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ABSTRACT
The need for improved and environmentally friendly sustainable packaging materials

KEYWORDS
Intelligent packaging;

with exceptional physical, mechanical, and barrier qualities is growing. The existing
industrial packaging materials primarily use non-biodegradable plastics and other raw
materials with limited recyclability and has serious consequences toward raised carbon
footprints. Therefore, the integration of artificial intelligence (Al) in the sustainable
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packaging industry is fundamentally changing how things are packaged and distributed, AR N T8RS 42
with emerging materials and technologies that promote safety, quality, and sustainabil- FEMPBL Ay Mlas s
ity. Many Al-based tools are being used or evaluated for packaging systems, including |

(but not limited to) machine learning (ML), deep learning (DL), sensors for monitoring,

predictive analytics, and generative models for accurate predictions of shelf life, auto-

mated identification of defects or contamination, traceability or authentication of

a product’s origins, optimal material selection for barrier and environmental properties,

and more sustainable packaging designs. This article investigates various applications of

Al for sustainable packaging for various applications. Moreover, various challenges in

practice data heterogeneity, model generalizability, and scalability showing the impor-

tance strong and well-designed Al framework are necessary to implement effectively are

also discussed. Overall, the sustainable-packaging sector can expect that Al innovations

will improve productivity, food safety and waste management.

HIGHLIGHTS

(1) Discussed about growing demand for sustainable packaging materials

(2) Highlights superior physical, mechanical, and barrier properties to replace non-
biodegradable plastics.

(3) Compiles about industrial packaging waste significantly contributes to environmen-
tal pollution and elevated carbon footprints.

(4) Al integration, including ML, DL, sensors, predictive analytics, and generative mod-
els, is involved.

(5) Challenges like data heterogeneity, model generalizability, and scalability highlight
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Introduction

Green packaging based on biodegradable bio composite materials has garnered substantial interest in
various fields due to its distinct characteristics compared to conventional plastics derived from petrochem-
icals. As these materials cause lot of environmental damage. The fundamental issue of the packaging
industry’s heavy reliance is on the usage of plastic products, which has resulted in a significant increase
in the amount of plastic waste (Bhat et al. 2017). The growing need to reduce the environmental impact of
petroleum-based packaging has driven extensive research toward the development of sustainable alternative
packaging materials. Conventional plastics, although durable and adaptable, resist disposal and persist in
ecosystems, thereby contributing significantly to environmental degradation (Dejene, Birilie et al. 2024).
While recyclability is a virtue of synthetic polymers, numerous limitations restrict this advantage (Murthy
and Ramakrishna 2022). Thermosetting polymers, for instance, are non-recyclable as once hardened they
cannot be remelted or molded. Furthermore, plastic garbage including food or other materials seriously
compromises the recycling process. Even in some cases of recycling, the repetitive processing of plastics
often results in a degradation in material qualities, therefore restricting their performance and lowering
their reuse in high-quality applications (Dejene and Abtew 2025). Moreover, recycling infrastructure
remains weak or inadequate in many parts of the world. which results in a notable fraction of recyclable
plastics never being really recycled (A. Khan et al. 2020). This emphasizes the need for development of
sustainable substitutes like biopolymers, which not only solve waste management problems but also fit more
general environmental objectives like less dependence on fossil fuels and support of a circular economy
(Chetbani et al. 2024). As packaging serves an essential function in the contemporary food supply chain
through the preservation of the quality and safety of food items, in addition to this, it is significant because it
protects packaged goods from the environment, influences the quality and safety of food items, and makes it
easier to store, transport, and discharge products. Furthermore, the release of carbon and other hazardous
gases during the production of plastic bags has a significant influence on the ecological system (A. K. Gupta
et al. 2025). Hence, smart packaging systems can play significant role in innovations of environmentally
friendly packaging solutions (Anas, Faheem, and Mikucioniene 2025). The main feature of this system is its
sustainability, which has been proven by the studies using natural composites produced from lignocellulose
materials, reduce plastic waste and can significantly help to alleviate the waste disposal problem to some
extent. Moreover, increased concerns about the limits and inefficiency of plastic recycling mean that
bioplastics provide a clear benefit over more traditional recyclable plastics (Mudi and Shaw 2024).
Although conventional plastics are theoretically recyclable, problems include contamination, thermoset
non-recyclability, and material property deterioration during recycling lower their useful value (Atalie,
Abtew, and Zhao 2025) By contrast, bioplastics provide a more sustainable end-of-life option and are
biodegradable (Silska and Gérecki 2023). Although bioplastics have many benefits, their expensive cost has
prevented their broad commercial use. However, new innovations in packaging system have cut production
