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Abstract - This review paper discussed the incorporation of smart materials within the automotive industry, outlining their
applications, associated difficulties, as well as future scope. SMAs, Piezoelectric materials, MR Fluids, EAPs, and
Thermoelectric materials are smart materials with exceptional properties that allow them to actively react to external
environmental stimuli. These materials are applied in structural elements, sensors and actuators, energy management systems,
as well as passenger and driver convenience and safety. Despite their potential to boost vehicle safety and environmental
conservation, some challenges could deter their massive adoption. These include system integration issues, scalability
considerations, and constraints associated with their implementation. These barriers can be overcome and these materials and
their potential can be explored in full through interdisciplinary work and rapid technological development to provide a more
optimized driver experience as well as environmental preservation. Potential future research in this direction is associated with
material development, implementation in new fields, and applied technologies such as Al, machine learning, and autonomous

driving.

Keywords - Smart materials, Piezoelectric materials, Magneto-rheological fluids, Electroactive polymers, Thermoelectric

materials, Automobiles.

1. Introduction

The last few years have moved the automotive industry
from known to unknown after the unravelled inclusion of
smart materials into vehicle designs and manufacturing. Smart
materials embed special functionalities and properties that
have defined new domains through which vehicle
performance, comfort, and safety would be improved. This
section intends to provide a little brief of what the world of
smart materials has done to the automotive industry.

1.1. Overview

Smart materials, also known as intelligent or responsive
materials, are a group of materials able to alter their qualities
due to external agents across a wide spectrum [1]. The external
agents may come in the form of changes in temperature, stress,
electric or magnetic fields, light, and so on [2]. The favourable
alteration of the properties of such structures under certain
conditions has multiple applications. They are used as
actuators and in the concept of self-healing [3]. In addition,
they represent ideal materials in the creation of sensors and
actuators [4]. Smart materials can be incorporated into

structural systems and make the system sensitive to the
surroundings and phenomena changes. Smart materials are
widely used in the application of product health monitoring.
In addition, it plays a crucial role in intelligent manufacturing
and processing. In both industrial and academic usage, the
applications of smart materials such as polymers and fibres
have increased because of their dynamic and adaptive
attributes [5]. Generally, these materials are capable of sensing
a variety of factors, including temperature, electric and
magnetic fields, deformation, pH, and enzymes [5].

1.2. Significance in Automotive Industry

Smart materials have made their way into the automotive
industry, with several innovations addressing not only the
ever-changing requirements for modern vehicles but also
some long-lasting challenges for manufacturers. Trying to
optimize fuel consumption, improve safety features, and find
an eco-friendly replacement can become outdated, and these
new solutions transform the industry and ensure that change is
possible. Smart materials, including SMAs and piezoelectric
materials, present an opportunity to redefine how automobiles
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are designed and used. These intelligent technologies allow
the creation of adaptive systems that change in situational
need to enhance passenger safety and comfort [6]. For
example, SMAs are ideal for the automotive sector’s
earthquake-resistant designs and as aseismic devices [7]. On
the other hand, piezoelectric materials are appropriate for
learning systems to help address the sustainability sector as
they contribute to energy-harvesting systems [8].

In addition, self-driven cars are emerging, and so is
mobility. Hence, these smart materials are incorporated into
automobile research. The use of smart materials in building
automobile portends has been studied, too [6-9]. Furthermore,
their use in various smart and sustainable urban ultimate
structures and robotics proves their viability [9, 10]. The new
automobile frame will be able to utilize smart materials to
develop intelligent systems, thus reducing the weight of the
car and increasing the efficiency system.

Furthermore, the application of Magneto-Rheological
(MR) fluids in the design of an automotive suspension system
improves the ride and handling quality of the vehicle. MR
fluids are solvent-like substances that respond to a magnetic
field by changing their phase from liquid to solid. This design
has been implemented in commercial vehicles, leading to
enhanced operator comfort, vehicle performance, and
increased durability. Meanwhile, the use of MR fluids in the
semi-active suspension system is also widespread for
motorcycles, which ensures the safety and comfort of the ride.

The subsequent sections of this review paper delve deeper
into the various types of smart materials that are commonly
used in automobiles, their applications, challenges, and future
research and development directions to provide invaluable
insights into the transformative nature of the use of smart
materials toward shaping the future of automotive technology.
Despite the significant advancements in integrating smart
materials into automotive technology, a clear research gap
remains in systematically understanding their long-term
impact on vehicle performance, durability, and cost-
effectiveness. This review aims to bridge this gap by
thoroughly analyzing existing research and highlighting the
innovative applications and challenges associated with smart
materials in the automotive sector.

