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Preface

Materials science has now reached a critical phase of development, where combining
sustainability, intelligence, and functionality is no longer visionary but the absolute
requirement of the time. While the world is facing increasingly aggravated
environmental concerns and its industries face growing demands for responsive
and high-performance materials, the combination of biobased components with
intelligent attributes is an opportunity for innovation, at the same time as it is eco-
friendly and technologically advanced.

Intelligent biocomposite materials are one class of engineered systems combining
renewable natural fibers with biodegradable or recyclable matrices and functional
fillers or additives with responsive behaviors to external stimuli. These materials
successfully address the imperative of reducing dependency on fossil-derived
resources and possess enhanced features like self-healing, shape memory, and active
sensing or actuation functions as well. The last 10 years have seen tremendous
development in this field, driven by interdisciplinarity among materials engineering,
biotechnology, polymer science, nanotechnology, and applied mechanics.

At the core of this discussion is a deep understanding of the interactions between
different components, natural fibers, polymer matrices, and added functionalities.
Advances in fabrication technologies, ranging from conventional compounding
methods to advanced additive manufacturing methods, have enabled the large-scale
production of biocomposites with tailored mechanical, thermal, and functional
properties. The combination of responsive functionalities, such as sensors, stimuli-
responsive fillers, or drug delivery systems, greatly expands their utility in high-end
markets, such as biomedical devices, aerospace components, structural health
monitoring, and soft robotics.

An important aspect of research in this area is mirroring the built-in self-
sufficiency of nature with the development of materials with self-healing tendencies,
the ability to change their shape in the presence of outside stimuli, and the ability to
perform regulated-release functions. These attributes improve the potential of
biocomposites and open up new prospects for research and application.

Sustainability remains the underlying tenet of this field, including not just the
origin of materials but also life cycle assessment, recyclability, and environmental
impact considerations. As the world economy increasingly moves toward more
circular and biobased models of development, novel biocomposites are expected to
play a key role in enabling this transformational process.

This book aims to act as a comprehensive scholarly reference for researchers,
engineers, and postgraduate instructors to explore the scientific basis, processing
methodologies, functional characteristics, and potential uses of intelligent



XVi Preface

biocomposite materials. This book integrates fundamental knowledge and state-of-

the-art advancements to prompt further research and enable the development of

advanced materials with features like intelligence, long-term performance, and
sustainability.

Associate Professor Ts. Dr. Md. Rezaur Rahman

Ts. Dr. Hj. Muhammad Khusairy Bin Capt. Hj. Bakri



Introduction to intelligent
biocomposite materials

Muhammad Khusairy Bin Bakri'-, Md. Rezaur Rahman®, and Murtala Namakka’
'Composite Materials and Engineering Center, Washington State University, Pullman, WA,
United States, 2Faculty of Engineering, Universiti Malaysia Sarawak, Kota Samarahan,
Sarawak, Malaysia

1.1 Introduction

Due to climate change, resource constraints, and environmental deterioration, the
global industrial ecosystem is indeed undergoing a transformation toward sustain-
ability. Industry participants must reduce their environmental impact while preser-
ving technical competitiveness, which spurs the development of innovative materials
science. Biocomposites play a significant role among those various innovations since
it is part of sustainable engineering. The circular economy principles drive the
biocomposite development by epitomizing the combination of natural fibers or bio-
based matrices, with or without synthetic or bio-derived reinforcements. While
providing a sustainable alternative to conventional composites, biocomposite
materials can reduce industrial waste and its dependency on nonrenewable resources
(Adamu et al., 2019; Bakri et al.,, 2018; Fatema et al., 2024). With intelligent
functionalities, biocomposites have transformed the systems that evolved from being
mere substitutes for traditional materials (Phiri et al., 2023). A growing demand
causes biocomposite materials to become sustainable, adaptive, and multifunctional
(Andrew & Dhakal, 2022). Integration of intelligent biocomposites allows the
materials to change from stagnant entities to active movable systems, which are
capable of interacting with their environment changes, especially to adapt accord-
ingly (Bakri et al., 2017; Hari et al., 2021; James et al., 2024; Jayamani et al., 2015,
2016). This influences sophisticated biocomposite technologies, nanotechnology,
sensor integration, and artificial intelligence (AI) to give self-healing, stimulus
response, and real-time monitoring. This promotes adoption in crucial industries,
including construction, transportation, healthcare, and consumer products, where
sustainability and technology innovation combine (Javaid et al., 2022).

Adding natural fibers like flax, hemp, or jute to biodegradable binders like
polylactic acid (PLA) or polyhydroxyalkanoates (PHA) optimizes mechanical
qualities and environmental compatibility (Andrew & Dhakal, 2022). Fibers provide
strength and stiffness, while the matrix binds, distributes stress, and resists
environmental deterioration. Biocomposites offer the added advantage of biodegrad-
ability and renewability, which is the opposite of traditional composites, which makes
them more globally sustainable (Jayamaui et al., 2020; Kiew et al., 2013; Kuok et al.,
2024; Lai et al., 2015; Namakka et al., 2023; Namakka, Rahman, Bin Mohamad Said,

Smart Biocomposite Materials. DOI: https://doi.org/10.1016/B978-0-443-33643-0.00008-9
© 2026 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.



