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Abstract. This review provides a thorough analysis of the progress made in smart polymer composite materials, 

which have recently been seen as potential game-changers in areas such as construction, aerospace, biomedical 

engineering, and energy. This article emphasizes the distinctive characteristics of these materials, including their 

responsiveness to stimuli like temperature, light, and pressure, and their potential uses in different industries. This 

paper also examines the difficulties and restrictions associated with the creation and utilization of smart polymer 

composite materials. This review seeks to provide a thorough understanding of smart polymer composite materials 

and their potential to offer innovative solutions for a variety of applications. 
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1 Introduction  

The global polymer composite market is anticipated to 

expand rapidly in the near future, propelled by various 

factors, including the rising demand from the 

transportation and aerospace industries [1]. In 2020, the 

market size was estimated to be USD 73.56 billion and is 

projected to reach USD 102.79 billion by 2028, increasing 

at a CAGR of 4.5% [2]. The use of polymer composites 

in the transportation sector is anticipated to expand at a 

CAGR of 7.2% from 2020 to 2027, while the aerospace 

industry is projected to be the main driver of the polymer 

composite market with an estimated CAGR of 5.9% from 

2020 to 2027 [3]. The construction sector is also 

anticipated to make a substantial contribution, with an 

estimated compound annual growth rate of 6.7% from 

2020 to 2027. The Asia-Pacific region is projected to 

account for 42.3% of the polymer composite market in 

2020. These figures demonstrate the increasing potential 

of polymer composites, including smart polymer 

composites, to revolutionize multiple industries around 

the world [4]. 

Polymer composites, including smart polymer 

composites, are essential in many industries due to their 

durability, lightweight, cost-efficiency, versatility, and 

eco-friendly characteristics [5]. Polymer composites are 

renowned for their strength and durability, making them 

suitable for use in demanding applications, such as 

aerospace and transportation. Additionally, they are 

lighter than traditional materials, a key factor for 

lightweight structures and vehicles. Furthermore, polymer 

composites can be produced more quickly and in larger 

amounts, making them more economical than traditional 

materials. Their versatility makes them suitable for a 

variety of uses, and many are made from renewable 

resources and are recyclable, making them eco-friendly. 

Smart polymer composites go a step further by reacting to 

environmental stimuli such as temperature, humidity, or 

pressure fluctuations, leading to improved performance 

and greater efficiency [6]. In general, the utilization of 

polymer composites, including smart polymer 

composites, has the potential to revolutionize a variety of 

industries and provide lighter, stronger, and more 

economical materials. 

Although there is increasing interest in polymer 

composites, there is a dearth of thorough research on the 

capacity of smart polymer composites to revolutionize 

various industries. This research seeks to bridge this gap 

by offering a thorough overview of the current status of 

smart polymer composite materials and their potential to 

revolutionize the world. The field of smart polymer 

composite materials is constantly changing, and it is 

essential to assess the current state of the art to gain a 

comprehensive understanding of its potential and 

restrictions. In the last few years, the capacity of these 

materials to revolutionize industries like transportation, 

aerospace, and construction has become more and more 

evident. Despite this, the widespread use of smart polymer 

composites is impeded by a number of challenges and 

restrictions. To progress further in this field, it is essential 
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to recognize these challenges and offer suggestions for 

future research and development. By conducting a 

thorough review and assessment of the current state-of-

the-art, it is possible to create a platform for the ongoing 

development and progress of smart polymer composite 

materials. 

2 Current State of the Art 

In recent years, the current state-of-the-art smart polymer 

composite materials have been widely recognized for 

their various exceptional properties. Smart polymer 

composites are materials that can react to environmental 

stimuli like temperature, humidity, or pressure 

fluctuations and display changes in their mechanical, 

electrical, or optical properties [7]. The capacity to react 

to environmental stimuli offers numerous potential 

advantages, including enhanced performance, enhanced 

efficiency, and self-healing capabilities. Examples of the 

most renowned smart polymer composites include shape-

memory, conductive, and self-healing polymers. Shape 

memory polymers can revert to their original form after 

being deformed, while conductive polymers can conduct 

electricity, making them useful for applications like 

sensors and actuators. Self-healing polymers are able to 

fix damage caused by external factors such as cracks or 

fractures, thus increasing the material's lifespan [8]. 