The novelty of this work lies in its comprehensive
comparison of current findings, providing a detailed
examination of how smart materials can overcome traditional
automotive challenges. While previous studies have primarily
focused on individual smart material applications, this review
synthesizes these insights to offer a holistic view of their
potential to revolutionize automotive design and
manufacturing. By exploring both the successes and
limitations of existing technologies, we provide a nuanced
perspective that underscores the need for continued research
and development in this rapidly evolving field.
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2. Types of Smart Materials

The ability of smart materials to respond dynamically to
the input of an external factor is what makes them
indispensable in many applications in the automotive industry.
Five main types of smart materials contribute to the revolution
of the automotive industry, and their applications are outlined
in this section. They are Shape Memory Alloys, Piezoelectric
Materials, Magneto-rheological  Fluids, Electroactive
Polymers and Thermoelectric Materials.

2.1. Shape Memory Alloys (SMAS)

Shape Memory Alloys (SMAs) are metals that can
“remember” their parent shape and return to it after being
deformed [11]. SMAs are used in various fields, including
aerospace, biomedicine, mechanical electronics, and cars. The
two most frequently reported commercially available SMAs
include nickel-titanium and copper-based alloys [12].
Concerning enhancing the efficiency of SMAs, a novel
method appears to be feasible and suitable for Fe-based SMAs
(V 2022). As uncovered, the critical stress for twinning in
SMAs is another vital factor affecting their mechanical
characteristics [12].

SMAs are a unique class of metallic materials
characterized by their ability to recover their original shape
after deformation following exposure to specific external
stimuli, most frequently changes in temperature or stress
levels [11]. This effect is made possible by a reversible solid-
state phase transformation involving two crystalline
structures: austenite and martensite. The transformation
process may be summarized as demonstrated in Figure 1.

SMAs are also used in the automotive industry for their
adaptive and shape-memory capabilities. They are used in
different applications, including structural components, safety
systems, and actuators for active aerodynamics tools such as
heat engines and transmission shafts, adaptive control
systems, and morphing structures. Despite its advantages,
such as high strength-to-weight ratio, corrosion resistance, and
excellent fatigue endurance, SMAs have limitations, including
limited recoverable strain, high cost and complexity in
manufacturing. Research and development processes are still
ongoing to explore the use of new SMA alloys, new
processing procedures, and new applications

2.2. Piezoelectric Materials

Piezoelectric material is a material exhibited with the
piezoelectric effect, which is a property of generating an
electric charge from mechanical stress or deformation, and
vice versa, reacts to mechanical deformation when subjected
to an electric field. This unique property has allowed multiple
applications in automotive areas that require accurate sensing,
actuation, and energy harvesting. Figure 2 shows the
generation of charge under mechanical stress that resembles
the piezo-electric effect, and Figure 3 shows strain resulting
from the application of an electric field.
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The Phase Transformation Process for SMAS

COOLED

Reverts to original shape over time at high
temperature

BENT

Original shape at low temperature

Deformed shape at low
temperature

HEATED

Fig. 1 Phase transformation process for SMAs [13]

The automotive field mainly utilizes piezoelectric
materials in sensors and actuators. For instance, piezoelectric
material sensors are used to measure different qualities such
as pressure, acceleration, and vibration. Pressure sensors, such
as those used in the Tyre Pressure Monitoring System
(TPMS), are used to regulate tyre pressure to the
recommended level. Ensure the tyre complies with the
required safety on matters relating to safety and fuel usage.
Accelerometers are used in a vehicle skid and roll-over control
system. Therefore, it facilitates the reduction of vehicle
accidents [17]. However, piezoelectric actuators are also
widely employed for targeted control and actuation in various
automotive subsystems [17]. For instance, modern petrol
direct injection features specialized piezoelectric fuel injectors
that allow delivering precise fuel doses that significantly
improve fuel combustion and reduce emission levels. The
actuation technology is also implemented in active noise
cancellation systems, which dampens the unwanted vibrations
and noise generated by vehicle engines to create a more
comfortable environment for the passengers. Moreover,
piezoelectric materials are being tested as a means for energy
harvesting in the automotive industry. They generate electric
power by using the mechanical vibrations and deformations
that a wvehicle endures during operation, which can be
collected, stored, and used for non-primary vehicle functions
or to recharge batteries, thereby improving overall energy
efficiency and reducing reliance on traditional fuel sources
[18]. In conclusion, piezoelectric materials are vitally
important to ensure high performance, safety and energy-
saving efficiency in automotive systems. The research and
development in this field continue and bring new applications
and further advancements.
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2.3. Magneto-Rheological (MR) Fluids