costs. Furthermore, using nanomaterials especially cellulose nanofibers which enhance molecular level
functioning by their nanoscale interactions is one of the most exciting directions derived from natural
sources, cellulose nanofibers (CNFs) are among the most plentiful, renewable, and sustainable polymeric
materials accessible for industrial-scale uses (Khalil et al. 2014; Rhim and Ng 2007). For more than 150
years, cellulose-based materials such as hemp, jute, sisal which have intrinsic benefits like biocompatibility,
biodegradability, and chemical stability have been used in a variety of industries, including textiles,
medicines, and paper manufacture. Because of their remarkable mechanical and barrier-enhancing char-
acteristics, CNFs have recently attracted a lot of interest in sustainable packaging (Mann et al. 2022). Other
promising plant fibers include kapok (Ceiba pentandra), abaca (Musa textilis), and pineapple leaf fiber
(PALF). Kapok fibers exhibit hydrophobicity due to a natural wax layer, low density (0.29 g/cm?), and high
buoyancy, making them ideal for lightweight, insulating packaging fillers, oil-absorbent materials, and
protective cushions. Abaca fibers offer good tensile strength (up to 980 MPa), Moreover are lightweight and
biodegradable, suitable for reinforced bio-polyethylene composites in durable food trays and structural
packaging (30 wt.% loading improves flexural strength). Furthermore, pineapple leaf fibers (PALF) provide
excellent mechanical properties (tensile strength 413-1627 MPa, modulus 34.5-82.5 GPa, low microfibril
angle 14°), enhancing stiffness in bio composites for abrasion-resistant, eco-friendly packaging like trays
and boxes. These fibers enhance circular economy practices by transforming agricultural waste into useful
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materials (Baraniak and Kania-Dobrowolska 2023; Flores Ramirez et al. 2015; Motaleb, Shariful Islam, and
Hoque 2018). Packaging materials benefit from increased tensile strength, stiffness, and flexural properties
due to their nanoscale dimensions, which enable a high surface area and strong intermolecular interactions.
In terms of other potential applications, full-bio composites could be utilized to replace the plastics in
various industries those accountable for 40% of the overall plastic market (Abekoon et al. 2024). The food
packaging industry is mainly navigated by the market’s desire to meet societal and economic demands.
Market data show natural fiber composites in packaging have a notable increasing tendency (Yakoubi 2025).
Rising at a CAGR of 7.6% from 2024 to 2034, the predicted worldwide market size by 2034 is USD
749.24 million. Strict environmental rules and growing customer demand for eco-friendly goods are driving
this development (Singh, Dondapati et al. 2021). As a result, the most crucial packaging innovations can
lead to practical solutions to meet those socioeconomic demands by providing high-quality, safe product
food goods to consumers in a cost-effective manner (Nagaveni and Poosarla 2024). Functional require-
ments play an important role in determining which fiber materials are used in packaging applications.
Cellulose and nanocellulose provide excellent barrier characteristics, biodegradable properties and compat-
ibility with active and sensing additives, respectively, so they are primarily used in food and biomedical
applications. Therefore, lignocellulosic fibers with higher mechanical strength are commonly used in rigid
and load-bearing packaging structures, whereas low-density plant fibers are preferred for lightweight and
cushioning applications. Furthermore, the integration of functional materials and intelligent components
enables these fiber-based systems to be tailored for active, smart, and intelligent packaging, depending on
the intended application (Rasheed, Jawaid, and Parveez 2021; Srivastava 2024; Vijaya Ramnath et al. 2016).
The integration of green composites with ML, DL, and Al offers a revolutionary approach for delivering
environmentally friendly packaging. Green composites are made from renewable materials, including plant
fibers and biodegradable polymers, thereby serving as eco-friendly alternatives to conventional plastics. In
contrast, advanced computational processes should be devised and implemented to maximize the attributes
which green composites confer with regard to packaging applications. Cutting-edge algorithms which
harness AI and ML have the potential to analyze vast amounts of data, providing the potential to forecast
thermal and mechanical properties of green composites (Singh, Sharma et al. 2021). This approach
facilitates the fabrication of materials with tailored properties. For example, deep learning (DL) models
have been used to predict the properties of natural fiber polymer composites, which enhance suitability and
quality of predicted characteristics for various packaging applications. Predictive modeling expedites the
process to formulate packaging materials with prescribed properties and minimizes the need for extensive
experimentation. In addition, Al-driven techniques in creative design contribute to the development of
novel packaging designs that reduce material consumption while maintaining material performance and
mechanical strength. The design plays a significant role helping to avoid waste and improve sustainability
among packaging solutions. Green composites coupled with AI, ML, and DL improve recyclability and
biodegradability of packaging (Zatsu et al. 2024). AI technologies create sustainable, high-performance
materials by improving the chemical and physical properties of sustainable materials, as indicated in
Figure 1. Lastly, intelligent and sustainable packaging solutions can only progress with the collaboration
of AI technology and environmentally friendly composites. To make an overview of natural fibers for
packaging and how AI/ML/DL improves the design, applications, and sustainability.