 Smart polymer composites have already been 

employed in a variety of industries, including aerospace, 

transportation, and construction [9]. In the aerospace 

industry, they have been utilized to make lightweight and 

resilient structural components, while in the 

transportation industry, they have been employed to 

manufacture fuel-efficient and lightweight vehicles. In the 

construction sector, they have been employed to create 

self-healing concrete and structural materials with 

enhanced durability. In general, the current state-of-the-

art smart polymer composite materials are a rapidly 

expanding field with great potential for use in a variety of 

industries. Despite this potential, many obstacles still 

need to be addressed, including the need for further 

research and development, enhanced processing 

techniques, and a better comprehension of their 

characteristics and behavior.  

3 Types of Smart Polymer Composites 

3.1 Shape Memory Polymers 

Shape memory polymers (SMPs) are intelligent polymer 

composites that can revert to their original form after 

being subjected to distortion. These materials are 

activated by fluctuations in temperature, humidity, or 

pressure, and their capacity to return to their original form 

is due to a transition temperature or pressure, which 

determines the temperature or pressure at which the 

material shifts from a pliable, malleable state to a rigid, 

shape-maintaining state. SMPs are usually created by 

combining a polymer with a shape-memory material, such 

as a shape-memory polymer or shape-memory alloy [10]. 

The shape memory agent is responsible for enabling the 

material to revert back to its original shape, while the 

polymer provides the necessary mechanical strength. The 

outcome has distinctive characteristics, such as the 

capacity to be formed into a desired shape, maintain this 

shape at high temperatures or pressures, and revert to the 

original shape when the temperature or pressure 

decreases. Table 1 outlines the characteristics of shape 

memory polymers. 

The potential uses of SMPs are varied, including 

medical instruments like stents and catheters, which can 

be inserted into the body in a flexible state and then revert 

to their original shape to fulfill their purpose [11]. SMPs 

have been employed in the aerospace sector to 

manufacture lightweight and resilient structural 

components, and in the transportation sector to make fuel-

efficient and lightweight vehicles. There are a variety of 

ways to regulate the transition temperature or pressure of 

SMPs, such as employing different polymers or shape 

memory agents, adding plasticizers, and utilizing cross-

linking agents. Despite this progress, there are still 

numerous obstacles to be addressed in the development of 

SMPs, including the need for additional research and 

development, enhanced processing techniques, and a 

better comprehension of their characteristics and 

behavior. In conclusion, shape-memory polymers are a 

promising type of material with distinctive characteristics 

and potential applications in a variety of industries. The 

capacity to return to its original form after being subjected 

to distortion offers numerous advantages, and the 

possibility for further growth and enhancement makes 

SMPs a field with immense potential for future 

exploration and invention [12]. Figure 1 illustrates the 

different kinds of smart polymers (SMPs). 

Table 1. Shape memory polymer properties. 

Shape memory 

polymers 

Properties 

Polyurethane High thermal stability, good recovery force and deformation, good thermal and mechanical 

stability 

Polycaprolactone Good shape memory properties, biodegradable and biocompatible, good mechanical 

properties 

Polyvinyl alcohol Good shape memory properties, hydrophilic and biocompatible, low melting temperature 

Polyethylene High shape recovery rate, good dimensional stability, high resistance to oxidation and UV 
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Fig. 1. Types of smart polymers. 

3.2 Conductive Polymers 

Conductive polymers are a type of polymer that can be 

used to produce electricity. They are produced by 

incorporating conductive fillers, such as metals or carbon-

based materials, into a polymer matrix, thereby increasing 

the electrical conductivity of the material [13]. The 

electrical conductivity of conductive polymers can vary 

from 10-3 to 103 S/cm, depending on the particular 

material and how it is prepared [14]. For instance, 

polyaniline, one of the most renowned conductive 

polymers, has a conductivity range of 10-3 to 10-1 S/cm 

[15]. The electrical conductivity of these materials is 

much lower than that of conventional conductors like 

copper or silver, yet is adequate for many uses, including 

electronics and energy storage. Table 2 outlines the 

characteristics of conductive polymers. 

