titanium (NiTi) 

SMAs are preferred because they are ideal for severe situations. TiNiFe SMAs additionally aid in 

lowering the hydraulic systems' weight. SMAs are only effective at temperatures between 50 to 100°C, 

which is critical for improving control in UAVs and fighter aircraft. The goal of current research is to 

produce NiTi alloys that can tolerate temperatures as high as 800°C. Even though SMAs have a lot to 

offer the aerospace industry, structural and functional fatigue problems continue to be a problem [5]. 

Shape memory polymers (SMPs) are materials that, when deformed, can return to their original shape. 

Epoxy, polyurethane, and polystyrene are typical SMP examples. These materials are useful for 

morphing structures, actuators, and self-deploying components in aeronautical applications, despite 

significant limitations like low strength and poor heat conductivity. SMPs are more useful because they 

react to outside stimuli like temperature and voltage. They are employed in aircraft for wing actuation 

and morphing skins, and the carbon fiber reinforcement enhances their performance. The application of 

SMA technology in active noise reduction systems is demonstrated in Figure 3, showing variable-

geometry chevrons under in-depth testing. 
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Figure 3. In-depth testing of SMA-controlled variable-geometry chevrons on a GE-115B-powered 

boeing 777-300er aeroplane[2]. 

 

SMPs are perfect for applications involving wings and fuselages, especially those based on epoxy. 

One remarkable property of carboxyl-terminated butadiene acrylonitrile (CTBN) is its improved 

durability and form recovery. 

 

SMPs' low weight and ability to withstand severe environments have led to its exploration for use in 

space technologies. By mixing them with other composites, their qualities can be further improved, 

creating smart material composites (SMPCs) that could be used in the aviation industry [6][7]. Smart 

materials are widely used in the aviation industry because of their great performance, affordability, and 

ease of manufacture. When exposed to heat, pressure, or outside forces, these materials alter shape. 

Because of its great temperature tolerance, Polymer Matrix Composites (PMCs) are especially well-

suited for hypersonic aircraft such as scramjets and re-entry vehicles. Metallic matrix composites 

(MMCs) provide a stiffness-to-weight ratio of high for an option that is lightweight and strong. 

Additionally, because of their resistance to high temperatures, Ceramic Matrix Composites (CMCs) 

improve scramjet combustion efficiency. Additionally, the identification and evaluation of space debris 

impacts on satellites makes use of smart composites[8]. Figure 4 illustrates the underlying lattice-level 

mechanisms that enable shape memory behavior in SMA-based actuators. 

 

Piezoelectric Materials 

When exposed to electrical fields, piezoelectric materials create mechanical strain (converse 

piezoelectric effect); when mechanical forces are applied, they produce electric charges (direct 

piezoelectric effect).  

 

 
Figure 4. Shape memory effect-related microscopic phenomena [8] 
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While the converse effect allows for precise actuation and control, the direct effect is frequently 

employed in sensor applications. The mechanical amplification method and design dictate the actuation 

range, which can range from the nanoscale to the millimeter scale. Piezoelectricity produces strain 

proportionate to the applied field at low electric fields, and the polarity of the field determines the 

displacement's direction[9]. Electromechanical hysteresis in large-stroke precision piezoelectric 

actuators can occasionally cause control issues since it intensifies with applied electric field and 

becomes more noticeable at higher levels. Piezoelectric materials fall into two primary categories: 

synthetic materials and natural crystals like liquid crystals. An anisotropic and piezoelectric shape is 

produced in synthetic piezoelectric materials through the poling process, which entails aligning 

molecular dipoles under the influence of a strong electric field and elevated temperatures. Once poled, 

these materials polarize under mechanical stress and deform in reaction to electric fields. Because they 

are easily fabricated and moldable, common synthetic piezoelectric materials like PZT and PLZT as 

well as polymers like PVDF are employed extensively in sensors and actuators. Accelerometers, 

transducers, microphones, and precision manipulators use these materials extensively and smart 

structures, with particular emphasis on their roles in aerospace, robotics, and space systems. The domain 

of smart structures and            ’  emerged in the 1980s, concentrating on the principles of distributed 

piezoelectric sensing and control. In the fields of aerospace, robotics, vibration control, MEMS devices, 

health monitoring, and micro-actuation, piezoelectrics have recently been integrated into structures and 

control systems. Additionally, these materials are employed in biomedical applications, active damping, 

vibration isolation, and morphing wings. Moreover, other smart materials, such as shape-memory alloys 

and electro- and magnetostrictive materials, can perform many of these tasks. Piezoelectric patches to 

mitigate vibrational loads are illustrated in Figure 5 as a practical application of smart materials in 

aerospace structures[2].  

 

Thermoelectric Materials 

The thermoelectric material can convert heat directly into electrical energy and vice versa without 

the need for moving components or the release of greenhouse gases, thermoelectric materials are 

becoming more and more important. This ability uses the Peltier effect to provide cooling and the 

Seebeck effect to produce energy. Space exploration, cooling systems, and waste heat recovery are just 

a few of the uses for these materials. 

 

 
Figure 5. Using piezoelectric actuators, an F/A-18 vertical stabilizer's active vibration control [2]. 
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The electrical and thermal conductivities of thermoelectric materials, as indicated by the 
dimensionless figure of merit (ZT), play a major role in defining their performance. High-ZT materials, 
such silicon-germanium (SiGe) and bismuth telluride (Bi2Te3), balance poor heat conductivity and high 
electrical conductivity to accomplish efficient energy conversion. Recently, ZT values have been 
greatly improved by nano structuring, e.g., Bi2Te3/Sb2Te3 superlattices. Additionally, the development 
of affordable, small thermoelectric devices that are ideal for small-scale energy harvesting is being 
made possible by sophisticated manufacturing processes including high-velocity ball milling and 
aerosol jet printing.  In order to generate energy through a temperature gradient, commercial 
thermoelectric modules frequently use semiconductor pairs with n-type and p-type legs. These modules 
are made for a variety of uses, including power generation and cooling, and are available in three 
different configurations: planar, vertical, and mixed. Because of its effectiveness and simplicity of 
integration, the vertical design is the most widely utilized in industrial settings[10].  