2 Smart Biocomposite Materials

et al., 2024; Namakka, Rahman, Mohamad Bin Said, et al., 2024; Rahman et al.,
2013, 2017, 2019, 2024; Rahman et al., 2011; Rahman, Hamdan, Hasan, et al., 2015;
Rahman, Hamdan, Hashim, et al., 2015; Sueraya et al., 2024). Likewise, biocompo-
sites utilize agricultural and forestry waste, reducing waste streams and making it
more sustainable in its lifecycle. Intelligent biocomposites incorporating sensors,
self-healing agents, or adaptive systems will respond to environmental changes,
recover themselves, or enhance structural health (Ogunleye et al., 2024). Real-time
adaptability, such as smart panels that react to load changes in construction or fuel
economy from lightweight vehicle components, is achieved. Intelligent biocompo-
sites in healthcare implants may monitor biological signals or administer medications
on demand, a new technique.

To mitigate climate change, resource depletion, and the circular economy,
intelligent biocomposites are needed. Intelligent biocomposites minimize greenhouse
gas emissions, petroleum usage, and waste. Economically, it can offer long-term cost
savings due to its enhanced performance, which reduces maintenance and increases
the material lifespans, which in the end make it viable for investment despite higher
initial costs (Nilimaa, 2023). Research into biocomposites, along with the Industrial
4.0 advancement, demonstrated the intelligent biocomposites' versatility, which
covers everything from construction to automotive, healthcare, and consumer goods.
Bamboo-reinforced panels and hempcrete blocks are sustainable building materials
(Yemesegen & Memari, 2023). Flax-reinforced biocomposite dashboard panels and
door trims are lightweight and improve fuel economy; thus automakers use them.
Smart biocomposite bandages and biodegradable implants change medical and
healthcare technologies.

Intelligent biocomposites are hard to fabricate, especially when scaling up
manufacturing and reducing costs while establishing material consistency (Islam
et al., 2024). Depending on the feedstock source, quality, structural integrity, and
durability are important throughout material life. These issues need interdisciplinary
collaboration, material design, and technology integration. Nanofillers like graphene
and carbon nanotubes, which boost strength and conductivity, and bioinspired
designs that replicate natural systems may unleash new functions and improve
material performance.

1.2 Natural biocomposite materials

1.2.1 Definition and composition of natural biocomposites

Natural biocomposites blend the properties of natural fibers and bio-based polymer
matrices to create sustainable and environment-friendly alternatives that optimize
mechanical performance, promote sustainability, and minimize environmental
impacts. Natural fibers in biocomposites provide the material with strength, stiffness,
and durability (Pickering et al., 2016). These plants and animal fibers are derived
from renewable resources, which are widely accessible and sustainable. Jute, hemp,
luffa, bamboo, coir, silk, and flax are known for their mechanical properties,
availability, and compatibility with bio-based binders. Flax fibers are known to
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have high tensile strength and low density and are used in lightweight applications
(Baley, 2002). Hemp fibers have a robust structure and high resistance to pests,
making them suitable for construction materials (Ahmed et al., 2022). Bamboo grows
rapidly and has good mechanical properties, which is used in architectural and
industrial applications (Yadav & Mathur, 2021). Coir fiber extracted from coconut
husks is known for its resilience in thermal and water resistance, ideal for outdoor and
marine environments (Mahmud et al., 2023). Another critical component of
biocomposites is the matrix that binds and distributes stress in the biocomposites.
Biocomposites rely on bio-based polymers such as PLA, PHA, or natural rubber.
These polymers are derived from corn starch, sugarcane, and/or bacterial fermenta-
tion. PLA is known for its biodegradability and thermal processability, suitable for
medical devices and packaging (Hussain et al., 2024). While PHA offers superior
mechanical properties and is useful in high-strength and durability automotive parts
and industrial components (Naser et al., 2021), natural rubber provides elasticity,
resilience, and water resistance, making it suitable for flexible composites
(Pittayavinai et al., 2023). These matrices not only bind the fibers together but also
contribute to the composite’s environmental profile by ensuring that the material is
biodegradable and sustainable.

The interaction between fibers and matrices in biocomposites determines their
performance. The fibers usually provide the load-bearing capacity, whereas the
matrix helps to ensure that the fibers remain in position and function cohesively under
stress. The interface interaction between the fiber and the matrix determines the
composite's mechanical properties, durability, and resistance to environmental
degradation (Wu et al., 2023). Therefore various surface treatments and compati-
bilizers are employed. Alkaline treatment of fibers alters their surfaces and improves
adhesion by removing impurities and increasing the surface area for bonding (Bakri
etal., 2017; Widodo et al., 2024). Coupling agents such as silanes improve the overall
performance of the composite and enhance the compatibility between hydrophilic
natural fibers and hydrophobic polymer matrices (Xie et al., 2010). The natural
biocomposite composition includes additional elements, that is, nanofillers, additives,
and coatings, to tailor the material properties for specific applications. Nanofillers,
that is, nanocrystal cellulose or nano-graphene, enhance the strength, thermal
stability, and barrier properties of biocomposites (Tedeschi et al., 2020). Some
additives are incorporated into biocomposites like flame retardants, UV stabilizers, or
plasticizers, which are known to improve safety, longevity, and processability. Some
coatings that are derived from bio-based materials are applied to enhance the
resistance of biocomposites to expand their applicability in demanding environments
from moisture, chemicals, or wear (Balakrishnan et al., 2024).