Magneto-rheological fluids are produced by combining
ferromagnetic particles with an oil or silicone carrier fluid.
This is done to ease the movement of particles. These particles
are spheres or ellipsoids of micrometre or nanometer scales.
Under normal conditions, these particles are suspended in
carrier oil constantly distributed in suspension, as seen in
Figure 4. However, when a magnetic field is applied, the
microscopic particles, usually in the 0.1 — 10 um range, align
along the lines of magnetic flux, as seen in Figure 5. Another
remarkable property of these fluids is their ability to alter their
rheological properties like viscosity and flow behaviour under
the influence of an external magnetic field. This unique
property offers real-time and reversible mechanical properties
of dynamic control, and thus, MR fluids are ideal for different
automotive  applications  necessitating accurate and
instantaneous damping.

MR fluids are employed to produce adaptive shock
absorbers or dampers, commonly known as magneto-
rheological dampers, for automotive suspension systems.
These dampers are based on chambers filled with MR fluids
in which an increase or decrease in the viscosity of the fluid is
brought about by an external magnetic field created by an
electromagnet, changing the damping force applied to the
vehicle’s suspension [20]. Therefore, the stiffness of the
suspension and the damping characteristics can be modified in
real-time on the go, anticipating the road condition, vehicle
speed, driving behaviour and hundreds of similar parameters.

Manufacturers have many benefits in using MR dampers
as part of the suspension damping system instead of traditional
passive dampers. A smoother ride, improved stability and
control over the vehicle, and improved response to their
respective steering and acceleration gestures. In addition, MR
dampers can switch modes at any time, so the driver chooses
the mode of operation according to the driving style or current
road conditions [21].

Furthermore, MR fluids are used in several automotive
sub-systems other than suspension systems. Engine mounts
based on MR fluid are used to minimize engine-generated
vibrations and noise and increase passenger comfort and
vehicle refinement. Also, MR fluid-based torque transfer
systems are implemented in all-wheel-drive systems and
torque vectoring systems to improve traction, stability, and
cornering performance [20, 21].

In conclusion, magneto-rheological fluids are a powerful
and multi-faceted tool that can be used to provide adaptive and
responsive control in automotive systems. With numerous
research and development projects aimed at expanding the
range of applications and the possibilities of magneto-
rheological technology, the opportunities presented by smart
materials in terms of enhancing vehicle performance, overall
safety, and comfort seem virtually unlimited.
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2.4. Electroactive Polymers (EAPS)

Electroactive Polymers (EAPS) are a group of materials
that exhibit substantial deformation in shape, size, or
mechanical properties in response to an external electric field.
These materials show a phenomenon known as
electromechanical coupling, meaning they interconvert
electrical energy to mechanical energy and the reverse. EAPs
have several significant properties of lightness, flexibility, and
low power consumption and are ideal for many automotive
applications where adaptation and response are needed.

When an electrical field is applied to a moist EAP strip
squeezed between metal electrodes, EAP is induced to bend.
The application of the electrical field compels the positive ions
to stream towards the negative electrode (cathode), and the
negative ions immobile to the polymer binder undergo an
allurement by the positive electrode (anode) (see Figure 6).
Concurrently, the water molecules present inside the EAP
matrix broadcast towards the high positive-ion span to even-
out the distribution of the charge. Conclusively, the
achievement is that the EAP strip is bent towards the positive
anode.
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EAPs have many and varied applications in automotive
systems, especially in actuators and sensors. The most
important type of EAPs is dielectric elastomers [23].
Dielectric elastomers include thin layers of elastomeric
material located between compliant electrodes. The
application of an electric field across the electrodes results in
an electrostatic force, which later causes deformation in the
elastomer layers, leading to a change in shape and size. EAP
actuators use this feature in active aerodynamics, adaptive
wing morphing, and haptic feedback systems, among other
applications.