 
Thermoelectric materials are becoming more and more important in energy conversion technologies 

such as waste heat recovery, refrigeration, and space exploration. These materials use the Peltier effect 
for cooling or the Seebeck effect to convert heat into electricity.  

 
The Figure of merit (ZT) is used to assess thermoelectric material performance; it maximizes 

electrical conductivity while minimizes thermal conductivity. 
 

Advancements in skutterudites and superlattice materials have led to notable increases in ZT values, 
improving thermoelectric material efficiency for a range of applications. At the Jet Propulsion 
Laboratory (JPL), Jean-Pierre Fleurial is conducting research on the creation of thermoelectric materials 
with exceptional efficiency. Promising outcomes from his work with skutterudites, including 
CeFe4Sb12 (p-type) and CoSb3 (n-type), include decreased electrical resistance and enhanced 
performance at high temperatures. Skutterudites are very useful in high-temperature settings, as shown 
by a uni-couple constructed of these materials that showed low contact resistance and significant power 
production. These developments are essential for creating more robust thermoelectric systems that can 
function in harsh environments, including space missions. The integration of self-powered sensors in 
aerospace structures, as shown in Figure 6, enhances real-time health monitoring without compromising 
structural integrity[11]. 

 

 
Figure 6. Thermoelectric power drives a wireless sensor produced and fitted inside the fuselage of an 

airplane (leeuwen 2010)[11]. 

 

 
Figure 7. Conductive EAP actuator bending in response to stimulation at 2-V and 50-A[12]. 
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Electroactive Polymers 
Due to its capacity to deform in response to an electric field, electroactive polymers (EAPs) show 

considerable potential for use in actuator technologies, including robotics and artificial muscles. The 
goal of research at the Jet Propulsion Laboratory (JPL), led by Yoseph Bar-Cohen, is to create EAPs 
that can replicate the motion of biological muscles, opening up new possibilities for space exploration 
and micro-robotics. Electronic and ionic EAPs are the two main groups into which they fall. Ionic EAPs 
are better suited for soft robotics and prosthetics because they act at lower voltages and display larger, 
slower bending motions than electronic EAPs, which operate at higher voltages and respond quickly. 
Improving the robustness and stability of EAPs is a significant task, especially in challenging 
conditions. Ionic polymer-metal composites (IPMCs) with gold electrodes are one example of an 
innovation that has improved their performance in harsh environments and increased their viability for 
use in upcoming space missions[12], [13].  
 

The two frames in above Figure 7 show the initial and stimulated positions of an EAP actuator, 
confirming its dynamic bending motion induced by electric current. 
 

G. Chen, M.S. Dresselhaus, G. Dresselhaus, J.-P. Fleurial, and T. Caillat's highlights significant 
developments in thermoelectric materials, with an emphasis on the growing interest in electroactive 
polymers. Because of these unique properties, these polymers are essential for increasing the efficiency 
of thermoelectric devices. Because of their exceptional capacity to transform electrical energy into 
mechanical energy and vice versa, electroactive polymers are being studied for their thermoelectric 
potential. These materials' high Seebeck coefficient, which raises the thermoelectric figures of merit 
(ZT), makes them ideal for energy harvesting applications. the study highlights the necessity of 
maximizing electrical conductivity while decreasing thermal conductivity Moreover, the performance 
of polymers has been greatly enhanced by developments in their formulations and processing 
techniques, making them attractive options for thermoelectric technologies of the future[14]. 
 
Self-Healing Materials 

Self-healing materials, also known as autonomic-repairing materials, are able to repair or recover 

damage on their own without assistance from an outside source. These materials, especially composites, 

are inspired by biological processes and have the ability to repair damage from aging or accidents. The 

two types of self-healing mechanisms are intrinsic (based on the material's reversible molecular 

bonding) and extrinsic (which depends on external healing agents). Both autonomic (self-triggered) and 

non-autonomic (needing outside stimuli) healing are possible. 
 

 
Figure 8. Self-healing techniques using hollow fiber and microcapsules [15]. 
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In order to restore damage, extrinsic healing makes use of healing agents such as hollow fibres or 

microcapsules that release chemicals. 

 

Reversible covalent bonding and supra-molecular chemistry are two examples of characteristics that 

intrinsic healing uses to repair internal damage. Self-healing mechanisms can be optimized by using 

characterization techniques like temperature analysis, spectroscopic analysis, imaging, and mechanical 

testing. There are several high-stress applications for self-healing composite materials, such as metal 

matrix composites (MMCs), ceramic matrix composites (CMCs), and polymer matrix composites. A 

few commercial products, such as the elastomer Rever-link TM, have already hit the market, although 

research is still underway. As illustrated in Figure 8, self-healing occurs through monomer release from 

microcapsules or resin-hardener flow from embedded hollow fibers into crack sites[15]. 

 

Magnetostrictive Material 

Magneto strictive materials deform under magnetization, which is the term used to describe the 

change in a material's physical dimensions when exposed to a magnetic field. Magnetostriction is 

present in the majority of ferromagnetic materials. Cobalt (Co) exhibits the highest room-temperature 

magnetostriction of any pure element, with a saturation point of 60 micro strains. By alloying specific 

elements, "giant" magnetostriction can be accomplished with comparatively modest magnetic fields. 

The highest magnetostriction values are seen in alloys such as DyFe₂ and TbFe₂, which include terbium 

(Tb) or dysprosium (Dy) in the cubic Laves phase. However, because of their magnetic anisotropy, 

these alloys require substantial magnetic fields. When mechanically biased, terfenol-D 

 

(TbxDy₁−   ₂), an alloy made of iron, dysprosium, and terbium, can generate strains of about 2000 

micro strain at ambient temperature. Terfenol-D's exceptional magneto strictive qualities make it a 

popular choice for engineering applications including actuators and transducers. 

 

The rotation of magnetic domains in response to external magnetic fields and the movement of 

domain walls are the two fundamental mechanisms underlying the magneto strictive effect. The 

proportions of the material are changed by this reorientation. The domains of magneto strictive materials 

align according to the applied force and magnetic field since they are usually mechanically biased while 

in use. However, the material's performance in tensile applications is limited by its brittleness under 

tension [16]–[18]. The smart blade configuration illustrated in Figure 9 exemplifies adaptive aerospace 

structures designed for dynamic control of aerodynamic surfaces using embedded magnetostrictive 

materials. 