Conductive polymers are extremely versatile and have 

a multitude of uses, including in electronic devices such 

as displays, batteries, and sensors [16]. These materials 

can be processed into various forms, such as films, fibers, 

and composites, and can be tailored to suit the particular 

needs of a given application. In terms of durability, 

conductive polymers are relatively stable, yet they can be 

impacted by environmental elements such as temperature, 

humidity, and light exposure. Nevertheless, this can be 

addressed by utilizing suitable encapsulation techniques 

or by adding protective layers to the material. Conductive 

polymers are a promising group of materials that possess 

exceptional electrical conductivity and versatility. The 

capacity to incorporate conductive fillers into a polymer 

matrix offers a variety of possible applications, and the 

potential for further advancement and enhancement 

makes conductive polymers an area with immense 

potential for future exploration and invention. 

3.3 Self-Healing Polymers 

Self-healing polymers are materials that are able to mend 

themselves after being damaged. This characteristic is 

accomplished through the inclusion of a self-healing 

mechanism, like the presence of microencapsulated 

healing agents or the formation of covalent bonds between 

polymer chains [17]. Figure 2 illustrates the features of 

self-healing polymers. 

 

Fig. 2. Characteristics of self-healing polymers. 

Depending on the material and the method of 

preparation, self-healing polymers can reach healing 

efficiencies of up to 95% [18]. The healing efficiency is 

defined as the ratio of the mechanical strength regained 

after the healing process to the original strength. The 

curing time of self-healing polymers can differ greatly 

depending on the particular material and method of 

manufacture. For instance, some self-healing polymers 

can be fully restored in a matter of minutes, while others 

may take several hours or even days to complete the 

healing process. Self-healing in polymers can be 

accomplished through various methods, such as 

microencapsulation, covalent bond formation, and 

supramolecular interactions. The particular mechanism 

Table 2. Conductive polymer properties. 

Conductive 

polymers 

Electrical Conductivity 

(S/cm) 

Other Properties 

Polyaniline 10-3 to 10-1 High mechanical strength, good stability and processability, good transparency in the doped 

form 
Polypyrrole 10-2 to 101 Good stability and processability, good thermal stability, good transparency in the doped form 

Polythiophene 10-3 to 10-1 Good thermal stability, good stability and processability, good transparency in the doped form 

Polyacetylene 103 to 105 High electrical conductivity, good processability, good stability 
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employed depends on the desired characteristics and the 

particular use of the self-healing polymer. Figure 3 

illustrates the categorization of different self-healing 

polymers. SMP is a field with immense potential for 

future exploration and invention [12]. Figure 1 illustrates 

the different kinds of smart polymers.  

 

Fig. 3. Classifications of self-healing polymers. 

One of the most extensively researched self-healing 

polymers is the microencapsulated self-healing polymer, 

which uses microencapsulated healing agents dispersed 

throughout a polymer matrix [19]. When damage occurs, 

the capsules break open and release agents that promote 

healing, which then diffuse and act to fix the damage. 

Supramolecular Self-healing Polymers are another kind of 

self-healing polymer that utilizes supramolecular 

interactions to accomplish self-healing. In these materials, 

the polymer chains are designed to self-organize into 

specific configurations that enable them to reconnect 

when damage occurs. Covalent self-healing polymers 

gain their self-healing properties through chemical 

reactions. In these materials, when damage occurs ,the 

polymer chains interact with each other, forming covalent 

bonds that mend the damage [20]. 