Need for intelligent & sustainable packaging

In today’s world of rapid consumption and environmental degradation, the need for sustainable packaging
has become more critical than ever. Often composed of non-recyclable materials and single-use plastics,
traditional packaging greatly adds to landfill trash, ocean pollution, and pollution of other systems. These
materials endanger ecosystems and human health over long terms as they take hundreds of years to break
down (Du et al. 2025). One ecologically sensible substitute is sustainable packaging. Made with recyclable,
biodegradable, or renewable materials, it lessens product environmental impact all during their lifetime
(Bidyalakshmi et al. 2025). The ever-evolving landscape of consumer expectations and technological
advancements has rendered traditional product packaging insufficient in addressing increasingly complex
consumer needs. In response to this issue, new solutions from the field of intelligent packaging are emerging
as a rapidly evolving area of interest. Intelligent packaging design offers the possibility of elevating
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Figure 1. Benefits in sustainable packing using Al techniques.

traditional packaging designs through the addition of leading-edge science materials, data tracking, and an
array of advanced technologies and functionalities, also engaging both digital and intelligent design features
to produce greater overall value and consumer experience with product packaging. This collaborative
approach has the potential to transform the packaging industry by offering creative solutions that respond
to an ever-changing and active consumer market (Mkhari, Adeyemi, and Fawole 2025). A global rise in
environmental consciousness has changed the use of packaging materials. AI has also impacted design,
aided by ongoing development. Using Al for intelligent packaging and structures can enable better
production speed and inform traditional design practices (Chiu and Yang 2024). The connection between
customers and intelligent packaging is has also evolved as it is now emotionally connected and a “living
product.” Figure 2. Highlights various development considerations for intelligent packaging. With increas-
ing consumer awareness of environmental issues, businesses are facing growing pressure to adopt sustain-
able and eco-friendly practices. Along with protection of natural resources, sustainable packaging improves
brand reputation, fits with corporate social responsibility objectives, and attracts to consumers who care
about the environment (Chougala et al. 2024). Moreover, governments throughout the world are enforcing
tougher rules and restrictions on non-sustainable packaging materials, therefore hastening the change
toward greener substitutes (Rom et al. 2024). Businesses which make investments in sustainable packaging
today will be more suited to follow future laws and stay free from any fines (N. Gupta and Gupta 2024).
Beyond its environmental benefits, sustainable packaging may ultimately be financially advantageous
(Dejene, Gudayu et al. 2024). For example, by reducing waste, reusing resources, and improving container
designs help to minimize shipping and manufacturing costs (S. Khan et al. 2024). The move to sustainable
packaging is ultimately not only a trend but also a need for a sustainable future. Reducing environmental
damage and encouraging responsible consumption help sustainable packaging significantly contribute to
solve the global climate issue and provide a better, cleaner world for next generations (N. Kumar, Kaur, and
Bhatia 2017). Globally, plastic waste includes a substantial share of plastic packaging. According to
estimates, packaging uses over 40 percent of all plastic generated, so it is the most used use of plastic
globally. This comes to around 141 million tons of plastic packaging generated yearly. Plastic packaging has
a significant effect on the surroundings (D’Almeida and de Albuquerque 2024). Researchers and businesses
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throughout the food sector rely extensively on various forms of Al, including ML and DL. ML is building
systems that is capable of automating many of the mundane and time-consuming tasks that humans
currently do. Here in Table 1. the importance of Al is shown that integrating traditional practices with
stainable development goals. ML allows for prediction and recommendations based on trends identified in
data to aid human decisions. It may also facilitate the development of newer items by changing the current
process. Introducing a machine that can learn from their mistakes and improve its operation will enhance
productivity and creativity. Further, Al enables the development of novel packaging solutions that utilize
data analytics and sensors to monitor and control factors like as shelf life, temperature, and freshness. This
ensures that food products remain in optimal condition throughout the supply chain process.

A Dutch company has produced smart packaging that demonstrates self-regulating capabilities and
respond to changes in the environment. Automated packaging that responds to different outside factors has
been developed at Zhejiang University in Hangzhou, China. Even with the advances that have improved
food freshness testing technology and reduced limitations, costs, and processing speeds, many areas still
need to be researched. Moreover, to work for environmental sustainability as lot of plastic packaging trash

Table 1. Importance of Artificial Intelligence for sustainable development goals.

Traditional Knowledge Aligned Sustainable Development Goals (SDGs) Ref

Nutritional plants containing essential Contributing to the eradication of poverty by supporting  Song, Xia, and Tang (2024)
micronutrients livelihoods and ensuring basic nutritional needs (SDG 1)

Bioprospecting new plants for food and Supporting food security, nutritional improvement, and Y. Chen et al. (2024); Reichert et al.
medicine advancing sustainable agricultural practices (SDG 2) (2020)

Medicinal plants having health beneficial ~ Promoting better health outcomes and ensuring well-being Lewis, Verghese, and Fitzpatrick
compounds for people across all age groups (SDG 3) (2010); Reichert et al. (2020).

Compounds showing actions against Enhancing global health by aiding in disease prevention Y. Chen et al. (2024); Song, Xia, and
diseases and supporting healthy living for all (SDG 3) Tang (2024)

Sustainable traditional agricultural Addressing climate change through eco-friendly farming Y. Chen et al. (2024); Lewis,
practices to climate change practices adapted to local environments (SDG 13) Verghese, and Fitzpatrick (2010);

Reichert et al. (2020).

Collaborate with the people to understand Encouraging responsible consumption and fostering Lewis, Verghese, and Fitzpatrick
their traditional systems and integrate sustainable production systems in collaboration with (2010); Reichert et al. (2020).
new technologies local communities (SDG 12)

Sustainable and harmonious harvesting Promoting conservation of terrestrial ecosystems, Y. Chen et al. (2024); Song, Xia, and
techniques supporting reforestation, combating desertification, and Tang (2024)

preserving biodiversity (SDG 15)
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finds its way into landfills or the natural surroundings because of its usually short lifetime and single-use
character. Actually, wasted packaging makes up around 46% of all annual plastic trash generated (Singh,
Sharma et al. 2021). Furthermore, fewer than 10% of all plastic garbage has been recycled. Every year,
demand for packing is increasing, the total municipal solid waste (MSW) of plastic trash in the US
accounted for 29.5% and 25% in Europe (Oun, Shankar, and Rhim 2020). Therefore, smart and sustainable
packaging can play an integral role globally (Zhu et al. 2020). Furthermore, governments throughout the
world are working hard to limit the use of plastic products.