 

 
Figure 9. The schematic of a rotor blade trailing edge flap that is controlled by magnetostrictive 

actuators and an extension-torsion coupled composite tube [19]. 
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Table 1. Various smart materials with their properties, limitations and usage. 
Smart materials Properties Limitations Examples Area of 

applications 

(components) 

Piezoelectric 

Material [20] 

Converts mechanical 

energy into electrical 

energy and has the 

qualities of being highly 

sensitive, small, robust, 

and dependable. 

Fatigue, 

extreme 

temperatures, 

and limited 

frequency can 

all affect 

material. 

Lead titanate, lead 

metaniobate, quartz, 

polyvinylidene fluoride, 

ceramic polymer, and 

lead magnesium niobate. 

• Pressure sensors 

• Actuators 

• Structural health 

monitoring 

Shape memory 

polymer [6] 

The material's low 

density and lightweight 

characteristics increase 

its deployability and 

make it extremely 

flexible. In addition, it 

can withstand 

aerodynamic pressure 

and shows a high 

sensitivity to electrical 

stimulation. 

Restricted 

rigidity and 

strength, and 

limited 

temperature 

range. 

PU, polystyrene, epoxy 

resin, and carboxyl-

terminated butadiene 

acrylonitrile (CTBN) are 

examples of polymers. 

• Surface 

transformation  

• Wing morphing 

Shape memory 

alloys [4] 

Great resilience to 

fatigue, corrosion 

resistance, temperature 

memory effect, 

remarkable super 

elasticity, an incredible 

strength-to-weight ratio 

On average 

operating in the 

range of 50 to 

100°C, 

commercial 

SMAs have 

limited 

temperature 

tolerance. 

Nitinol (NiTi), TiNiFe 

alloy, NiTiCu, CuAlNi 
• Sensors 

• Actuators 

• Morphing 

• Hydraulic 

system 

• Roll controlling 

 

Shape memory 

composite[21] 

Economical, have a 

good stiffness-to-weight 

ratio,and can tolerate 

very high temperatures. 

There is 

temperature 

sensitivity, a 

high cost, and a 

comparatively 

slow recovery 

time. 

Polymer matrix, metal 

matrix, 

 composite matrix 

 

• Airframe  

• Construction 

• Components of 

engine 

• Interior Parts 

• Braking 

Systems 

• Components of 

landing gears 

•   Caps for the 

Noses 

Magnetostrictive 

materials [22] 

Have a tight hysteresis 

loop, a high modulus of 

elasticity, a significant 

actuation force, and one 

of the poorest rare earth 

metals. 

restricted 

response to 

temperature 

and strain, 

magnetic field 

requirement, 

nonlinear 

response, 

material 

fatigue, weight 

Nickel, Terfenol - D • Structural health 

monitoring 

system 

• Sensors 

• Actuators 

 

Electrorheological 

Fluids [8] 

Kinematic viscosity is 

controlled by molecular 

structure and activated 

by their electric field, 

reversibility, rapid 

viscosity changes 

Integration 

complexity, 

temperature 

sensitive 

(above 70˚C, 

limitation in 

hot operating 

conditions) 

Silicon based ER fluids, 

Hydrogen based ER 

fluids, Water based ER 

fluids, Polymeric based 

ER fluids 

• Vibration 

control 

• Noise reduction 

system 

• landing gear 

system, 

• Suspension 

system 

• Sitting/comfort 

system 
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Magnetorheological 

fluids[23] 

Kinematic viscosity is 

controlled by molecular 

structure and activated 

by their magnetic field, 

durability, temperature 

stability, high yield 

stress (up to 100 kPa) 

Magnetic field 

require, size 

and weight 

increases, high 

cost, 

Carbonyl iron power 

suspended in silicone oil 
• Adaptive 

damping system 

• active 

suspension 

system 

• Control surface 

actuators 

• Engine mounts 

• Vibration 

control 

• Landing gear 

system 

Pyroelectrics [24] Able to convert thermal 

energy to electrical 

energy, sensible to 

temperature,polarization 

effect(pyroelectricity), 

lightweight, infrared 

sensing 

Brittleness, not 

recommended 

for application 

in highly 

mechanically 

stressed 

structural parts 

of aircraft. 

Triglycine sulfate, 

Lithium tantalate, 

Strontium barium 

niobate, Tourmaline, 

zirconate titanate, poly 

(vinylidene fluoride-tri-

fluoroethylene) 

• Infrared 

deflection 

• Temperature 

sensors 

• Structural health 

monitoring 

• Self-powered 

devices 

Polyelectrolyte gels 

(pH muscles) 

[23][25] 

The ability to change 

physical characteristics, 

mechanical strength, ion 

conductivity, electrical 

stimulus sensitivity, and 

substantial water 

absorption capacity 

(swelling behavior). 

High cost, 

limited 

temperature 

range, 

mechanical 

instability, 

delayed 

response, and 

environmental 

sensitivity 

Sodium polyacrylate, 

polyvinyl alcohol 

hydrogel, chitosan-based 

gel, 

• Sensing and 

adaptive system 

• Actuators 

• Sensors 

• Vibration 

control system 

• Damping system 

Optical Fibers[2] Compact, light-weight, 

flexible, energy-

efficient, quick data 

transmission, high 

bandwidth, great 

temperature resistance, 

low signal attenuation, 

and the ability to detect 

strain are all features. 

 

Slenderness, 

complexity of 

installation, 

high upfront 

costs, and 

difficulties in 

maintenance 

and repairs 

Silica glass fiber, plastic 

optical fiber, 

chalcogenide glass fiber 

• Shape 

monitoring of 

morphing wings 

• Avionics system 

in-flight 

connectivity 

• Communication 

system 

• Military 

application 

Photostrictive 

materials[14], [26] 

Lightweight design, 

integrated sensing and 

actuation, fast reaction, 

light-induced strain, 

non-contact activation, 

and high-temperature 

resistance 

Ineffectiveness, 

limited 

material 

availability and 

operating 

range, 

mechanical 

brittleness, and 

temperature 

sensitivity 

 

PLZT (Lead Lanthanum 

Zirconate Titanate), PZT 

(Lead Zirconate 

Titanate), BaTiO3 

(Barium Titanate), 

KNbO3 (Potassium 

Niobate), LiNbO3 

(Lithium Niobate) 

• Sensors 

• Actuator 

• Flight control 

systems 

• Navigation 

systems 

photovoltaic 

materials [27], [28] 

high efficiency, low 

weight, flexibility, 

resilience to 

temperature changes, 

and scalability in the 

conversion of light into 

power. 