Changing the type, proportion, and treatment of fibers and matrices can modify the
biocomposite for specific applications. For example, a high fiber-to-matrix ratio can
increase stiffness and strength, making it suitable for load-bearing structures. A
higher matrix percentage may increase flexibility and impact resistance, which is
good for dynamic applications like vehicle interiors and flexible packaging (Ahirwar
et al., 2022). This versatility makes biocomposites ideal for building, transportation,
healthcare, and consumer products. The lifespan of natural biocomposites is intended
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to reduce environmental effects. Fibers and matrices are made from renewable
sources, generally agricultural leftovers or by-products, which eliminates waste and
promotes circularity (Samir et al., 2022). Natural biocomposites are known to emit
less greenhouse gas than synthetic composites since their manufacture is less energy-
intensive. Natural biocomposites are usually biodegraded, composted, or recycled
after use, decreasing their environmental impact. These traits support worldwide
plastic pollution reduction and sustainable material transition initiatives.

1.2.2 Properties

Biocomposites' lightness is an advantage. Biocomposites reinforced with jute, hemp,
or flax are known to be lighter than nonnatural composites. This decrease in density
creates a lightweight material, making it ideal for transportation, aircraft, and
construction. Lighter materials enhance fuel economy and minimize greenhouse
gas emissions in the automobile sectors, supporting global sustainability initiatives.
Biocomposites are lightweight due to the low density of natural fibers (1.2—1.5+2
g/cm3) compared to glass fibers (2.7+£2 g/cm3) (Malik et al., 2024). This allows the
creation of easier-to-handle, transport, and install items, lowering energy consump-
tion across their lifespan. While natural biocomposites may not be as strong as
composites reinforced with high-performance synthetic fibers, they perform well for
their weight. Structural applications need materials to endure heavy loads without
adding bulk. Flax fiber—reinforced composites exhibit tensile strengths of (1300 vs
1350 MPa/g/cm?), almost comparable to fiberglass (Mahboob et al., 2017). These
mechanical qualities depend on fiber characteristics and the fiber—matrix interface,
which may be enhanced by surface treatments and manufacturing processes. The
strength-to-weight ratio of natural biocomposites makes them suitable for lightweight
buildings and minimizes manufacturing, installation, and transportation energy,
making them sustainable. Under certain situations, natural biocomposites dissolve
and return to the ecosystem, unlike manmade composites that endure decades. Due to
their renewable and organic components, natural fiber and binder make it biodegrad-
able. Microorganisms like bacteria and fungi degrade organic matter into water,
carbon dioxide, and biomass. Packaging, agriculture, and single-use items, where
end-of-life disposal is crucial, benefit from this trait. The pace and amount of
biodegradation depend on fiber type, matrix composition, environmental conditions,
and additives or coatings.

The thermal and acoustic properties of natural biocomposites make them useful
for insulation and noise reduction (Mohammadi et al., 2024). In construction
materials, jute- and hemp-based composites enhance energy efficiency and save
heating and cooling expenses. Porous natural fibers absorb sound waves and
attenuate noise, making them acoustic insulation (Mohammadi et al., 2024). Natural
biocomposites are useful for soundproofing automobile interiors, offices, and homes.
These features improve the functional performance and sustainability of natural
biocomposites. For outdoor and load-bearing applications, natural biocomposites
must be durable and environmentally resistant. Natural fibers are hydrophilic and
absorb moisture, which may affect their mechanical qualities and dimensional
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stability; however, surface treatments and protective coatings have greatly enhanced
their longevity (Mohammed et al., 2022). Lanification and acetylation improve fiber
compatibility with hydrophobic matrices, minimizing moisture absorption and
environmental deterioration (Andrew & Dhakal, 2022). Bio-based coatings may
also prolong the lifetime of natural biocomposites in harsh settings by protecting
them from UV radiation, fungal development, and weathering.

1.2.3 Applications

Hempcrete, made from hemp fibers and lime, is gaining recognition for its sustainable
building material known for its great thermal insulation and carbon capture abilities.
Jute and flax fiber-reinforced composites are used in sandwich panels and
prefabricated elements, offering a lightweight yet strong solution for load-bearing
applications (Arya et al., 2023; Cionita et al., 2024). Biocomposites in construction
cut environmental impact and boost energy efficiency by reducing heat loss and
lowering heating and cooling energy use. Automakers are using biocomposites to
lighten vehicles, boost fuel efficiency, and lessen environmental harm, whereas more
interior parts like door panels, dashboards, and seatbacks are now made with
biocomposites that use natural fibers such as kenaf, sisal, and coir (Naik et al., 2022).
These materials have similar mechanical properties to traditional synthetic compo-
sites but are lighter and more sustainable. Car makers like BMW and Mercedes-Benz
use flax and hemp composites in their vehicles to cut weight and boost recyclability
(Tedesco, 2024; Vieyra et al., 2022). Natural biocomposites are also being studied for
use in bumpers and underbody shields, as their lightweight and impact-resistant
properties can enhance vehicle performance (Soares et al., 2024). The move to
electric and hybrid vehicles has increased interest in natural biocomposites, as
lightweight materials are essential for improving battery efficiency and extending
driving range.