Plant - based natural fibers for the packaging industry

The pursuit for sustainable alternatives in packaging is increasing everyday as environmental concerns
about nonrenewable resources and plastic pollution are growing more intense (Lan et al. 2021).
Therefore, the integration of AI with plant-based fibers allows the creation of intelligent packaging
systems capable of monitoring and responding to environmental fluctuations. These technologies may
identify spoilage, modify permeability, and deliver real-time feedback to customers, so improving food
safety and minimizing waste. Moreover, Al technologies enhance production processes for biodegrad-
able materials through data analysis from industrial facilities. This results in more sustainable and
economical production techniques, enhancing the accessibility and affordability of biodegradable mate-
rials. Cellulose is a linear polysaccharide primarily derived from both wood and non-wood plant sources
(Dejene etal. 2025). It consists of glucose monomers linked by (1—4)-B-D-glycosidic bonds. Within
lignocellulosic biomass, cellulose accounts for approximately 45%, alongside other major constituents
such as hemicellulose and lignin. Unlike hemicellulose and lignin, which possess amorphous structures,
cellulose represents the only crystalline component in the plant cell wall (Saba, Sultan, and Jawaid
2020). The crystalline areas of cellulose have a strong hydrogen bond network between several hydroxyl
groups. Cellulose is stable and unaffected by deterioration due to its tight and organized crystalline
structure due to hydrogen bonding (Singh, Sharma et al. 2021). Fiber from cells shows a hierarchical,
multi-scale arrangement. Cellulose chains create micro-fibrils at the nanoscale, which are then bundled
into macro-fibrils, larger structures. Different nanostructured cellulose materials may be extracted
thanks to this hierarchical construction. These comprise micro-fibrillated cellulose (MFC), microcrystal-
line cellulose (MCC), and forms of nanocellulose including nanocrystalline cellulose (NCC) and nano-
fibrillated cellulose (NFC). As fillers in modern materials, particularly sustainable packaging, these many
kinds of nano-cellulose have special qualities, including large surface area, mechanical strength, and
biocompatibility. The extraction of fibers from agricultural waste is one of the most distinctive and
lucrative processes among them (Dutra et al. 2021). Due to its distinctive features, biodegradability, and
exceptional physical and mechanical capabilities, cellulose and nano- cellulose (NC), as well as their
derivatives, are gaining popularity in the food packaging industry. Although there are numerous fibers
from the planet, only a few have been studied yet (Shen, Qian, and Tu 2025). studied the broader trend
of combining experimental rheology with RSM and MLP-ANN modeling for prediction and optimiza-
tion of viscosity, G, and G” of sulfate nanocellulose hydrogels by varying processing settings. RSM
method was used to locate optimal operating conditions and ANN for enhancing the prediction fidelity.
The results revealed that hydrogel performance is best engineered through joint consideration of
composition and the exact mechanical/flow conditions relevant to manufacturing process and end
use. Some fibers are used as fillers in composites due to good mechanical properties, biocompatibility
and durability (Hayase 2018, Kampfer et al. 2017; Li et al. 2023; Pasqua et al. 2020). These fibers
increase the strength, stiffness, and impact resistance of packaging when mixed with bio-based resins,
therefore safeguarding a great variety of goods during handling and transit. Moreover, these fibers help
to improve sound absorption and heat insulation, therefore giving the packing material additional useful
value. This not only eliminates the requirement for burning agricultural waste or landfilling but also
gives rural towns and farmers more revenue sources (Francucci, Rodriguez, and Vazquez 2012; Vogl
et al. 2004). Furthermore, completely biodegradable, vegetable fiber filler-made packaging breaks down
organically without generating harmful chemicals. This makes them a safer and more ecological choice
than traditional plastic packaging, which ages in the environment for millennia. Furthermore, the need
for environmentally friendly packaging is increasing as worldwide rules on single-use plastics and
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consumer awareness get stricter. Based on vegetable fibers, packaging solves consumer requirements as
well as environmental ones, therefore encouraging a circular economy (Z. Ahmed and Akhter 2001;
Frone et al. 2011; Hu et al. 2012; N. Reddy and Yang 2011). Because of their biocompatibility and
environmental sustainability, these fibers are garnering a great deal of interest and are regarded as
having major packaging industry uses. These low-cost materials have desirable mechanical qualities and
are currently in high demand on the global market, mostly in food and textile industries. Figure 3
highlights some common plant-based fibers with their applications the food industry. In the next
section various plant-based fibers and their applications will be discussed (Chaitanya and Singh 2017).

For example, hemp fibers are used because of their high cellulose and low lignin content, allowing for
a speedier cellulose micro/Nano fiber isolation technique. The isolation of cellulose nano crystalline
fractions, also known as nano whiskers, was achieved by acid hydrolysis of entire crystalline cellulose
regions as a source of cellulose. It is a multipurpose crop that may provide a wide range of raw ingredients.
The various advantages of the hemp crops led to the primary motivations for its future expansion. This
plant is plentiful and widespread, and it is economically significant in various cultures. In one study
(Barbash et al. 2022), extracted nanocellulose from organosolv hemp pulp and showed that adding 2% of
this nanocellulose boosted paper breaking strength by 40%. In another investigation (Kaiser, Anuar, and
Razak 2014), fabricated insulation boards from a blend of hemp fibers and shives; their findings demon-
strated that the boards’ porous, low-density structure effectively reduced heat transfer. Figure 4 illustrates
the morphology of various natural fibers: (a) hemp, (b) flax, (c) coir, and (d) cotton, along with their
corresponding structural images: (e) hemp, (f) flax, (g) coir, and (h) cotton. The FLHEA (Flax and hemp
advanced fiber-based composites) project, which investigated the use of these two plants as sustainable
source materials for superior packaging. Furthermore, Jute has recently emerged as a promising material for
replacing conventional plastic bags, primarily due to its eco-friendly characteristics. In addition to being
biodegradable and renewable, jute exhibits excellent insulating and antistatic properties, low thermal
conductivity, and a moderate capacity for moisture absorption.

These attributes make jute bags a sustainable and practical alternative to non-biodegradable poly
bags derived from fossil fuels (Kaiser, Anuar, and Razak 2014; Igbal et al. 2025; Kurien et al. 2025).
(Abdullah et al. 2006 prepared hybrid composites by hand lay-up, combining jute fiber (Hessian
cloth) with Eglass mat, using suitable additives and an initiator (Abdullah-Al-Kafi et al. 2006). They
found that replacing 25% of the glass with jute yielded the best mechanical improvements. In
a separate investigation (K. S. Ahmed, Vijayarangan, and Rajput 2006), manufactured woven jute/
glass hybrids and observed that the inclusion of jute significantly boosted both tensile and impact
strengths. On the other hand, sisal stands out among leaf fibers and has been traditionally
harvested in South and Central America for centuries to produce coarse yarns, twine, and cordage.
Its robust leaves yield three distinct fiber types of mechanical, ribbon, and xylem that can thrive