Excessive 

prices for 

manufacturing, 

limited 

durability and 

flexibility. 

Cadmium telluride, 

silicon, gallium arsenide, 

and organic 

photovoltaics., 

perovskites solar cells 

• Solar powered 

unmanned aerial 

vehicle's 

• Solar powered 

aircraft  

• Auxiliary power 

system 

Electro-

luminescence 

particle [29]–[31] 

Light emission through 

electrical excitation, 

low power 

consumption, 

Limited color 

range, short 

lifespan, 

potential 

Zinc sulfide (ZnS), 

Strontium aluminate 

(SrAl2O4), barium 

titanate (BaTiO3), Lead 

• Cockpit and 

instrumentation 

lighting 

• Cabin lighting 
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lightweight and flexible, 

uniform surface 

illumination, durability, 

enhanced visibility 

toxicity of 

material 

zirconate titanate (PZT) • Safety and 

emergency 

lighting 

• Exterior lighting 

• Heads up 

displays 

Superconductors 

[32], [33] 

Perfect diamagnetism, 

high mechanical 

strength, minimal 

thermal conductivity, 

high critical 

temperature, zero 

electrical resistance, 

resilience to corrosion 

Necessitates 

cryogenic 

refrigeration, 

poses problems 

with material 

durability, and 

has trouble 

scaling up 

manufacturing. 

Niobium (Nb) and it's 

alloys, titanium and it's 

alloys, magnesium 

diboride 

• Cryogenic 

systems 

• advanced 

sensors 

• Superconducting 

magnets 

Liquid crystals[34] Shape memory and 

flexibility, anisotropic 

conductivity, light and 

heat sensitivity 

Sensitivity to 

UV radiation, 

slow response 

time, 

temperature 

dependence 

Nematic liquid crystals, 

ferroelectric liquid 

crystals, smectic liquid 

crystals 

• Sensors 

• Actuators 

• Laser protection 

system 

• Optic systems 

Electro strictive 

materials[12] 

Activation due to 

electric field, 

ferroelectricity, 

pyroelectricity, 

piezoelectricity, large 

electro strictive strain 

low stress and 

strain 

tolerance, 

complex 

fabrication 

Electroactive polymers, 

barium titanate, lead 

zirconate titanate, lead 

magnesium niobate 

• Self-sustaining 

system 

• Flight control 

system 

• Sensors 

• Actuators 

Magnetoelastic 

materials [17], [22] 

Magneto strictive effect, 

high sensitivity to 

stress, high strength to 

durability, non-contact 

actuation, rapid 

responsive time, 

reversibility 

Magnetic 

interference, 

material 

optimization, 

temperature 

sensitivity 

Terfenol -D, Galfenol, 

alfenol, Nickel iron 

alloys 

• Vibration 

control and 

damping system 

• Magnetoelastic 

actuators 

• Structural health 

monitoring 

system 

• Landing gears 

Self-healing 

material [15], [35] 

Ability to repair itself, 

contains healing agents, 

high cost, 

healing time, 

limited healing 

cycles 

Self-healing elastomer 

Riverlink™ 
• Sensors 

• Actuators 

• Structural health 

monitoring 

Self-healing 

composites [36], 

[37] 

Strong durability, 

rigidity, resistant to 

corrosion, high melting 

point and high modulus 

of elasticity. 

Intricate 

construction, 

strength, and 

heaviness. 

Polymer matrix, ceramic 

matrix, metal matrix 
• Self-sustaining 

systems 

• Sensors 

• Actuators 

Self-healing Nano 

composites [19] 

Possesses self-sufficient 

repairing abilities, 

excellent structural 

power, stress 

opposition, small-scale 

cooperation, stimuli-

responsive mending 

Challenges in 

building up 

productions 

and exhibits 

environmental 

sensitivity. 

Polymer based 

nanocomposite, 

ceramic based 

nanocomposite, metal-

based 

nanocomposite,graphene-

based nanocomposites 

• Protective 

coating 

• Structural 

component 

• Sensors and 

actuators 

• Self-healing 

paints 

Thermo-responsive 

Material[10], [11] 

Temperature dependent 

behavior, self-healing 

capability, shape 

memory effect, 

lightweight, durable, 

provide thermal 

insulation 

Material 

stability, slow 

response time, 

temperature 

limitation 

Shape memory alloy, 

thermoplastic elastomers, 

thermosetting polymers, 

phase change materials, 

temperature responsive 

polymers 

• Morphing 

structures 

• Sensors 

• Actuators 

• thermal 

protection 

system 
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The above Table 1 provides an overview of smart materials used in aviation, including their 

properties, limitations, examples, and applications. Modern aerospace innovations depend on these 
materials, which respond to temperature, pressure, light, or magnetic fields. A key component of sensors 

and actuators is a piezoelectric element, shape memory alloy, or magnetostrictive compound. Despite 
being lightweight, shape memory polymers and composites are not strong and do not withstand high 

temperatures. The use of electrorheological and magnetorheological fluids enhances vibration 
dampening and suspension, while the use of pyroelectric and photostrictive materials facilitates energy 

conversion and sensing. Aviation communication, lighting, and display systems are improved with 
optical fibers, electroluminescent particles, and liquid crystals. There is great potential in advanced 

materials such as superconductors and magnetoelastic materials, but they face practical challenges. Self-
healing materials, such as nanocomposites, promise longer-lasting, more reliable components. While 

smart materials in future aircraft systems face challenges such as cost and integration complexity, 

ongoing research is crucial to realizing their full potential. 
 

ADVANTAGES OF SMART MATERIAL IN AVIATION INDUSTRY 

• Improved thermal management in aircraft can result in higher energy efficiency thanks to smart 
materials.  