Natural biocomposites are also important for consumer goods, especially in
packaging, furniture, and sports gear, where most of the packaging industry is
increasingly using biocomposites made from agricultural waste and bio-based
polymers due to the rising demand for sustainable and biodegradable materials,
which provide a sustainable option for packaging, cutting down on plastic waste
and supporting a circular economy (Trivedi et al., 2023). One of the examples is
sugarcane bagasse and wheat straw, which are used to make compostable food
containers and trays that are eco-friendly when disposed of. Biocomposites offer a
sustainable and attractive solution for making furniture lightweight, durable, and
attractive items like chairs, tables, and decorative panels, whereas using renew-
able materials boosts furniture sustainability and meets consumer demand for eco-
friendly products. The sporting goods industry has gained from the unique traits
of natural biocomposites, offering strength, flexibility, and lightweight features,
in which the natural fiber—reinforced composite materials, like bamboo and flax,
are used to make products such as tennis rackets, surfboards, and bicycle frames
(Pil et al., 2016). These products perform similarly to synthetic composites but
have a smaller environmental impact during production. Using biocomposites in
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sports gear improves the recyclability of products at the end of their life,
supporting sustainability in the industry. Biocomposites are also being used in
new areas like renewable energy and marine engineering, where it was studied for
wind turbine blades in renewable energy, as their lightweight and stiffness can
enhance energy efficiency (Thomas & Ramachandra, 2018). Natural fiber—rein-
forced composites are also used in marine applications for making boat hulls,
decks, and other parts, enhancing resistance to corrosion and impact, which helps
prolong the lifespan of marine structures. These applications showcase the
adaptability of natural biocomposites and their ability to tackle unique engi-
neering challenges in specialized areas.

1.3 The emergence of intelligent biocomposite
materials

Materials science has advanced greatly to meet the growing demand for sustainable
and flexible solutions to modern challenges, whereas smart or intelligent biocompo-
site materials are a game-changer, merging the eco-friendliness of natural biocom-
posites with the cutting-edge qualities of advanced materials. These materials can
adjust, react, and even fix themselves according to changes in their environment or
operational requirements. Smart or intelligent biocomposites merge natural fibers and
bio-based materials with advanced technologies like sensors and Al, revolutionizing
material design and application (Sagdic et al., 2022). Intelligent biocomposites are
notable for their ability to self-heal, whereas traditional materials can develop small
cracks or damages that, if overlooked, may weaken their structure over time. Smart
biocomposites solve this problem with self-healing features that automatically repair
damage, whereas the microcapsules in the material release healing agents upon crack
detection, and the reversible chemical bonds and thermally responsive polymers
enable materials to change shape under specific conditions (Choi et al., 2023). Self-
healing abilities enhance the lifespan and reliability of biocomposites, making them
ideal for infrastructure, aerospace, and automotive applications, where durability and
safety are essential.

Another unique feature of intelligent biocomposites is stimulus reactivity. These
materials were designed to dynamically respond to temperature, humidity, light, and
mechanical stress. Biocomposites containing thermo-responsive polymers may modify
heat conductivity or mechanical stiffness depending on environmental conditions,
improving building and vehicle energy efficiency (Saba & Jawaid, 2018). Light-
responsive biocomposites may change their optical characteristics, allowing smart
windows and energy-harvesting devices, which are adaptable to a variety of uses in
dynamic situations because they may react to environmental cues (Oh et al., 2024).
Intelligent biocomposites improve with integrated sensors and Al. The material
structure of these biocomposites contains microscopic sensors that can measure strain,
temperature, moisture, and pressure in real-time (Ramakrishnan et al., 2016). Al
algorithms may analyze sensor data to detect problems, optimize operations, and
analyze performance patterns. In construction, intelligent biocomposites in building
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materials may give continuous structural health input, allowing predictive maintenance
and minimizing catastrophic failures (Vasconcelos et al., 2024). These materials can
detect and adapt to vehicle dynamics and environmental changes in the automobile
industry, improving safety. Intelligent biocomposites are also supported by material
science and manufacturing advances. Using additive manufacturing and nanotech-
nology, functional components may be precisely integrated into biocomposites without
affecting their qualities. Nanocellulose-based composites may be made stronger and
more stimuli-responsive while remaining biodegradable and lightweight. In addition,
3D printing allows complicated geometries and bespoke material compositions,
boosting the design options for intelligent biocomposites in numerous sectors
(Iftekar et al., 2023). Intelligent biocomposites support global sustainability objectives
in addition to their technological skills, where renewable natural fibers and bio-based
polymers make these composites more environment-friendly than conventional ones.
Intelligent biocomposites' long lifetime and self-repairing abilities limit replacements,
saving resources and waste, which are desirable in green buildings, renewable energy
systems, and eco-friendly consumer items due to their sustainability. Intelligent
biocomposites have great promise but face several obstacles to development and
commercialization. For materials with sophisticated sensors, stimuli-responsive com-
ponents, and bio-based matrix integrations, manufacturing scalability is a major issue,
whereas uniform performance across large-scale applications demands strict quality
control and standardization (Zhou et al., 2024). The expense of adding new
functionality to biocomposites may further restrict their adoption in cost-sensitive
sectors, whereas the manufacturing, material design, and economic models must
improve to enable intelligent biocomposites' broad use.