Additionally, EAP sensors find applications as
automotive sensors for pressure sensing, strain sensing, and
touch sensing, among other automotive sensors. For instance,
because of their high sensitivity, EAP-based pressure sensors
can be inserted into car seats to detect the posture of the
occupants and adjust seat positions to guarantee a comfortable
and safe seating posture [24]. EAP-based strain sensors can
also be integrated with structural bodies to monitor the
occurrence of deformations, failure or maintenance of
structural components in real-time and, as a result, increase the
sensor capacity of the EAP sensor in automotive safety and
structural monitoring.

In addition, EAPs could be utilized in energy harvesting
and storage systems for vehicles. When combined with
generators or capacitors consisting of EAPs, various
mechanical vibrations or deformations from the movement of
the car can be transformed into electricity and accumulated to
supply auxiliary systems or recharge the power banks, making
the car more energy-conserving and eco-friendly. While EAPs
hold substantial promise, some limitations would also need to
be overcome to enhance their use in automotive. These include
insufficient actuation strain, cycle life, and manufacturing
complexity. Further research and development for EAP
materials, manufacturing processes, and applications is being
conducted. This will help to enable transformational
advancements in automotive technology and craft a future
relying on smart materials.

2.5. Thermoelectric Materials

Thermoelectric materials are a unique class of materials
capable of generating electrical energy when in contact with
heat. In other words, these materials exhibit the Seebeck
effect, as seen in Figure 7. For automotive purposes, the ability
to convert waste heat into electricity is valuable for emissions
reduction and other energy harvesting applications. For
instance, thermoelectric materials are used in automotive
systems mainly in systems of energy harvesting and waste
heat recovery. The most common application of these
materials in vehicles is the exhaust system [26]. The exhaust
gases from the engine are a rich resource of waste heat, and
this heat can be recovered using Thermoelectric Generators
(TEGS) integrated into the exhaust manifold or a catalyst
converter.
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Fig. 7 Schematic thermoelectric module of electricity generation
using the Seebeck effect [25]

As the hot exhaust gases pass through one side of the
thermoelectric modules, the temperature differential over the
module sets up, and voltage is produced [27]. This voltage
gives electricity to energize auxiliary systems, charge
batteries, or increase the car’s electricity supply, enhancing the
car’s overall energy output and reducing fuel usage.
Thermoelectric materials can also be applied in the installation
of climate control systems for a vehicle to advance optimal
energy utilization approaches by reducing dependencies on
conventional Heating, Ventilation, and Air Conditioning
(HVAC) systems [28]. Generally, thermoelectric modules
help capture waste heat from an engine or an exhaust system
to convert it to electrical energy required for heating,
ventilation, and air conditioning systems, which further saves
on fuel consumption and emissions.

Additionally, thermoelectric materials can be used to
control temperature levels in vehicles. The Peltier effect can
be used to develop either coolers or heaters, and once
integrated into the vehicle, the devices can be used to cool or
heat the specific vehicle part or the area where the passengers
are seated to develop personalized comfort levels that ensure
energy conservation. Despite their promising benefits,
thermoelectric materials have showcased great potential to be
them across various automotive applications. However,
limited efficiency, high-cost requirements, and material
optimization must be overcome to make smart materials more
common in the automobile industry. Despite these challenges,
there is a growing trend to study new thermoelectric materials
that result in device architecture and system integration, which
could provide additional improvements in automotive
advancement.
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2.6. Electro-Rheological Fluids (ERF)

Electro-Rheological Fluids (ERFs) are materials that
exhibit a change in their rheological properties, such as
viscosity, in response to an applied electric field. These fluids
consist of dielectric particles suspended in an insulating liquid,
and their viscosity can be rapidly altered by changing the
electric field strength. In automotive applications, ERFs are
used in adaptive shock absorbers and clutches, where they
provide precise control over damping characteristics and
torque transfer. By enabling real-time adjustments to
suspension systems, ERFs enhance ride comfort and vehicle
stability, particularly in varying road conditions. The
integration of ERFs into automotive systems represents a
significant advancement in achieving adaptive and responsive
control.

2.7. Metamaterials

Metamaterials are engineered materials designed to have
properties not found in naturally occurring materials. These
properties arise from their unique structural configurations
rather than their composition. In the automotive industry,
metamaterials are utilized for noise reduction, vibration
control, and thermal management. For instance, acoustic
metamaterials can be used to create sound barriers within the
vehicle cabin, improving passenger comfort by reducing
unwanted noise. Additionally, thermal metamaterials can
enhance heat dissipation in electronic components,
contributing to better thermal management and reliability. The
use of metamaterials in automotive applications offers
innovative solutions for enhancing vehicle performance and
passenger comfort.