3.4 Thermally Responsive Polymers 

Thermally responsive polymers are a type of intelligent 

materials that alter their physical characteristics in 

response to temperature fluctuations [21]. Examples of 

thermally responsive polymers include poly(N-

isopropylacrylamide) (PNIPAM), poly (ethylene oxide) 

(PEO), and poly (propylene oxide) (PPO) [22]. PNIPAM 

is a temperature-sensitive polymer that experiences a 

volume phase transition at a lower critical solution 

temperature (LCST) of around 32-34°C [23]. This 

transformation results in considerable alterations in the 

hydrophobicity and mechanical characteristics of the 

polymer. For instance, when temperatures are below the 

LCST, PNIPAM is hydrophobic and has a low modulus, 

while when temperatures are above the LCST, it is 

hydrophilic and has a high modulus. PEO is a 

temperature-sensitive polymer with a glass transition 

temperature (Tg) of roughly -120°C [24]. This 

transformation results in considerable alterations in the 

mechanical characteristics of the polymer, including its 

glass transition temperature and mechanical strength. 

PPO is a temperature-sensitive polymer that has a glass 

transition temperature (Tg) of roughly -70°C. This 

transformation results in considerable alterations in the 

mechanical characteristics of the polymer, including its 

glass transition temperature and mechanical strength. 

Generally, thermally responsive polymers are very 

beneficial in a variety of applications, including drug 

delivery, cell culture, and tissue engineering. By 

incorporating these polymers into different materials, 

scientists and engineers can create materials that can alter 

their properties in response to temperature fluctuations. 

Table 3 outlines the characteristics of thermally 

responsive polymers. 

3.5 pH Responsive Polymers 

pH-responsive polymers are materials that alter their 

characteristics in reaction to fluctuations in the pH of the 

surrounding environment. These polymers have gained 

significant interest in recent times due to their potential 

uses in various areas such as drug delivery, bio-

separation, and tissue engineering [25]. pH-responsive 

polymers can alter their characteristics in response to pH 

fluctuations through a variety of mechanisms, including 

ionization of acidic or basic groups, 

protonation/deprotonation of amine or carboxylic groups, 

or modifications in the charge density of the polymer 

backbone. Several pH-responsive polymers have been 

developed, such as poly (acrylic acid) (PAA), poly(2-

vinylpyridine) (PVP), poly(ethyleneimine) (PEI), and 

poly(amidoamine) (PAMAM) dendrimers [26]. The 

lower critical solution temperature (LCST) or pKa value 

of a pH-responsive polymer is a critical factor that 

hydrophobic state when the pH falls below 4.7. PVP has 

a pKa of 5.5 and changes from a hydrophilic to a 

hydrophobic state when the pH falls below 5.5. [27]. The 

pH sensitivity of a polymer can be affected by its 

molecular weight, concentration, and the presence of 

other chemical groups. pH-sensitive polymers have 

numerous uses, including drug delivery, bio-separation, 

and tissue engineering. As an example, pH-responsive 

Table 3. Properties of thermally responsive polymers. 

Polymer LCST/Tg (°C) Transition Properties Change 

PNIPAM 32-34 Volume Hydrophobicity, Modulus 

PEO -120 Glass Glass Transition Temperature, Mechanical Strength 

PPO -70 Glass Glass Transition Temperature, Mechanical Strength 
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polymers can be employed as carriers for drugs that must 

be released in response to alterations in the body's pH. 

They can also be employed in separation processes to 

eliminate impurities based on the pH-induced changes in 

solubility. The characteristics of the pH-responsive 

polymer are outlined in Table 4.  