1.3.1 Advancements in intelligent biocomposites

Nanotechnology is a major development in intelligent biocomposites. Nanocellulose
and graphene are being employed to improve biocomposites' mechanical, electrical,
and thermal characteristics. The strength, low density, and biodegradability of plant-
based nanocellulose are well known. Nanocellulose improves biocomposite matrices'
tensile strength, elasticity, and barrier characteristics, which makes it ideal for
lightweight, robust applications like aircraft components and packaging.
Biocomposites respond well to graphene's conductivity and permit the creation of
materials with embedded sensing capabilities for real-time environmental or
operational monitoring (Chowdhury et al., 2025). Graphene-enhanced biocomposites
can sense temperature changes and mechanical stress for adaptive responses, whereas
these qualities are essential for smart automotive, construction, and medicinal
materials (Li et al., 2019). Multifunctional, intelligent, and ecologically sustainable
materials are emerging from nanotechnology and biocomposites.

Another innovative approach to intelligent biocomposites is bioinspired design,
where researchers are creating materials that adjust to changing surroundings by
replicating natural adaptive systems (Badini et al., 2025). Plant structures have
exceptional water retention, nutrient delivery, and mechanical stability systems,
which, sometimes mimicking these traits, could improve water management and



8 Smart Biocomposite Materials

load-bearing. Biocomposites with optimum strength-to-weight ratios and impact
resistance are inspired by insects' lightweight, robust exoskeletons. Bioinspired
design includes self-cleaning biocomposites, where most researchers designed
surfaces that stay clean in varied environments, inspired by the lotus leaf's water
and dirt repellence (Collins & Safiuddin, 2022). These materials are used in building
facades, car exteriors, and consumer items to reduce maintenance and lengthen
lifespans. Biocomposites with bioinspired photonic structures manipulate light for
solar energy, sensing, and decoration, whereas the natural adaptation methods enable
sustainable and innovative functions (Bigham et al., 2024).

Intelligent biocomposites are also expanding with hybrid materials that blend bio-
based and synthetic components, which this able to create high-performance
biocomposites by combining the strengths of both materials. Composites made
from bio-based polymers and carbon fibers are lightweight, robust, and environmen-
tally resistant and are useful in aerospace and automotive, where materials must fulfill
strict performance and safety norms (Andrew & Dhakal, 2022). Integrating functional
additives into hybrid biocomposites enhances their capabilities, such as the addition
of form-memory polymers that make the material return to a preset form when
stimulated (Huang et al., 2021). Deployable structures, medical gadgets, and
responsive fabrics benefit from this characteristic. Adding conductive polymers or
piezoelectric materials to hybrid biocomposites enables mechanical deformation to
create electrical impulses for energy harvesting and wearable electronics (Pan et al.,
2024). Manufacturing innovations are also helping produce intelligent biocomposites,
whereas 3D printing allows the accurate creation of complicated shapes and bespoke
material structures, which helps create biocomposites with customized characteristics
and functions (Iftekar et al., 2023). Gradient biocomposites with spatially changing
compositions may maximize performance in certain material locations. Nanomater-
ials in biocomposite inks enable direct printing of functional components like sensors
and actuators, where the bioinspired design and hybrid materials help intelligent
biocomposites to be environment-friendly. Renewable resources and sophisticated
manufacturing reduce waste and energy utilization. These materials' endurance and
versatility decrease replacements, saving resources during their lifespan. For renew-
able energy, eco-friendly transportation, and sustainable building, intelligent bio-
composites are a good option.