• They make it possible to develop cutting-edge thermoelectric devices that generate power from 

waste heat [1]. 

• Smart material-made morphing wings can maximize aerodynamic performance in different 
flying stages. 

• By enabling aircraft to change their shape in response to shifting flying conditions, they increase 

fuel efficiency[2].  

• By offering real-time structural health monitoring, these materials help improve aviation safety 

and maintenance procedures.  

• They aid in the creation of lightweight sensing systems that lower the aircraft's total weight[38]. 

• Active control of an aircraft's surfaces is made possible by piezoelectric actuators, which are 
lighter than conventional mechanical systems and increase manoeuvrability and 

performance[39]. 

• In order to create adaptable aircraft components that improve aerodynamic efficiency, shape-

memory polymers have the potential to be used in lightweight constructions that can alter their 
shape in response to environmental stimuli[2]. 

• Intelligent materials have the potential to enhance the robustness and efficiency of lightweight 

aircraft parts, offering self-healing properties that prolong the life of vital structures[40].  

• Additionally, they facilitate the creation of self-adjusting structures that enhance energy economy 
and maximize flying performance via sophisticated vibration and heat management[41].  

• Furthermore, automated inspection and maintenance are made easier by smart materials, 

improving the safety and dependability of airplanes. Additionally, they can enhance the 

functionality of robotic systems that are employed in the assembly and maintenance of aircraft[3], 
[42].  

• These materials facilitate the integration of IoT technologies for real-time aircraft system 

monitoring, improving the capacity for data collecting and analysis and resulting in improved 
maintenance plans[43]. 

• By facilitating the early diagnosis of structural degradation for prompt maintenance 

interventions, FBG sensors improve aircraft safety through accurate and real-time strain and 
temperature monitoring [44].  

• By actively damping vibrations during flight, smart materials can significantly minimize 

vibrations in aircraft wings, improving ride comfort and safety. 

• By being more adaptive to shifting flying conditions and offering creative solutions for different 

engineering problems in both design and operation, they enhance aircraft performance [45].  

• Smart material-made inflatable structures provide lightweight, deployable aircraft solutions, 

increasing design flexibility and adaptability for a range of missions[46].  
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• Magnetostrictive materials enable lightweight actuation systems that increase overall efficiency 

while providing accurate control for rotorcraft, enhancing performance and responsiveness[47].  

• The development of sophisticated, lightweight actuators for better control surfaces in aircraft is 

made possible by smart materials. This improves control system precision and dependability, 

which is crucial for contemporary aviation applications[48].  

• Through improved thermal management in aircraft systems, 

• they greatly increase energy efficiency and open the door to creative designs that combine several 

functions into one material to improve overall aircraft performance[48].  

 

SMART MATERIAL’S USES AND DIFFICULTIES IN THE AVIATION INDUSTRY 

Applications 

• Smart materials have the potential to improve thermal management in airplanes, leading to 

increased energy efficiency. 

• They can support sophisticated heat-dissipation systems for vital parts. Wing morphing allows 

for the optimization of aerodynamic efficiency while in flight[1].  

• Shape-shifting materials have the potential to improve lift and control efficiency in aviation. 

• By providing real-time structural health monitoring, smart materials increase safety[2].  

During flight, lightweight sensors can improve data gathering and interpretation. 

• The ability of piezoelectric actuators to actively control an aircraft's surfaces enhances 

maneuverability[38].  

• The design of morphing wings is facilitated by lightweight actuation devices. Shape-memory 

polymers can reconfigure themselves to best suit the needs of an aircraft. 

• These polymers can be utilized to build flexible frameworks that support designs that are 

lightweight [39].  

• Innovative materials boost fuel efficiency by strengthening the structure. 

• It is possible to create adaptive control systems that improve flying stability [49]. 

• The longevity and safety of airplanes can be increased using self-healing structures. 

• Aircraft using energy collecting devices can operate more efficiently overall [40].  

• Automated maintenance and inspection processes can be implemented with smart materials. 

• They allow UAVs to have adaptive control systems, which increase mobility [41]. 

• IoT-integrated smart materials can improve aviation system real-time monitoring. 

• Aerospace applications can benefit from the development of predictive maintenance systems [42].  

• Real-time strain and temperature monitoring of airplane structures is made possible using FBG 

sensors. 

• These sensors make it easier to monitor structural health, which enables the early identification 

of possible problems. Improved stability is a result of smart materials enhanced active vibration 

management in aircraft wings[3].  

• They aid in the creation of structures that can adjust to changing loads. 

• The performance and adaptability of many aircraft components can be improved via smart 

materials [43].  

• To reduce their negative effects on the environment, they can be used in noise reduction 

technology. 

• Inflatable structures made of clever materials provide lightweight, deployable payload solutions 

[44].  

• The design of inflatable wings can be altered to increase aerodynamic efficiency. 

• In rotor servo-flap systems, magneto-strictive materials improve responsiveness and control.  

• They are used in actuators to precisely control the pitch of the rotor blades. 

• In aircraft applications, manoeuvrability is improved by advanced actuators that use smart 

materials [45].  

• Actuators that use less energy contribute to an aircraft's total weight reduction. 
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• Smart materials improve temperature and vibration management, which increases energy 

efficiency [46].  

• They make it easier to create materials that can adapt to changing environmental conditions. 

• The performance of next-generation aeronautical systems is enhanced by smart materials. 

• Aerodynmics can be optimized during flight with adaptive structures.  

 

Challenges 

• Creating materials that are stable in the harsh temperatures found in the aircraft industry. It can 

be difficult to integrate smart materials with current thermal systems [1]. 

• Guaranteeing the responsiveness and dependability of morphing systems in dynamic 

environments. 

• Developing control systems for structures that change shape poses difficult engineering problems 

[2].  

• Guaranteeing the resilience of sensing technology in challenging aeronautical settings. 

• It is difficult to integrate several sensor systems while preserving weight economy [38]. 

• Controlling energy usage in actuators to achieve desired performance. It is concerning how long-

lasting piezoelectric materials will be under cyclic loads during flight. 

• Ensuring toughness to endure the strains of flying. The application of these materials may be 

hampered by their slow response time to environmental changes [39].  