3.6 Light Responsive Polymers 

Light-responsive polymers, also referred to as 

photoresponsive polymers, are a type of material that 

alters its characteristics when exposed to light [28]. These 

materials have numerous uses in the realms of optics, 

electronics, and biomedicine. The refractive index of a 

light-responsive polymer can be modified by exposure to 

light, leading to alterations in the transmission and 

reflection of the light. Generally, the alteration in the 

refractive index is between 0.01 and 0.1. Light-responsive 

polymers can undergo various shape transformations 

when exposed to light, such as shrinking, swelling, or 

bending [29]. Light exposure can alter the conductivity of 

light-responsive polymers, making them useful for 

electronics and optoelectronics applications. Depending 

on the material and intensity of the light, the change in 

conductivity can vary from several orders of magnitude to 

several hundred percent. Light-sensitive polymers can 

display alterations in their optical characteristics, 

including absorption, fluorescence, and birefringence, 

when exposed to light. These modifications can be 

employed in applications such as optical data storage, 

optical switching, and optical sensing [30]. The 

temperature and viscosity of light-responsive polymers 

can be altered by exposure to light, altering their thermal 

properties. These modifications can be beneficial for 

applications like energy conversion, thermal 

management, and biomedical engineering [31]. Table 5 

outlines the characteristics of light responsive polymers. 

4 Potential of Smart Polymer Composite 
Materials in Various Industries 

4.1 Transportation applications 

Smart polymer composites are a type of material made up 

of a polymer matrix and smart fillers or particles that can 

react to external stimuli like temperature, light, or pH 

[32]. By combining a flexible polymer matrix with 

responsive fillers or particles, materials with adjustable 

and distinctive characteristics can be produced. Smart 

polymer composites have the potential to revolutionize 

the transportation industry due to their capacity to offer 

enhanced performance characteristics [33]. Smart 

polymer composites, with their lightweight structure and 

high strength and stiffness, are perfect for use in 

lightweight vehicles, aircraft, and marine vessels. Smart 

polymer composites can be developed to adjust to 

fluctuating loads and conditions, thereby delivering 

improved performance in both dynamic and extreme 

situations [34]. 

Smart polymer composites can be engineered to 

possess shape-memory properties, enabling them to revert 

back to their original form after being exposed to external 

loads or distortions. Smart polymer composites can be 

engineered to transform ambient energy from sources like 

light, heat, or vibration into electrical energy, offering a 

renewable and self-powered alternative to conventional 

energy sources [35]. Smart polymer composites can be 

engineered to incorporate multiple functionalities, such as 

self-healing, self-lubrication, and self-sensing, into a 

single material. These special characteristics make smart 

polymer composites desirable for a variety of 

transportation uses, including lightweight and energy-

efficient vehicle structures, self-healing and self-sensing 

Table 4. Mechanisms of pH responsive polymers. 

Polymer Mechanism pKa/LCST Responsiveness Applications 

Poly(acrylic acid) (PAA) Ionization 4.7 Hydrophilic to hydrophobic transition 

below pH 4.7 

Drug delivery, bio-separation 

Poly(2-vinylpyridine) 
(PVP) 

Protonation 5.5 Hydrophilic to hydrophobic transition 
below pH 5.5 

Drug delivery, bio-separation 

Poly(ethyleneimine) (PEI) Protonation 10.0 Hydrophilic to hydrophobic transition 

below pH 10.0 

Drug delivery, bio-separation 

Poly(amidoamine) 

(PAMAM) dendrimers 

Protonation 7.0-8.0 Hydrophilic to hydrophobic transition 

below pH 7.0-8.0 

Drug delivery, bio-separation 

 

Table 5. Properties of light responsive polymers. 

Polymer Property altered by light exposure 

Spiropyrans Refractive index, optical absorption 

Azobenzene polymers Refractive index, optical absorption, shape 

Polymer dispersed liquid crystals (PDLCs) Optical transmittance, refractive index 

Hydrogels Shape, swelling, mechanical properties 

Liquid crystal polymers (LCPs) Optical birefringence, mechanical properties 
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composites for aerospace and marine vessels, and 

multifunctional materials for advanced transportation 

systems. 

4.2 Aerospace Applications 

Smart polymer composites are a type of material made up 

of a polymer matrix and smart fillers or particles that can 

react to external stimuli like temperature, light, or pH 

[36]. These materials could revolutionize the aerospace 

industry by offering enhanced performance 

characteristics, such as smart polymer composites for 

aerospace applications, lightweight and fuel-efficient 

aircraft structures, repair of minor cracks and damage in 

aircraft structures, deployment of wing flaps and other 

aerodynamic devices, and advanced aerospace systems 

such as self-sensing systems for structural health 

monitoring [37]. 