1.4 Current research trends

1.4.1 Functionalization techniques

Biocomposite functionalization relies on chemical treatments to overcome the poor
interfacial interaction between natural fibers and polymer matrix, whereas the
hydrophilic natural fibers frequently do not mix well with hydrophobic polymer
matrices, reducing composite mechanical characteristics (Kamran et al., 2022;
Tavares et al., 2020). Alkali, silane coupling, and acetylation change natural fiber
surfaces to improve matrix bonding. Alkali treatment eliminates lignin, hemicellu-
lose, and other impurities from fiber surfaces, improving roughness and adhesion
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(Kamran et al., 2022). A chemical bridge between the fiber and matrix is created by
silane coupling agents, enhancing stress transmission at the interface, which makes
the composite stronger and more resistant to moisture and UV radiation after these
treatments (Adwani et al., 2023). Functionalizing biocomposites with coatings and
fillers is another option, whereas the specialized coatings may provide biocomposites
with fire resistance, water repellency, and antibacterial qualities (Balakrishnan et al.,
2024). Safety-critical activities like construction and transportation need fire-resistant
coatings, which include flame-retardants such as phosphorus-based or halogen-free
chemicals to minimize smoke and combustion (Soares et al., 2024). Hydrophobic
polymers or nano-coatings protect biocomposites against water absorption, swelling,
and deterioration in humid or watery settings, increasing their lifetime. In medical
and packaging applications, antimicrobial coatings containing silver nanoparticles or
bioactive chemicals limit bacterial development and ensure cleanliness. Fillers are
also important for biocomposites' functioning, where they improve the mechanical,
thermal, and barrier performance by adding nanoclay, calcium carbonate, or biochar
to the matrix (Botta et al., 2024). Nanoclay's tortuous gas and liquid penetration route
improves its barrier qualities and makes it appropriate for packaging. Biochar from
biomass pyrolysis improves mechanical characteristics, carbon sequestration, and
thermal conductivity. By strategically using coatings and fillers, biocomposites may
enhance certain functional criteria, expanding their application possibilities (Amalina
et al., 2022). 3D printing has revolutionized biocomposites by creating complicated
geometries and adding customized functions, whereas the additive printing method
allows exact material composition, structure, and property control, making biocom-
posite components extremely customizable (Ligon et al., 2017). 3D-printing
biocomposite filaments with functional additives like conductive polymers or
piezoelectric materials create smart materials with sensing, energy-harvesting, or
self-healing capabilities, whereas the conductive pathways may be utilized in flexible
electronics or wearable devices, while piezoelectric ones can produce electricity from
mechanical stress (Osman & Lu, 2023).

3D printing permits gradient biocomposites, where material characteristics change
spatially inside a component, which is useful in multifunctional applications like
aerospace and medical implants, where various parts of the component may require
different mechanical or thermal qualities (Park et al., 2022). The layer-by-layer
manufacturing technique of 3D printing decreases material waste and energy
consumption, supporting biocomposite sustainability, which allows the creation of
next-generation materials with unmatched performance and sustainability (Park et al.,
2022). Bio-based coatings and fillers in biocomposites are under study and might lead
to innovation, such as those made from natural oils, proteins, or polysaccharides,
which are known to reduce the composite's environmental impact (De et al., 2023).
Antimicrobial and barrier coatings created from crustacean shell chitosan are
biodegradable and nontoxic. Fillers like lignin, a paper and pulp by-product, may
improve biocomposites' UV resistance and mechanical strength, valorizing waste
streams and contributing to the circular economy (Tardy et al., 2023). Smart additives
that react to environmental stimuli are also used in advanced functionalization,
whereas the shape-memory polymers allow biocomposites to change shape or return
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to a preset form when heated or illuminated (Kantaros & Ganetsos, 2023). These
materials are used in actuators, medical equipment, and deployable constructions.
Biocomposites with thermochromic or photochromic additives change color in
response to temperature or light, indicating environmental or material state, which
makes them versatile and attractive for cutting-edge applications. Computational
tools and Al expedite functionalization method development and implementation
design tools may analyze vast datasets to find ideal fibers, matrices, and functional
additives, which can forecast the impact of treatments, coatings, and additives on
biocomposite characteristics using computational modeling and simulation, elim-
inating trial-and-error testing (Hamilton & Kingston, 2024), especially to produce
high-performance biocomposites faster. These approaches improve functionalization
efficiency and enable biocomposite material creation.

1.4.2 Applications in intelligent systems

Smart packaging is a potential use of intelligent biocomposites compared to
traditional packaging materials, which are practical but cannot give real-time product
condition feedback. Smart or intelligent biocomposites incorporating sensors or
stimuli-responsive additives overcome this constraint, whereas the biocomposites
containing pH-sensitive dyes or temperature-responsive polymers may indicate food
freshness (Rodriques et al., 2021). These materials change color in reaction to
chemical or environmental changes, indicating product quality, which is useful in the
food and pharmaceutical sectors, where product integrity is crucial. In addition to
monitoring, biocomposites may have antibacterial qualities that improve the shelf life
of perishable items and reduce the need for synthetic preservatives, which also
improves healthcare. Biocompatibility and biodegradability make natural fibers and
bio-based polymers attractive for medicinal applications, where most of the time
patient comfort and movement in prostheses due to their lightweight and adaptable
qualities (Ornaghi et al., 2023). Implant-compatible biocomposites with self-healing
properties are being investigated, where they may self-repair small damage,
prolonging their lifespan and minimizing the need for intrusive replacement
operations (Jiang et al., 2023). In medication delivery systems, intelligent biocom-
posites seem promising, where this device releases medicine regulated by tempera-
ture or pH using stimuli-responsive polymers.