• The high expenses involved in incorporating smart materials into conventional designs may be 

unaffordable. 

• It can be difficult to ensure compatibility with current manufacturing methods [49].  

• Verifying the longevity and efficacy of self-healing characteristics over an extended period of 

time is crucial.  

• Several technological obstacles must be overcome in order to include self-healing materials into 

traditional designs [40].   

• It is essential to develop precise control systems for smart materials in dynamic situations. 

• It is crucial to guarantee the dependability and resilience of systems in a range of scenarios [41].  

• It can be difficult to modify IoT devices to adhere to strict aeronautical regulations. 

• There are difficulties in ensuring system interoperability and data security in aviation [42].  

• It is vital to create real-time vibration control algorithms that can adjust to shifting circumstances. 

• It is essential to make sure smart materials are resistant to adverse environmental conditions [3].  

• Applications for smart materials may be hampered by our limited knowledge of and ability to 

model them in dynamic environments. 

• The implementation of novel smart materials may be hindered by high research and development 

expenditures.  

• It's critical to guarantee performance and durability in a range of environmental circumstances. 

• It might be difficult to create dependable deployment methods for inflatable constructions [44]. 

• It is difficult to control the intricacy and integration of magneto-strictive materials into current 

systems. 

• It is essential to ensure dependability under the dynamic situations encountered during flight.  

• It is crucial to make sure that new actuators full-fill the demanding performance standards of the 

aerospace industry [45]. 

• It is imperative to address how new technologies work with current systems. 

• Smart material integration can be expensive and difficult to do in traditional designs [46].  

• The use of these materials in crucial components may be hampered by their variable 

characteristics. 

• In the aerospace industry, extensive testing and material validation can take a lot of time. 

• It is difficult to integrate smart materials into current systems while maintaining safety 

compliance [2].  
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CURRENT SCENARIO 

In order to improve thermal management systems and the thermal transport efficiency of vital aircraft 

components, smart materials are being used in aviation more and more. By enabling shape modification 

during flight, smart materials make it possible to integrate morphing wings, enhancing lift and 

manoeuvrability while optimizing aerodynamic performance. Furthermore, cutting-edge smart 

structures and materials are being developed for aerospace sensing systems, which enhance operational 

safety and maintenance plans by improving real-time aircraft status monitoring. The use of piezoelectric 

smart materials as actuators in morphing aircraft is a recent concept that emphasizes the ability to 

actively control surfaces to improve aerodynamics [1]. 

 

The capacity of shape-memory polymers (SMPs) total shape when heated is being studied because it 

could provide novel solutions for adaptable aircraft structures that can maximize performance under a 

variety of circumstances. Additionally, the aviation sector is using intelligent materials to build 

lightweight structures that use less fuel and produce fewer pollutants. By allowing for autonomous 

damage repair, self-healing capabilities significantly improve the robustness and safety of aircraft 

structures. Intelligent materials and dynamic testing enable lightweight, deployable solutions for aircraft 

payloads, while active vibration management in aircraft wings    promotes improved comfort and 

stability in flight [42]. 

 

The performance of rotorcraft can be enhanced by precisely adjusting the pitch of the rotor blades 

through the use of magneto-strictive smart materials in rotor servo-flap control systems. Moreover, real-

time data monitoring and predictive maintenance are made easier by the integration of smart materials 

with IoT technology, which improves operational effectiveness and safety. The goal of on-going 

research is to create intelligent materials that can adjust to the dynamic loads encountered in flight, 

enhancing the resilience and adaptability of aircraft designs.  

 

Additionally, efforts are being made to improve the resilience and dependability of smart materials 

in challenging flying circumstances.  

 

While there is growing interest in creating adaptive control systems that react to changes in the flying 

environment, research into energy harvesting applications using smart materials could improve overall 

energy efficiency [2]. By enhancing the functionality and performance of airplanes, smart materials are 

transforming the aviation industry. They make it easier to design dynamic and flexible structures, 

including evolving wing and controlling surfaces that maximize lift and reduce drag according to 

changing flying circumstances. Smart sensor integration makes it possible to continuously check 

structural integrity, which encourages preventative maintenance and increases safety. 

 

Additionally, these materials encourage lightweight building, which improves fuel economy and 

lowers pollutants. The goal of research is to create materials that have the ability to self-heal and prolong 

the lifespan of components by automatically repairing small damages. Furthermore, current research 

endeavours to incorporate smart materials with sophisticated control systems and Internet of Things 

technologies, augmenting the adaptability and robustness of aircraft in dynamic flying conditions. In 

conclusion, smart materials are opening up new possibilities for the design and operation of airplanes. 

 

In recognition of their outstanding strength and light weight, polymer composites are becoming more 

and more common in the aviation sector, greatly improving performance and fuel consumption. By 

using smart materials like shape-memory polymers and piezoelectric materials, airplane structures can 

be dynamically adjusted to improve their flexibility to changing flying conditions. Polymer composites 

are multipurpose materials that can regulate heat and detect deterioration in addition to maintaining 

structural integrity. Some composite materials have the ability to self-heal, meaning that small damages 

incurred during operation can be automatically fixed. By averting crucial malfunctions, this feature 

increases safety and prolongs the life of aircraft parts. Real-time monitoring of structural health is made 
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possible by the integration of sensors into polymer composite materials, which reduces downtime and 

permits proactive maintenance. These developments in smart materials support the industry's objectives 

for performance optimization and sustainability by fostering the creation of safer, more dependable, and 

efficient aircraft. Polymer composites are still being researched and innovated, and this suggests that as 

they develop, they will become increasingly important to aviation technology [21].  

 

FUTURE SCOPES 

These materials may have an extraordinary future in aviation, with the prospect of new products 

transforming the sector. The function and featured design of airplanes will soon become way better than 

its imagined vision as Advanced Polymers, Piezoelectric materials and Shape Memory Alloys are such 

examples. Its aims to do so by leveraging adaptive wings for better performance, morphing structures 

that improve aerodynamics and self-healing coatings that offer corrosion protection. There will be 

sensors integrated with the system for real-time health monitoring and energy harvesting devices 

generating electricity. By 2030 numerous contributions may be expected including enhanced passenger 

experiences, reduction in weight and fuel consumption through the use of smart materials, improved 

safety as well as dependability by design-in features such a structural health monitoring capability and 

maintenance efficiency. NASA, Airbus, Boeing and other leaders in the aerospace sector are sponsoring 

smart material research to shape this future for one of man kinds most transformative industries; 

aviation. With the advancement of technology, these materials will entirely participate in shaping 

upcoming generation aircraft which is not only keeping aviation as a safe mode for transportation but 

also providing low fuel consuming environmentally friendly air travel. 