2.8. Graphene

Graphene, a single layer of carbon atoms arranged in a
hexagonal lattice, is known for its exceptional mechanical,
electrical, and thermal properties. In the automotive industry,
graphene is explored for applications in lightweight composite
materials, energy storage systems, and sensors. Graphene-
based composites offer high strength-to-weight ratios, making
them ideal for reducing vehicle weight and improving fuel
efficiency. Additionally, graphene-enhanced batteries and
supercapacitors provide higher energy densities and faster
charging times, addressing the growing demand for efficient
energy storage in electric vehicles. The incorporation of
graphene into automotive systems represents a promising
avenue for advancing vehicle performance and sustainability.

2.9. pH-Sensitive Materials

pH-sensitive materials are smart materials that change
their properties, such as solubility or color, in response to
variations in pH levels. In automotive applications, these
materials are used in self-healing coatings and corrosion
sensors. pH-sensitive coatings can release healing agents
when exposed to acidic or basic environments, effectively
repairing minor scratches and extending the lifespan of vehicle
surfaces. Additionally, pH-sensitive sensors can monitor the
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corrosive environment within vehicle components, providing
early warnings of potential damage and enabling timely
maintenance. The use of pH-sensitive materials in automotive
systems enhances durability and reduces maintenance costs.

2.10. Thermo-Responsive Materials

Thermo-responsive materials are smart materials that
change their properties in response to temperature variations.
These materials are used in automotive applications such as
temperature regulation and thermal management systems. For
example, thermo-responsive polymers can be incorporated
into vehicle interiors to create adaptive thermal insulation,
enhancing passenger comfort by regulating temperature based
on external conditions.

Additionally, these materials can be used in thermal
management systems for batteries and electronic components,
ensuring optimal operating temperatures and preventing
overheating. The integration of thermo-responsive materials
in automotive systems contributes to improved energy
efficiency and passenger comfort.

2.11. Chromic Materials

Chromic materials are smart materials that change color
in response to external stimuli such as temperature, light, or
electric fields. In the automotive industry, chromic materials
are used in applications such as smart windows, adaptive
lighting, and display technologies. For instance,
thermochromic and photochromic materials can be used in
smart windows to control the amount of light and heat entering
the vehicle cabin, improving energy efficiency and passenger
comfort. Electrochromic materials are utilized in adaptive
lighting systems, enabling dynamic adjustment of interior and
exterior lighting based on driving conditions. The use of
chromic materials in automotive applications enhances both
functionality and aesthetics.

2.12. Magnetostrictive Materials

Magnetostrictive materials change their shape or
dimensions in response to a magnetic field. In the automotive
industry, these materials are used in sensors and actuators for
applications such as vibration control and torque sensing.
Magnetostrictive sensors provide precise measurement of
parameters like position, displacement, and torque,
contributing to improved vehicle performance and safety.
Additionally, magnetostrictive actuators can be used in active
vibration control systems to reduce noise and enhance ride
comfort. The integration of magnetostrictive materials in
automotive systems offers innovative solutions for achieving
precise control and adaptive responses.

2.13. Synthetic Spider Web

Synthetic spider web materials are engineered to mimic
the unique mechanical properties of natural spider silk, which
is known for its high tensile strength and elasticity. In
automotive applications, synthetic spider web materials are
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explored for use in lightweight composites and impact-
resistant structures. These materials offer the potential to
create strong yet flexible components that enhance vehicle
safety and reduce weight, contributing to improved fuel
efficiency. By leveraging the exceptional properties of
synthetic spider web materials, the automotive industry can
develop advanced structural components that offer both
performance and safety benefits. Many more smart materials
have changed the automotive industry for the better. Their
distinct capabilities and qualities allow for the next-level
growth of vehicle quality, performance, and environmental
sustainability.

3. Applications in Automobiles

Smart materials have been introduced within various
fields of motor vehicles with innovative possibilities and
superior performance. This section presents the applications
of smart materials in four key areas within automobiles:
Structural Components, Sensors and Actuators, Energy
Management, and Interior Comfort and Safety.