Sources of Natural Fibers Recycling
4 Trees Wood Pulp

Hemp Fibers ’ 1 » -\
MREE \ Packaging

Coir Fibers Soil
degradation B

Materials

Jute Fibers Banana Fibers

Figure 3. Some common plant bases fibers with their applications in food industry.
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Figure 4. lllustrates the morphology of various natural fibers: (a) hemp, (b) flax, (c) coir, and (d) cotton, along with their
corresponding structural images: (e) hemp, (f) flax, (g) coir, and (h) cotton.

under a wide range of climatic conditions (Chokshi et al. 2022; Dejene 2024; Gai et al. 2024;
Kéczan and Pasztory 2024; Mihai and Ton-That 2019; Mohammadi, Ishak, and Sultan 2024).
Another plant-based fiber, flax fibres have gained appeal as a reinforcement in composites these
days, as the demand for sustainable materials grows year after year. The fibers extracted from the
flax plant have good mechanical properties as compared to glass (Nayak et al. 2022). Additionally,
incorporating wheat straw into poly(3-hydroxybutyrate-co-valerate) resulted in a 3.5-fold increase
in water vapor permeability, a property particularly beneficial for packaging applications involving
respiring food products such as strawberries (Hua et al. 2024; Ma, Yan, and Kasal 2025). Moreover,
Coir, a lignocellulosic fiber derived from the outer husk that surrounds the coconut seed.
Abundantly available along South Asian coastlines, the husk is a byproduct of copra (dried coconut
kernel) production, after the oil - rich nut meat has been removed. Although India leads global
consumption, only a small portion of the harvested husk is processed into fiber (Zamiri et al.
2024). Furthermore, Cotton is the most essential of all-natural fiber crops. Cotton fiber accounted
for 61% of the market for garments and home textiles in the United States in 2010 (Cao 2024;
Masud and Mubashar 2024). Throughout, the globe there is a comparable need for sustainable
cotton fiber (Kumar, Dutt et al. 2025; Schiavon, Borges, and de Oliveira Andrade 2024). Each long
cotton “lint” fiber is formed by a single epidermal cell on the ovule surface that undergoes
remarkable polar expansion and cell wall thickening before transforming into the very elongated
and strengthened dead fiber (Senthil Kumar et al. 2024; Tasgin et al. 2024; Wasti et al. 2024).
Minimum-tillage techniques Intriguingly, the etymology of “cotton” remains unclear. While cotton
naturally grows as a perennial, selective breeding has produced annual cultivars (Aslam et al. 2020;
Bi et al. 2024; De Silva and Naveen 2024; Feng et al. 2024; Gui, Yang, and Xiang 2024; Hsieh 2024;
Li et al. 2024; Yousef et al. 2020; Zeng et al. 2018). Table 2 presents a comprehensive comparison
of the physical, chemical, and mechanical properties of five widely used natural fibers.

The table systematically organizes key characteristics such as scientific name, color, density, tensile
strength, Young’s modulus, elongation at break, moisture absorption, thermal conductivity, decomposition
temperature, cellulose, hemicellulose, and lignin content, microfibril angle, fiber diameter, surface texture,
and typical applications. This comparison highlights the diversity and suitability of each fiber for specific
industrial and composite applications, providing a valuable reference for material selection and research in
sustainable materials science.
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Table 2. Comparison of the physical, chemical, and mechanical properties of used natural fibers.

Property Flax Hemp Jute Coir Sisal Kapok Abaca  Pineapple
Scientific Name Linum Cannabis sativa  Corchorus spp.  Cocos nucifera  Agave sisalana Ceiba Musa Ananas
usitatissimum pentandra textilis comosus
Color Light, beige  Light to brown Golden to Brown Cream to White, silky ~ Creamy  Cream-
brown yellow white golden
Density (g/cm3) 1.40 1.48 1.30 1.15-1.25 1.33-1.45 0.29 1.50 1.44
Tensile 500-1500 550-900 393-800 95-230 350-700 50-150 650-980 413-1627
Strength
(MPa)
Young’s 30-80 30-70 10-30 2-6 10-25 3-5 30-40  34.5-825
Modulus
(GPa)
Elongation at 1.2-3 1.6-3 1.5-2 15-40 2-5 10-20 3-10 1.6-14.0
Break (%)
Moisture 8-13 8-13 12-13 10-15 10-12 8-10 7-9 10-12
Absorption
(%)
Thermal ~0.038-0.045 ~0.038-0.045 ~0.038-0.045 ~0.04-0.05 ~0.04-0.05 ~0.035-0.040 ~0.040 ~0.042
Conductivity
(W/m-K)
Decomposition 150-200 150-200 150-200 150-200 150-200 150-180 160-200  160-220
Temp. (°C)
Cellulose 60-70 60-75 55-65 32-46 65-75 64-70 56-74 70-82
Content (%)
Hemicellulose 15-20 15-20 18-22 0.15-0.25 10-15 8-22 15-25 12-17
(%)
Lignin Content 2-4 3-7 10-13 40-45 8-12 0-2 5-12 5-12
(%)
Microfibril 5-10 6-10 8-20 30-49 10-22 25-40 8-15 8-14
Angle (°)
Fiber Diameter 12-16 16-50 15-25 100-450 50-300 120-190 12-30 20-80
(um)
Surface Smooth, Rough, durable Rough, coarse  Rough, coarse ~ Rough, hard Smooth, Smooth,  Rough,
lustrous hollow lustrous fibrous
Applications Linen, Ropes, Burlap, sacks, Mats, Ropes, carpets, Fillers, Trays, Boxes,
composites, composites, composites geotextiles, composites cushions structural trays
paper textiles insulation
Reference Ghalme, Hayat, Ghalme, Hayat, Ghalme, Hayat, Ghalme, Hayat, Ghalme, Hayat, Baraniak and  Kurien Motaleb,
and Harne and Harne and Harne and Harne and Harne Kania- et al. Shariful
(2025); Santos  (2025); Santos  (2025); Santos ~ (2025); Santos  (2025); Santos Dobrowolska ~ (2023) Islam, and
et al. (2025); et al. (2025); et al. (2025); et al. (2025); et al. (2025); (2023) Hoque
Stevens (2010) Stevens (2010) Stevens (2010) Stevens (2010) Stevens (2010) (2018)