 

CONCLUSIONS 

Reliable acoustic sensors, well-defined goals, and distributed factor control algorithms are required. 

It is crucial to construct and test flexibly scaled models, assess smart actuators and input controllers in 

various flight circumstances, carry out in-depth analyses, and participate in multidisciplinary 

optimization research in order to maximize system performance while reducing noise and vibration. 

These materials can also enhance aircraft design and performance as they have unique adaptiveness. 

The usage of shape memory alloys, self-repairing polymers and other smart materials in the aircraft 

structure allows operating of the aircraft in a much more responsive manner to environmental impacts 

and incurs lower expenses on maintenance. Nonetheless, some challenges still stand out that need to be 

resolved in order to harness the full benefits of these materials in aviation. These challenges include 

high initial costs, assuring reliability in service and regulatory hurdles.  

 

It is imperative for the material scientists, engineers and the regulatory bodies to work hand in hand 

in formulating policies that will encourage the use of these new materials. There is need therefore, for 

future work to focus on optimizing the cost of production, testing of the performance of the materials, 

and the associated regulations support on the use of the materials. Addressing these challenges can, 

therefore, enable the aviation sector to make safe and effective use of smart materials in construction of 

aircraft that are less harmful to the environment. 

 

REFERENCES 

1.  . O’D    ,  .     , J.-H. He, J. Lee, and K. M. Razeeb, “                                       

                                                   D      ,”     J.                .        ., 

vol. 6, no. 3, pp. N3058–N3064, 2017, doi: 10.1149/2.0091703jss. 

2. J.    , Q.     , Y. L  ,     J. L   , “                                                         : 

A state-of-the-          ,” J. I     .      .     .       .,    . 27,   . 17,   . 2289–2312, 2016, doi: 

10.1177/1045389X16629569. 

3. V. G. Parhate and K. K. Jadh  , “                              :                                

                      ,” IJ     I  . J.          .    .,    . 11,   . 1218–1227, 2022. 

4. K.             .         , “            :                                          ,”      .       

Proc., vol. 27, no. xxxx, pp. 244–250, 2020, doi: 10.1016/j.matpr.2019.10.115. 



 

Journal of Polymer & Composites 

Volume 13, Special Issue 5 

ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print) 

 

© STM Journals 2025. All Rights Reserved S130  
 

5. M. H. Mat Yazik and M. T. H. Sultan, Shape memory polymer and its composites as morphing 

materials. Elsevier Ltd, 2018. 
6. S. Barbarino, E. L. Saavedra Flores, R. M. Ajaj, I. Dayyani,      . I.         , “                  

                                                    ,”            .       .,    . 23,   . 6, 2014, 
doi: 10.1088/0964-1726/23/6/063001. 

7. V. K      ,  . W      , V.       ,      . K     , “‘2D                          ffect of Flaps 
   V                    D               ’ B   -                               I             ,” 

2022, pp. 263–273. 
8.  .        , L.         ,     K.  .       , “                                 j  -         ,” 

Mater. Today Proc., vol. 5, no. 1, pp. 1321–1326, 2018, doi: 10.1016/j.matpr.2017.11.217. 
9.  .  .     ,  . J. L  ,      .  .       , “               ,                  /         ,       

          ,                        ,”     .    .      .       .,    . 11,   . 4–5, pp. 367–393, 2004, 

doi: 10.1080/15376490490451552. 

10.  .  ’      ,  .        ,      . L    , “熱電材料と応用： レビュー,”         ,    . 16,   . 17, 

p. 6409, 2023, [Online]. Available: https://www.mdpi.com/1996-1073/16/17/6409. 
11. J.- .         , “D                                                                ,”    .    . 

Technol. (Faenza, Italy), vol. 24, no. Innovative Materials in Advanced Energy Technologies, pp. 

733–744, 1999. 
12. Y. Bar-     , “       -               :                                    ,”     . SPIE, Int. Soc. 

Opt. Eng. SPIE, Int. Soc. Opt. Eng., vol. 4695, pp. 1–7, 2002, [Online]. Available: 
http://ndeaa.jpl.nasa.gov/nasa-nde/lommas/eap/WW-EAP-

Newsletter.html%0Ahttp://ndeaa.jpl.nasa.gov. 
13. J. V           V. K      , “                                                ,”     .    . Eng. 

Technol., vol. 1, no. 7, pp. 37–40, 2022, doi: 10.47893/gret.2022.1131. 
14.  .          Z. Y , “                     :                            ,          ,     

            ,”    .      .      .,    . 31,   . 22,   . 1–28, 2021, doi: 10.1002/adfm.202010706. 
15. R. Das, C. Melchior, and K. M. Karumbaiah, Self-healing composites for aerospace applications. 

Elsevier Ltd, 2016. 
16.  . B     ,  .          ,  .   j      ,      .  . Z.       , “                                 

                            ,”      J.   g. Appl. Sci., vol. 14, no. 3, pp. 668–676, 2019. 
17.  .  . O          .         , “D                                                   ,”      . D  ., 

vol. 29, no. 2, pp. 469–483, 2008, doi: 10.1016/j.matdes.2006.12.016. 
18.  .           .  .  . K     , V     , “Investigation of Supersonic Retro Propulsion Flow Fields for 

Central Jets and Peripheral Jets on Re-      B     ,” I  . J.    .    . D  .,    . 4,   . 10,   . 656–
661, 2016. 

19.  . K     , I.      ,  .      ,      . B        , “    -Healing Nanocomposites—

Adva                                   ,” J.       .    .,    . 7,   . 4, 2023,    : 
10.3390/jcs7040148. 

20.  .            ., “                                                                 I       ,” 
Integr. Ferroelectr., vol. 211, no. 1, pp. 25–44, 2020, doi: 10.1080/10584587.2020.1803672. 