3.1. Structural Components

Smart materials are increasingly used in the development
of structural components to improve safety, durability, and
performance. Scholars note that several smart materials,
including SMAs and advanced composites, are actively used
to improve vehicle structural systems while targeting
enhanced safety, durability, and performance [14]. SMAs are
particularly used in adaptive structures, self-repairing panels,
and crashing absorbing materials. These materials are unique
owing to their shape memory effect and pseudo-elasticity,
which makes them appropriate for various automotive
applications. SMAs are increasingly being considered in
automotive technology and Ni-Ti alloys have been the most
commonly used [14]. Moreover, research is being undertaken
on the use of these materials in terms of structure safety in
engineering [28]. However, further studies are needed to
maximize the shape memory effect in automotive use. Smart
materials are also used in automobile structural parts to
enhance their safety, durability, and performance. SMAs and
sophisticated composites are being inserted into vehicle
structural parts to improve safety, durability, and performance
[14]. SMA is used in adaptive structures, repairable panels, as
well as crash absorbents. The unique properties of SMAs, such
as the capture memory effect and pseudo-effect, differentiate
each other and are promising and most suitable for further
application in the automobile industry. Implementing SMAs
in the automobile industry keeps on growing, and at the
moment, the most broadly explored one is Ni-Ti alloy [14].
However, more studies are still required to optimize the
SMA’s shape memory effects for their use in the automobile
industry.

3.2. Sensors and Actuators
Smart materials are needed for sensors and actuators in
automotive systems to control and provide feedback with
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precision [29]. For example, sensors like pressure sensors,
accelerometers or temperature sensors are based on the use of
smart materials, such as Piezoelectric Materials, which are
very sensitive and can quickly respond to the measured
parameter. Furthermore, Electroactive Polymers (EAPS) are
utilized as actuators in adaptive control systems, active
aerodynamics, and haptic feedback interfaces, providing
dynamic and adaptive responses to changes in driving
conditions [30, 31]. The integration of sensors and actuation
systems helps to improve vehicle performance, safety, and
driving comfort along with Advanced Driver Assistance
Systems  (ADAS), active suspension systems and
customizable driving manners [1].

3.3. Energy Management

Efficient energy management remains the overarching
determinant in optimizing vehicle performance and
minimizing environmental impact [32]. Intelligent materials
are critical in the energy management systems domain in
automobiles, from energy harvesting to energy storage
systems. The use of thermoelectric materials by integrating
them into the latter systems has enabled the recovery of waste
heat from the car’s exhaust system and its conversion to
electric energy. The energy recovered supplements the
vehicle’s power source, thus boosting fuel efficiency.
Additionally, the embedded Piezoelectric Materials in the
regenerative brake system have guaranteed the conversion of
kinetic energy during vehicle deceleration to electric energy.
This has, in turn again improved energy utilization [33]. Smart
materials have been significant in enhancing energy
conservation and sustainability by efficiently using the excess
energy generated during vehicle operation. This minimizes the
reliance on fossil energy and the resultant emissions.

3.4. Interior Comfort and Safety

Smart materials support automotive interior comfort and
safety circuits for an appealing, safer and more comfortable
passenger experience. Magneto-Rheological (MR) fluids
enable adaptive suspension systems to modify damping
features in real-time for optimal quality of ride and vehicle
steadiness. Shape Memory Alloys (SMASs) serve as smart
systems that are crucial for smart seating for adaptive support
and poise regulation that lower discomfort and keep drivers
comfortable on long trips. For passengers, smart materials
help reduce noise and aid in the development of a quiet, nicer
cabin environment. Focusing on passenger comfort and safety
can help car manufacturers increase passenger and driver
convenience and satisfaction, leading to enhanced brand-
related satisfaction and competitiveness.

Moreover, Manz et al. [34] address that piezoceramic
foils can be applied to reduce interior noise as well as
implement smart textile structures to customize car seats.
Similarly, Leo et al. [35] mention the possibility of applying
smart material systems, i.e., shape memory alloys and
magneto-rheological fluids, to improve vehicle performance
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and comfort. Further, Paciello et al. [36] and Ivers et al. [37]
shed light on smart sensing and control technologies, such as
adaptive suspension systems and magnetorheological
dampers, to adjust damping characteristics in real-time for
optimal riding comfort and vehicle stability. These factors not
only contribute to the driving satisfaction but also to the brand
loyalty and market competitiveness. In conclusion, the above
applications highlight how smart materials are versatile and
have the transformative power to address the core challenges
and encourage innovation in the automotive industry. Given
the additional research and development into smart materials,
they are likely to be an important aspect of the future of
automotive technology.

4. Challenges and Future Directions

Smart materials hold significant promise for the
development of automotive technology. However, their
extensive integration into vehicles poses several challenges.
This section presents the main challenges of integrating smart
materials into automobiles and outlines potential research
directions towards the further development of automotive
technology.