Applications in the packaging sector

Plant-based fibers are increasingly being used in the packaging sector as a sustainable alternative to plastic
and synthetic materials (Ul-Allah et al. 2021; Zafar et al. 2023). By providing sustainable, biodegradable,
high-performance substitutes for traditional plastic materials, plant-based fiber composites are revolutio-
nizing the packaging industry. These composites help in environmentally friendly solutions for packaging
that satisfy functional needs by combining biodegradable or recyclable polymer matrices with natural fibers
such as flax, hemp, jute, kenaf, bamboo, and sisal. The mechanical strength and durability of these
composites stand out as significant advantages. Natural fibers exhibit significant tensile strength and
stiffness, which, when incorporated into biopolymer matrices, improve the structural integrity of packaging
materials. Nevertheless, for guaranteeing food safety, maintaining food quality, and minimizing food waste,
packaging can offer passive protection to food products by utilizing the barrier properties of the packaging
material. Active packaging technologies enhance packaging protection by utilizing the packaging material
for antimicrobial agents, antioxidants, releasing agents, and absorbents to actively control its internal
environment. The lack of real-time monitoring using AI technologies helps to identify the potential risk
to consumer health regarding food freshness associated with active packaging. Therefore, new technologies
and methods are being researched to enhance food freshness (Chen, Steuer et al. 2025).

Thus, they are well-suited for applications requiring robust, protective packaging solutions (Chen, He et
al. 2025). Intelligent Packaging, a novel packaging approach, provides real-time product tracking, improves
the transmission of Relevant information, enables fast detection of food freshness, and has significant
applications. It enhances the safety and nutritional quality of food. Effective determination of food freshness
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might be achieved through state-of-the-art techniques such as pattern recognition and DL (Cui et al. 2024).
developed a machine-learning framework for real-time remaining shelf-life prediction covering multiple
marine fish for different storage temperatures, Therefore, addressing a common limitation of earlier studies
that were typically constrained to a single species or condition. 14 input features were used for integrating
species and temperature with freshness/spoilage indicators. Four algorithms were compared (BP, GA-BP,
RBF, ELM). The results revealed that radial basis function (RBF) model achieved the best predictive
performance, reporting a maximum absolute error of 0.48 and absolute errors < 0.5 across all test samples,
indicating high accuracy for practical decision support. Using this best-performing method as a foundation,
they created a live forecasting system, which was developed for operational use in cold-chain monitoring,
food quality control and real-time management of food security for the seafood industry. In another study
(Haque et al. 2025), developed multi-channel gas sensing system combined with edge-deployable using
Machine Learning (ML) technology to provide a way to classify freshness in real time. Therefore, an IoT-
based shelf-life estimation system for date fruits was integrated using multichannel gas sensing with edge-
deployed machine learning for real-time freshness classification. The system monitored spoilage-related gas
emissions alongside environmental parameters, therefore addressing the limitation of conventional cold
storage that tracks temperature/humidity but cannot infer spoilage dynamics to reduce postharvest losses
and strengthen food security. A chemical-free monitoring approach combining hyperspectral imaging
(400-1000 nm) with AI was developed by (Siripatrawan and Makino 2025) for assessing dried shrimp
quality and shelf life during storage at temperature of 30°C. Spectral fingerprints were pre- and explored via
PCA, then a using feed-forward backprop ANN simultaneously predicted key quality indices such as
astaxanthin, TBARS, TVB-N, and sensory scores with strong performance (R?* =0.92-0.96) and low errors.
This study also generated pseudo-color maps from ANN outputs to visualize spatial temporal quality
changes, that demonstrated HSI+AI as an effective tool for shelf-life evaluation. Table 3 shows advanced
overview of biodegradable packaging in different sectors. Therefore, Al-enabled natural fiber - reinforced
polymer composites can serve as sustainable, environmentally friendly packaging materials (Goyal, Singha,
and Singh 2024). As these technologies helps in several domains like material synthesis, information
storage, wireless transmission, and information identification and processing. It is a novel knowledge
system predicated on matter, with information as the nucleus and materials as carrier, and technology
serves as instruments for examining the principles governing the interplay between matter and information,
along with their applications. Therefore, integrating these technologies with plant-based fibers can play
a vital role in various industrial applications (Gregor 2018). Hence, experts have pushed for ecologically
friendly and biodegradable packaging made of plant-based fibers. The use of sustainable packing materials
in various industries is covered in the following section (Gao et al. 2025). Moreover, methods for
determining freshness are often employed to estimate food freshness based on the interaction between
the food’s metabolites (e.g., glucose, organic acids, ethanol, volatile nitrogen compounds, biogenic amines,

Table 3. Advanced overview of biodegradable packaging: sectors, applications.

Sector Packaging Applications Advantages Examples/Case Studies Ref

Food & Beverages Trays, plates, cups, takeaway - Biodegradable & compostable - Notpla (seaweed films) Chen, Steuer et al. (2025)
containers, molded pulp Grease/water resistance — [PMC] , Ecovative
boxes, seaweed-based Microwave & freezer safe — Design (mycelium
edible films Extended shelf life foam)

Medical Syringe packs, surgical tool - Biodegradable & recyclable - Bayer — PAPACKS fiber- ~ Marcoaldi et al. (2025);
& trays, paperboard cartons, Maintains sterility — based pharma packs, Pirsa (2024).
Pharmaceutical bio-based blister packs, pill Antimicrobial properties Astellas biomass blister

bottles (bamboo, hemp) - Safe disposal packs

Industrial Corrugated cartons, molded - High strength & cushioning — Corrugated board (global Marcoaldi et al. (2025);
pulp inserts, pallets, crates, Lightweight (reduced logistics logistics), hemp/flax Pirsa (2024).
sacks & bags for bulk goods cost) — Moisture resistance — composite pallets,