4.3 Construction Applications 

Smart polymer composites are a type of material made up 

of a polymer matrix and smart fillers or particles that can 

react to external stimuli, such as temperature, light, or pH 

[38]. These materials could revolutionize the construction 

industry by offering enhanced performance 

characteristics. Smart polymer composites can be 

engineered to adjust to fluctuating loads and conditions, 

offering improved performance in dynamic and extreme 

circumstances, making them suitable for use in high-

performance and disaster-resistant structures [39]. Smart 

polymer composites can be engineered to possess shape-

memory properties, enabling them to revert back to their 

original form after being exposed to external loads or 

distortions. Smart polymer composites can be engineered 

to self-repair in the event of damage, thereby reducing 

maintenance and repair costs and extending the life of the 

structure. Smart polymer composites can be engineered to 

regulate temperature and thermal insulation, thereby 

reducing energy costs and creating a comfortable living 

environment. It can be engineered to incorporate multiple 

functionalities like self-healing, self-lubrication, and self-

sensing into a single material [40]. Smart polymer 

composites have a variety of applications in the 

construction industry, such as the following. (i) Structures 

with high performance and that are resistant to disasters; 

(ii) composites with self-healing and shape-memory 

capabilities for the repair and upkeep of building 

structures; (iii) insulation materials that are smart for 

energy-efficient buildings; and (iv) multifunctional 

composites for advanced building systems, such as self-

sensing systems for structural health monitoring. 

5 Challenges and Opportunities 

Smart polymer composites face the challenge of being 

compatible with the polymer matrices. Incongruous fillers 

can lead to phase separation and deterioration of 

composite materials, thus diminishing their overall 

performance [41]. Despite advances in the laboratory, 

scaling up and commercializing smart polymer 

composites is still a challenge. This is due to the expensive 

cost of production and the limited availability of smart 

fillers, as well as the requirement for dependable and 

efficient production processes. Smart polymer composites 

can experience a decline in performance over time, which 

can be caused by environmental elements like UV light 

and humidity, as well as the natural aging of the material 

[42]. Figure 4 illustrates the difficulties associated with 

smart polymer composites. 

 

Fig. 4. Challenges for smart polymer composites. 

Despite the difficulties, there are a number of 

opportunities and potential future developments in the 

area of smart polymer composite materials. The creation 

of new smart fillers with enhanced performance, stability, 

and scalability is essential for the progress of this field 

[43]. Enhancing processing techniques for the 

manufacture of smart polymer composites, such as 3D 

printing, is essential for their commercialization and 

scalability. It will be essential for the advancement of this 

field to create new applications for smart polymer 

composites, such as in energy storage, biomedicine, and 

wearable technologies. Ongoing progress and 

enhancement of smart polymer composites necessitates 

collaborative interdisciplinary research that involves 

materials science, engineering, physics, chemistry, and 

biology [44]. Figure 5 illustrates the potential of smart 

polymer composites for future growth. 

 

Fig. 5. Opportunities for smart polymer composites. 
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6 Conclusion 

Smart polymer composites are a rapidly expanding area 

of research, with numerous potential applications that are 

exciting to explore. Smart polymer composites, made up 

of a polymer matrix and responsive fillers or particles that 

can react to environmental factors like temperature, light, 

and pH, have the potential to revolutionize industries like 

construction, aerospace, and transportation due to their 

ability to provide adjustable properties that can satisfy the 

rigorous demands of these fields. Despite this, there are 

still many challenges in this field, including material 

compatibility, scalability, and performance deterioration. 

Despite the difficulties, there are numerous possibilities 

and future directions in the field, including the creation of 

new intelligent fillers, enhanced processing methods, and 

novel applications. Interdisciplinary research is essential 

for the ongoing expansion and advancement of this area. 

In conclusion, the field of smart polymer composites has 

the potential to revolutionize the world, but further 

research and development is needed to unlock its full 

potential. 
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