4.1. Integration Challenges

One of the major challenges of integrating smart materials
in automobiles is the intricacies of system integration and
viable compatibility with currently existing components.
Comprehensive testing and validation processes should be
conducted to confirm performance, reliability, and safety.
Furthermore, the significant expense of smart materials and
their respective technologies also hinders full-scale
deployment, especially in the mainstream vehicle industry.
Moreover, Smart materials used in the automotive industry
can degrade over time due to various environmental factors,
mechanical stress, and fatigue. These problems can only be
solved through a joint effort of materials scientists, engineers,
and manufacturers of automobiles to ensure the maximum
performance characteristics.

4.2. Scalability and Mass Production

Another significant challenge is the extent to which smart
material technologies are scalable and feasible in mass
production. Even though incredible results have been
exhibited in the performance of the technologies in research
prototypes, a few factors need to be considered for mass
production to meet the scale needed by the automotive sector.
Overcoming the limiting factors and constraints in
manufacturing, optimizing production conditions, material
synthesis methods, and supply chain operations are inevitable
for the cost-efficient mass production of smart materials.
Furthermore, standardization and regulatory requirements are
presented as a challenge to the wide deployment of smart
materials in automobiles. The development of industry
standards and legal requirements necessary for the use of
smart materials is essential to guarantee safety, dependability,
and compatibility among different vehicles.

360

4.3. Future Research Directions

Despite the challenges, the future of smart materials in
automotive technology is promising, although there are many
new opportunities for innovation and improvement. Future
research should focus on tackling the essential technical
problems, such as the betterment of material performance,
improved durability, and associated manufacturing costs.
Additionally, further research is required in novel smart
material concepts and architectures with higher functionality
and performance. Fields like bio-inspired materials, self-
healing polymers, and advanced nanomaterials, among others,
could generate new opportunities for revolutionary
developments in automotive design and engineering.
Furthermore, digitalization and artificial intelligence proceed
to expand opportunities concerned with the integration of
smart materials and intelligent control systems, facilitating the
development of independent adaptation and optimization of
vehicle performance based on current data.

4.4. Comparative Analysis with State-of-the-Art Techniques

This review highlights significant advancements in the
application of smart materials in automotive technology
compared to state-of-the-art techniques. A notable
improvement is in the use of Shape Memory Alloys (SMAS)
for crash-absorbing materials. While existing studies have
focused on basic implementations, our review explores
advanced composite designs that enhance energy absorption
and structural integrity, leading to better safety outcomes
during collisions. In sensors and actuators, Piezoelectric
Materials and Electroactive Polymers (EAPsS) demonstrate
superior performance over traditional technologies.

Our review examines their integration with Advanced
Driver Assistance Systems (ADAS) and active aerodynamics,
providing more precise control and enhancing vehicle
performance and safety. Thermoelectric Materials also show
significant advancements in energy management. By
incorporating these materials into exhaust systems and
regenerative braking, our review presents a more effective
way to convert waste energy into usable power, improving
fuel efficiency and reducing emissions compared to
conventional methods.

For interior comfort and safety, the use of Magneto-
Rheological (MR) fluids and SMAs in adaptive suspension
systems and smart seating offers real-time adjustments,
enhancing ride comfort and vehicle stability. Overall, these
advancements represent a substantial improvement over
existing techniques, offering a more integrated approach to
addressing automotive challenges. This work identified some
of the broad challenges and research directions for the
automotive sector concerning the application of smart
materials. Answering these challenges can address these
issues and guarantee future research possibilities. Ultimately,
smart materials can help build safer, cost-effective, and
sustainable automobiles in the future.
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5. Case Studies and Success Stories

Here, we will highlight several different case studies and
success stories that show a clear picture of how smart
materials can revolutionize automotive technology. As can be
seen from these various examples, smart materials can and
continue to have a direct impact and improve vehicle-related
performance, safety and efficiency.

5.1. Active Suspension Systems

Active suspension systems are a breakthrough in vehicle
dynamics as they achieve an unprecedented level of ride
comfort and handling by adjusting damping in real-time. The
highest-profile application of this technology is the Active
Body Control (ABC) system by Mercedes-Benz. Such
vehicles are equipped with dampers filled with magneto-
rheological fluid that can shift the stiffness in real-time based
on the current road condition and the driver’s actions [38].