21.       K        , “                                     ,” I  . J.    .    .,    . V6,   . 06,   . 
518–525, 2017, doi: 10.17577/ijertv6is060291. 

22.  .  . B      , D.  . Q        ,      . B. L.          , “                               ,”   . 
March 2003, pp. 5–12, 2019. 

23.  . Y                ., “                                                                  
Polyampholyte Gel Particles for Plugging of High-                         ,”     ,    . 10,   . 

9, p. 562, 2024, doi: 10.3390/gels10090562. 
24.  . D.         ,  . K. B    ,  .         ,      .  .        , “73-Pyroelectric 

         _    .   ,”   .      , 2010. 
25.  . J. K   , Y. O    ,     J.  .     , “                    -                             ,” 

Polym. J., vol. 38, no. 12, pp. 1211–1219, 2006, doi: 10.1295/polymj.PJ2006125. 
26.  .          , K.        ,     K. U     , “                        ,”             ,    . 10,   . 4, 

pp. 467–487, 2000, doi: 10.1016/S0957-4158(99)00073-2. 



 

 

Innovative Applications of Smart Materials in Aviation                                                                     Kaushik et al. 

 

 

© STM Journals 2025. All Rights Reserved S131  
 

27.  .  .     ,  .  . B     ,      .  .          , “I                                           :     , 

       ,           ,” O  .                   .      . D      ,   .       ,   . 19–36, 2017, doi: 
10.1201/9781420026351. 

28. B. D. Safyanu, M. N. Abdullah, and Z. O   , “                                -powered aircraft 
            ,” J.       .        .      .,    . 11,   . 1–16, 2019, doi: 10.5028/jatm.v11.1077. 

29. U.               . Bä     , “                                            ,” J.      .     .,    . 
10, no. 7, pp. 1471–1507, 2000, doi: 10.1039/a908713c. 

30.  .  . B      , “                                                                        ,”      . 
Eng. Aerosp. Technol., vol. 92, no. 7, pp. 1027–1035, 2020, doi: 10.1108/AEAT-02-2020-0040. 

31. J. Qiu, M. K. I    ,  .     ,      . W.        , “                                               
                                  ,”      . L   .,    . 24,   . 56–60, 2020, doi: 

10.1016/j.mfglet.2020.03.010. 

32.  .  .             . J.       , “                     -of-the-Art Superconductor Technology for 
                       ,” 2018  I  /I          .      .        .     .      2018,   .      , 

pp. 1–17, 2018, doi: 10.2514/6.2018-5030. 
33.  .      ,  . L    ,     J. L      , “D                                                 g system 

                              ,”   J     .     .,    . 93,   . 3,   . 1–7, 2021, doi: 
10.1051/epjap/2020200027. 

34.  .  . B    , “                                                                                         
. In addition to studies directed to gaining basic information on structure and properties , 

applications of liquid crystals in non-                                  ,” J.         .      .,    . 2, 
no. 3, pp. 403–430, 1973. 

35. A. Srivastava, P. Usha, S. F. A. Al-Alawachi, L. Kansal, K. Arav    ,     D.      , “    -Healing 
         :           ,                 ,                 :                  ,”  3  W       ., 

vol. 505, 2024, doi: 10.1051/e3sconf/202450501019. 
36.  .                . K.       , “                                             -                 ,” 

Mater. its Charact., vol. 1, no. 2, pp. 114–119, 2022, doi: 10.46632/mc/1/2/8. 
37. U. L    j         .           , “                            L   -          ,” D  .      . 

Econom. Econ. Financ., vol. 12, pp. 239–258, 2010, doi: 10.1007/978-3-642-02132-9_12. 
38. W. W   , Y. X    , J. Y ,     L. Y   , “D                                               

                                                         ,”        ,    . 23,   . 3,   . 1–28, 

2023, doi: 10.3390/s23031545. 
39. M. Bashir and P. Rajen    , “                                                                     

                             ,” I  .    .     .    .,    . 13,   . 2,   . 117–125, 2019, doi: 
10.15866/ireme.v13i2.15538. 

40.  .        , “               :            ,” J. D   .     . Oral Res., pp. 1–4, 2023, doi: 
10.46889/jdhor.2023.4105. 

41. J. K.  j   K          .         , “                                                              
                           I         ,” J.     .     .    .,    . 1172,   . 1,   . 0–13, 2019, doi: 

10.1088/1742-6596/1172/1/012035. 
42.  .            ., “                                                I                   I           

                   ,”      .           .,    . 68,   . J   ,   . 1542–1549, 2022, doi: 
10.1016/j.matpr.2022.07.180. 

43. R. Ramly, W. K   j   ,      . K.  .       , “U                                    B           
                                     ,”             .,    . 41,   . I   ,   . 600–606, 2012, doi: 

10.1016/j.proeng.2012.07.218. 
44.  .  .                             W    , “V bration Control Analysis of Aircraft Wing by 

U                   ,” I    ,    . 6,   . 8,   . 7–43, 2015, [Online]. Available: www.iiste.org. 

45.  .     ,  .         ,     D. J. I    , “D                                                    
         ,”          er. Struct., vol. 11, no. 1, pp. 147–155, 2002, doi: 10.1088/0964-

1726/11/1/317. 
46.  .  .        ,  .        ,  .            , V.           ,      .           , “20001124 089,”    . 

298, no. 0704, 2000. 



 

Journal of Polymer & Composites 

Volume 13, Special Issue 5 

ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print) 

 

© STM Journals 2025. All Rights Reserved S132  
 

47. D.           , J. K   ,  .      ,      .    ü       , “ mart material delivery unit for the 

                                          ,”               .,    . 55,   .  ,   . 455–462, 2021, doi: 

10.1016/j.promfg.2021.10.062. 

48.  . Jä          ., “                           ,                                ,”    U  OR 2010, 

12th Int. Conf. New Actuators, no. June, pp. 346–354, 2008. 

49. J. L   ,  . L , Y. L  , W.  .      ,      . D , “     -memory polymers - A class of novel smart 

         ,”     B   .,    . 34,   . 11,   . 848–855, 2009, doi: 10.1557/mrs2009.235. 