Fully recyclable jute/sisal sacks

Cross-Sector Cushioning (coir, shredded - Reduced landfill waste — Plant-fiber Chen, He et al. (2025)
pulp), smart packaging with Adaptable for electronics, nanocomposites with Escobar-Sanchez et al.
nanofiber composites, agriculture & construction — sensors for freshness (2025)

intelligent labeling Potential Al-enabled monitoring tracking
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carbon dioxide, ATP degradation products, and sulfuric compounds, together with the indications. To
ensure contact with the compounds, the freshness indicators must be positioned within the container.
Depending on the indication, this information can be discerned by several means’ in the detection category.
For, example certain foods are transported for storage, distribution, and consumption, where each phase
presents a risk of food maturity that may affect their freshness. Therefore, monitoring the degree of maturity
of food may not only assure the quality of food but also boost customer confidence.

Packaging of meals and beverages using intelligent systems

Pairing sustainable materials with conventional petroleum-based materials, plant-based fiber packaging
is changing the food and beverage industry (Dejene, Gudayu et al. 2024). When coupled with AI, ML,
and DL, the advantages become much more significant (Dong, Wang, and Abbas 2021). Al-assisted
material discovery, for example, uses ML and deep neural networks to analyze large databases of plant
fiber properties to predict combinations that provide the best strength, moisture resistivity, barrier
properties, and compost ability to optimize wastes and be able to easily develop new materials, as
exhibited in their recent collaboration with Nestlé and IBM researching generative AI tools for
identifying and designing new high-barrier packaging materials. Additionally, DL can support quality
control: computer vision models of plant-based packaging can scan for defects (e.g. uneven thickness,
weak spots) during the production process and catch defects early to limit wasted materials (Yu et al.
2025). Predictive modeling using ML can also contribute to lifecycle assessment (LCA) to help estimate
the environmental impacts of sourcing raw materials, manufacturing, product use, and disposal of the
material waste. For food safety purposes, ML models can predict the leaching of chemicals across levels
of variations and suggest safer material blends. Smart packaging systems with sensors + AI can monitor
freshness, humidity or spoilage and help reduce food waste. As a whole, combining AI/ML/DL with
plant fiber-based packaging expedites sustainable innovation, is functional, supports regulatory compli-
ance, and reduces the environmental footprint throughout the life cycle of packaging. Plant-based fiber
packaging is functionally water and grease-resistant, therefore fit for a range of food and drink uses
(Zatsu et al. 2024). These materials guarantee the safety and quality of the packed contents by being
microwave and freezer- safe, high- temperature resistant, and efficient insulating agents. As a result,
there has been a steady increase in a keen interest in researching the migration of packaging compo-
nents under a variety of conditions and the development of advanced analytical methodologies. At lesser
concentrations, volatile chemicals can be detected (Huang et al. 2025). One of the most common uses is
in food packaging, where plant-based fiber materials like molded pulp and paper-based packaging are
used for trays, plates, cups, and takeaway containers. These materials are biodegradable, compostable,
and suitable for direct food contact. Some are coated with biodegradable biopolymers to enhance water
and grease resistance. Food packaging that can be reused, recycled, or incinerated is under increasing
demand from society. Protecting food to maintain its freshness, quality, and safety is the core purpose
of packaging. Cellophane, also known as regenerated cellulose in the film industry, is the furthermost
extensively used cellulose-based food packaging. Packaging for meals and beverages is no longer just
about wrapping today; intelligence is being woven into every layer, from design to safety to supply chain
visibility. AI, ML, and DL are powering this transformation. In production lines, DL enabled computer
vision systems inspect thermoformed meal trays, beverage bottles, or cans in real time, flagging defects
such as poor seals, deformation, contamination, or foreign objects, ensuring that only products meeting
strict quality thresholds reach consumers (B. S. H. Reddy, Venkatramana, and Jayasree 2025).

Label verification is also automated: models check that expiry dates and best-before labels are
printed correctly and legibly, lowering health risks and compliance issues. Smart packaging systems
extend functionality: embedded sensors detect changes in temperature, humidity, or gas composition,
while ML algorithms interpret this data to predict spoilage or reduced freshness in packaged meals
and beverages (Bradley, Castle, and Chaudhry 2011). These systems can use convolutional neural
networks (CNNs) to recognize visual cues of degradation or sensors for volatile compounds, offering
consumers and producers real-time feedback on food safety. Figure 5. Showing the application of Al
in the packaging sector which enhances mechanical properties, improves physical properties and,
finds the optimum formulation for customized packaging. Meanwhile, at the design stage, generative
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Figure 5. Applications of Al in food packaging.