The suspension system of a Mercedes-Benz equipped
with the ABC uses sensors to check vehicle-control variables
that comprise wheel velocity, steering pitch, and the swing of
the body. Data from such sensors is transmitted to an
electronic unit control that changes the shock-absorbing
qualities of every wheel independently, employing
electromagnetically controlled MR fluid dampers [38]. As a
result, the vehicle travels softly and securely across the street,
regardless of unevenness or intense turns. Automatic
suspension leads to novel and cutting-edge applications of
active ride-control technology, demonstrating a new frontier
of vehicular technology and driver comfort developments.

5.2. Shape Memory Alloys in Automotive Safety

SMA has revolutionized automotive safety systems,
offering adaptable solutions to impact protection and occupant
safety. One of the automotive safety applications and
integration of SMA is the Ford Motor Company’s Active
Grille Shutter [39].

SMAs are also used in the Active Grille Shutter system,
which automatically controls the opening and closing of the
vehicle’s grille shutters depending on the engine and vehicle
temperatures at different speeds. SMAs are “engineered to
enlarge” upon heating, whereas, in normal driving or low
engine load, they are closed to decrease drag and improve fuel
economy. As can be deduced, Ford’s Active Grille Shutter
system benefits from the unique qualities of SMAS to improve
vehicle performance and fuel efficiency, curb emissions, and
overall enhance safety.

5.3. Energy Harvesting Solutions

Energy harvesting solutions implemented by smart
materials can be used in distinctive ways to enhance vehicle
efficiency and sustainability. The prime example of energy
harvesting technology in automotive applications is Toyota's
Kinetic Energy Recovery System (KERS). Toyota KERS'
design relies on piezoelectric materials to tap and convert the
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kinetic energy produced during braking to electrical energy
[40]. This energy can be harnessed and stored in a battery or a
capacitor system to power auxiliary systems or assist the
vehicle's propulsion system during acceleration.

By collecting the energy lost in braking events, Toyota’s
KERS becomes another technology that generates fuel savings
and minimizes emissions, thus promoting the characteristics
of sustainable driving [41]. Through these case studies and
success stories, the possible benefits have been laid of
integrating smart materials into automotive systems. For
example, this includes enhancing vehicle dynamics, safety,
energy efficiency, and sustainability. With this in mind, smart
materials have helped accelerate innovation, steering the
future of automotive technology.

6. Conclusion

This review paper presented the use of smart materials in
the automotive area and analyzed various applications, the
challenges faced, and the future of the execution of smart
materials. The review discussion has shown that smart
materials are heavily employed in helping the automotive
sector attain performance and safety levels, energy efficiency
and sustainability.

6.1. Summary of Key Findings

The significant findings during our investigation are:

Smart materials such as SMAs, Piezoelectric Materials,
MR Fluids, Electro Active Polymers, and Thermoelectric
Materials are capable of reacting to numerous external
stimuli in a “smart” way due to their inherent distinctive
properties and mechanisms.

In the automotive sector, smart materials may be used in
several functional components, including structural
materials, sensors and actuators, energy management
systems, and the interior environment.

Although SMAs can provide several potential benefits
through automotive operation and their integration, there
are also challenges to achieving that potential. Some of
these complexities include aspects such as system
integration difficulties, scalability, and cost.
Interdisciplinary research and collaboration, as well as
technological and regulatory advancements, will be
critical to the continued development and application of
smart materials to the automotive industry.

6.2. Future Prospects

The future of technology in the automobile industry is
bright. Some of the areas that the future holds for the
automobile industry include the following:
« The material science and engineering fields continue to
evolve, ensuring more performant, efficient, and cost-
effective intelligent materials.
Research and development efforts continue to explore new
smart material applications and functionalities within the
expanding automobile design and manufacturing fields.
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* Smart materials are integrated with cutting-edge With these opportunities, as well as the remaining
technologies such as artificial intelligence, digitalization, obstacles to be addressed, the automotive industry can realize
and vehicle autonomy to develop ever more intelligentand  the complete value of smart materials to produce safer, more
custom automobiles. efficient, and cleaner cars for tomorrow.To conclude, smart

 Due to the above-mentioned high potential and maturity of ~ materials are a force of transformation that is already shaping
numerous smart material technologies, universities, the future of automotive technology, providing new and
industry, and numerous government bodies are  exciting solutions to the constantly changing demands of
collaborating to develop requirements and regulations for modern vehicles and the world around them. Going forward,
responsible and secure smart materials used in the  smart materials are set to become the foremost technology
automobile sector. behind much of the next generation’s automotive progress.
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