Intelligent biocomposites are revolutionizing energy harvesting, where the creation
of piezoelectric materials in biocomposites converts mechanical energy into electrical
energy, providing green energy solutions (Cui et al., 2024). In wearable technology,
biocomposite-based piezoelectric devices may produce electricity from walking or
running, which is used in gadgets that power tiny electronics like fitness trackers and
medical sensors with sustainable and portable energy (Kang & Yeo, 2024). Intelligent
biocomposites are being used to develop energy-harvesting flooring that transforms
foot traffic stress into power, which transforms a new energy source for lighting or
low-energy gadgets in public places that might help maintain urban infrastructure.
The automotive and aerospace sectors are also investigating intelligent biocomposites
for lightweight constructions and adaptable systems, which may be employed in car
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interiors to respond to temperature and humidity, where they started to expand or
contract to ensure thermal comfort might lessen energy-intensive climate control
(Giampieri et al., 2020). Aerospace constructions may use intelligent biocomposites
to measure stress and strain in real time, which may provide engineers valuable input,
improving aviation component safety and lowering maintenance costs.

1.5 Future directions

1.5.1 Challenges

Intelligent biocomposites struggle with material stability, especially in different
environments, whereas sustainable natural fibers and bio-based matrices tend to
degrade in the environment. Moisture, temperature variations, UV exposure, and
microbial activity may destroy biocomposites' mechanical and functional integrity,
and continuous exposure to high humidity may cause edema, stiffness loss, and
natural fiber disintegration (Chaudhary et al., 2018). UV light degrades bio-based
polymers, discoloring, embrittling, and reducing mechanical characteristics, while
chemical treatments and coatings may reduce these concerns, but they complicate and
expense of manufacturing (Yousif & Haddad, 2013). Innovative material engineering
and surface treatments are needed to create durable, ecologically friendly biocompo-
sites, but integrating intelligent characteristics into biocomposites challenges their
stability (Andrew & Dhakal, 2022). Environmental tolerances may make stimuli-
responsive materials, embedded sensors, and self-healing components sensitive to
severe circumstances, whereas microcapsule or reversible chemical bond self-healing
techniques may fail at high temperatures or under mechanical stress (Yuan et al.,
2024). Moisture and heat fluctuations, on the other hand, may also degrade real-time
biocomposite sensor accuracy and reliability; therefore it must be compatible and
durable in biocomposites for real-world use (Andrew & Dhakal, 2022). Cost and
scalability are other problems that hinder the industrial deployment of intelligent
biocomposites, whereas natural fibers and bio-based matrices are more sustainable
than synthetic ones, although processing, functionalization, and sophisticated features
might make them more expensive. Self-healing biocomposites may include costly
additions such as encapsulated healing agents or stimuli-responsive polymers,
increasing their cost. Integrating embedded sensors or piezoelectric materials needs
specific manufacturing methods that may not be accessible or cost-effective for large-
scale products and are also harder to scale. The quality and characteristics of natural
fiber vary according to growing circumstances, harvesting procedures, and processing
processes, resulting in product discrepancies.

Standardization is another major obstacle to intelligent biocomposites' broad
adoption. Manufacturers, consumers, and regulators face uncertainty due to the absence
of common testing and categorization standards. In contrast, most of the time,
intelligent biocomposites need extra parameters for mechanical qualities, including
tensile strength, modulus, and impact resistance, unlike ordinary composites. These
include stimuli-responsive materials, self-healing processes, and embedded sensor
accuracy, which can ensure the safety, performance, and reliability of intelligent
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biocomposites in diverse applications. Rigorous and reliable testing procedures for
these attributes are needed (Meng & Li, 2013). The lack of established categories
affects intelligent biocomposites' marketing and communication, whereas the manu-
facturers may use multiple terms or measurements to describe comparable qualities,
confusing customers and limiting market growth. Global standards and certifications
for intelligent biocomposites will guide their development and commercialization,
boosting stakeholder trust and uptake. Sustainability issues connect with these
problems. Intelligent biocomposites are more sustainable than standard composites;
however, their functionalization might have environmental impacts, where the
chemical treatments to strengthen fiber-matrix bonding or add characteristics may
require nonrenewable or dangerous chemicals (Andrew & Dhakal, 2022). Biocompo-
sites with electrical components or sensors might make recycling harder, lowering their
environmental advantages, whereas material design and manufacturing are needed to
address these concerns and ensure product sustainability. Market views and regulations
can affect intelligent biocomposite adoption, where many sectors are wary of novel
materials owing to performance dependability, cost, and regulatory compliance
(Andrew & Dhakal, 2022). Construction, automobile, and aircraft industries prioritize
safety and durability, making these problems especially important. Overcoming these
limitations requires extensive testing and real-world deployments of intelligent
biocomposites' long-term advantages and dependability.

1.5.2 Opportunities

Intelligent biocomposite development using circular economy concepts may boost
resource efficiency and reduce waste, which, due to resource depletion and
environmental issues, linear production methods like extraction, use, and disposal,
are unsustainable. Instead, circular economy models prioritize strategies such as
reuse, recycling, and regeneration, which fit biocomposites' sustainable philosophy,
whereas most of them can be used as agricultural wastes, forestry by-products, and
industrial organic waste to make biocomposites. Wasted agricultural leftovers,
including rice husks, wheat straw, and coconut coir, may be used to make
biocomposites, which decrease virgin resource use and waste disposal implications
like methane emissions. Sawdust and wood shavings may be mixed with biocompo-
sites to create high-performance materials. Biocomposites may be made from
industrial organic waste, including food processing and paper wastes, closing the
material flow loop. Beyond raw material sourcing, circular economy integration
includes end-of-life management. Intelligent biocomposites may be recycled or
degraded into ecologically friendly components. Chemical recycling and enzymatic
degradation technologies are making circular biocomposites more feasible, assuring
long-term sustainability. Intelligent biocomposites enhance resource efficiency and
support worldwide efforts to move to more sustainable manufacturing systems by
adopting circular economy concepts. The creation and optimization of intelligent
biocomposites using Al presents another appealing prospect. Al-driven methods like
machine learning algorithms and predictive modeling are revolutionizing material
design with unparalleled accuracy and efficiency. Al can anticipate and optimize
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biocomposites' material qualities depending on composition and processing. Machine
learning methods can analyze large fiber-matrix interaction datasets to find the best
combinations for mechanical, thermal, and functional aspects.

Al models stimuli-responsive biocomposites' behavior under different environmental
circumstances to help create them. This is useful for adaptable applications like smart
packaging and environmental sensors. Al technologies may help build biocomposites
that fulfill performance objectives by modeling material reactions to temperature,
humidity, and mechanical stress. Al optimizes intelligent biocomposites production.
Additive manufacturing and chemical functionalization include complicated parameters
that are hard to tune manually. Al-driven process control systems can evaluate real-
time industrial data to improve efficiency, waste reduction, and quality. This capacity
scales biocomposite manufacturing and decreases prices, making these materials more
affordable for businesses and consumers. Al is used in end-user applications where
biocomposites' sensors and smart systems provide real-time monitoring and feedback.
Biocomposites used in construction or automotive components may have sensors for
structural integrity, temperature, and moisture. These sensors' data may be analyzed by
Al systems to forecast maintenance requirements and failures. Al and intelligent
biocomposites improve application safety, dependability, and efficiency, increasing
their attractiveness. Multifunctional systems give another opportunity to construct
intelligent biocomposites that can solve numerous problems at once. Traditional
materials frequently have a single purpose, such as structural support or thermal
insulation. However, multifunctional biocomposites combine these fundamental
qualities with sophisticated features such as energy storage, environmental sensing,
and self-regeneration, enabling new applications.

Energy storage is a potential multifunctionality field. Biocomposites may store
mechanical or thermal energy using piezoelectric or thermoelectric components.
These materials can create and store energy, making them useful in wearable
electronics, smart packaging, and renewable energy systems. Shoes using piezo-
electric biocomposites might power sensors and gadgets by converting walking
energy into electricity. Thermoelectric biocomposites might collect industrial or
electronic waste heat to boost energy efficiency. Another use of multifunctional
biocomposites is environmental sensing. These materials may be implanted with
sensors to detect pollution, temperature, and moisture, making them useful for
environmental monitoring. Agricultural biocomposites can monitor soil moisture and
nutrient levels in real-time to improve irrigation and fertilization. Biocomposites in
packaging might detect food contamination and freshness, minimizing waste and
maintaining customer safety. The developing ability of multifunctional biocompo-
sites to regenerate themselves boosts their potential. Biocomposites may self-heal
wear and tear damage using microcapsules or reversible chemical connections. This
feature increases material longevity, saves maintenance costs, and improves sustain-
ability by reducing replacements. Self-regenerative biocomposites may heal fractures
in building materials and recover from slight impacts in automobile components.
Intelligent biocomposites' multifunctional systems stimulate nanotechnology, bioen-
gineering, and materials science collaboration. Nanocellulose and graphene boost
biocomposites’ mechanical strength, conductivity, and responsiveness, improving
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their multifunctionality. Bioinspired concepts mimic natural adaptive systems to
create dynamic materials that respond to their environment.

1.6 Conclusion

In conclusion, intelligent biocomposite materials offer a unique blend of sustainability,
especially through their advanced functionality, and adaptability. Intelligent biocompo-
sites address challenges across industries, including the energy, healthcare, and
construction sectors. These materials create multifunctional systems capable of meeting
the demands of modern society while reducing environmental impact, which cover
lightweight structures, biodegradability, and renewability, with advanced functionalities,
including self-healing, environmental sensing, and stimuli responsiveness, which are
enhanced through nanotechnology, Al, and bioinspired design. Intelligent biocomposites
improve resource efficiency and waste minimization, which improve the environmental
footprint of material production and promote economic sustainability by closing the
loop in material life cycles. Furthermore, intelligent biocomposites enable recyclability
or biodegradability to ensure minimal environmental impact. The integration of Al
enables precision in material design, process optimization, and application monitoring.
Predictive modeling, powered by machine learning algorithms, has become a critical
tool for understanding the complex interactions between fibers, matrices, and additives,
facilitating the design of materials with tailored properties. The fusion of Al and
biocomposites creates interdisciplinary collaboration to drive innovation and solve
complex problems. Energy-harvesting biocomposites harness mechanical or thermal
stimuli to generate renewable energy. Similarly, self-healing biocomposites enhance
durability and reduce maintenance requirements. The incorporation of nanocellulose,
graphene, and other nanomaterials demonstrated significant enhancements in mechan-
ical, thermal, and functional properties.
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