AT tools analyze molecular structures (for barrier properties, moisture resistance, etc.), cost, and
sustainability to propose new packaging materials for beverages that balance performance and
environmental impact (Hasan, Vasker, and Khan 2024). Across the supply chain, ML helps optimize
packaging shape and size for minimizing material use, forecasting demand to reduce over-production,
and routing logistics to reduce carbon footprint. All together, these applications reduce waste,
improve safety, speed up inspection, and help packaging evolve from passive containers to active,
intelligent guardians of food and drink quality. Intelligent packaging systems have been extensively
investigated for real-time monitoring of food quality through visual indicators such as color changes.
Colorimetric sensors based on pH-sensitive dyes, natural pigments, or nanocomposite indicators have
been successfully applied to detect spoilage in perishable foods, particularly meat and seafood, by
responding to volatile amines and pH variations generated during microbial degradation. Several
studies have demonstrated that such indicators provide a clear visual signal correlated with food
freshness and shelf-life (Mehdizadeh et al. 2025). studied the development of a sensor array for
classifying meat samples by sensor array — based approach for classifying meat freshness using Total
Volatile Basic Nitrogen (TVB-N) as an indicator. The arrays used solutions of seven pH and redox
indicators of dyes, and classification was achieved using LDA-PCA and genetic programming (GP).
GP identified Chlorophenol red, while Cresol red, and Methyl violet as the most influential indica-
tors. The developed models were implemented using smartphone application and demonstrated high
classification performance, with LDA-PCA accuracies of 96% (buffalo), 81% (lamb), and 88% (beef).
The results revealed that feasibility of dye-based sensor arrays combined with machine learning for
real-time meat freshness assessment. When combined with data-driven analysis, Al-assisted inter-
pretation of these visual signals further enhances the accuracy and reliability of spoilage detection,
supporting informed decision-making throughout the food supply chain. Intelligent packaging inte-
grates colorimetric sensors with AI/ML algorithms to monitor spoilage through pH changes and
volatile organic compounds (VOCs), providing real-time feedback via color transitions% (Eisa Zadeh,
Chatroudi, and Alizadeh 2025; Jazdi et al. 2021; Kumar, Rawat et al. 2025; Mehdizadeh et al. 2025).
Cellulose-based pH sensors embedded with red cabbage anthocyanins detect beef spoilage progression
as orange (fresh, pH 5.5) to green (use soon, pH 6.2) to dark green (spoiled, pH 6.8), extending shelf-
life by 2 days with 95% accuracy. Polydiacetylene (PDA) hydrogel sensors respond to biogenic amines
(cadaverine, putrescine) during meat degradation, exhibiting blue to red color shifts detectable by
CNN-based image analysis (98% accuracy) (Chen et al. 2025; El-Mesery et al. 2025; Holliday and
Zhang 2024; Pham and Chang 2023; Zhang et al. 2023). These systems link color intensity directly to
spoilage biomarkers, outperforming traditional threshold sensors by 15-20%.
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Medical and pharmaceutical industry

Medical and pharmaceutical industries require packaging solutions that offer product safety, sterility, and
sustainability. Plant-based fibers sourced from renewable raw materials like bamboo, hemp, jute, flax,
sugarcane bagasse and wood pulp are sustainable alternatives to traditional plastics. These natural fibers are
biodegradable, recyclable, and compostable, minimizing environmental impact while still providing protec-
tion. As a result, packaging for more medical devices, instruments, and pharmaceutical products is
increasingly being produced using molded pulp trays, cardboard boxes, and paperboard cartons, which
not only provide cushioning and durability but are entirely biodegradable (Jadhav et al. 2025). The
application of AI, ML and DL is changing this sector: ML/DL-driven computer vision technologies will
enable the automatic detection of defects in fiber-based packaging products (tears, moisture exposure, weak
seams), providing faster and more accurate quality control. Predictive ML models optimize fiber mix,
moisture content, and operational parameters in real time to achieve a desired stiffness and performance (P.
Kumar et al. 2010). In addition, AI supports supply chain optimization and life-cycle assessment, allowing
manufacturers to predict demand, minimize waste, and ensure a level of high protective standards in
sustainable packaging.

Packaging for syringes, bandages, gauze, and surgical tools frequently uses robust paper-based materials
that comply with rigorous cleanliness and safety regulations (Wang and Li 2024). Moreover, Conventional
blister packs for tablets and capsules are generally composed of plastic and aluminum materials. Now due to
advancements in plant-based fiber technology have resulted in the creation of biodegradable blister
packaging utilizing paper-based composites, cellulose derivatives, and bio-polymers has been created.
These alternatives preserve product integrity and decrease plastic waste. Pill bottles and medication
containers constructed from plant fiber composites or molded pulp present sustainable alternatives for
pharmaceutical companies aiming to decrease their carbon footprint (Chang et al. 2025; Malik,
Muhammad, and Waheed 2024; Mu et al. 2024; Yaiprasert and Hidayanto 2024; Zhao et al. 2025).
Bamboo and hemp have inherent antibacterial characteristics that assist medical packaging in staying
sterile. Antimicrobial packaging for wound care goods, surgical masks, and PPE may be made from these
fibers. Plant-based coatings improve moisture resistance and pollutant prevention. Offering a mix of
sustainability, safety, and utility, carton packaging is essential in the pharmaceutical industry. Its main
purpose is to guard drugs from physical damage, contamination, and environmental elements including
moisture and light, therefore guaranteeing the efficacy and safety of the goods through their shelf life. In
addition, there is plenty of room on cartons for descriptive and accurate labeling, which is vital for
informing patients and doctors about important details like how much to take, when it will expire, and
any possible adverse effects (Akbar and Anal 2014). Both the brand’s credibility and patients’ compliance
are bolstered by this level of openness.

Beyond information sharing and preservation, carton packaging is a very effective marketing technique.
In a cutthroat market, its adaptability lets pharmaceutical businesses use distinctive colors, logos, and
designs, thereby improving brand awareness and distinction. Furthermore, light-weight and reasonably
priced, boxes help to lower environmental impact and transportation expenses. Their biodegradability and
recyclability fit the rising customer need for environmentally friendly solutions, therefore establishing
businesses as social conscious organizations (Bumbudsanpharoke et al. 2025). In an effort to achieve their
goal of fully recyclable or reused packaging by the year 2030, notable firms such as Bayer have collaborated
with PAPACKS to create fiber-based packaging for consumer health goods that is biodegradable. Similarly,
Astellas Pharma took a giant leap toward carbon neutrality in pharmaceutical packaging when it released
biomass-based plastic blister packets in Japan. These containers use polyethylene generated from sugarcane.
Pharmaceutical companies are moving toward using plant-based fiber packaging more and more as a means
to reduce their environmental impact. These materials provide an eco-friendly substitute for conventional
plastics by being made from sustainable sources such as bamboo, sugarcane, and maize. The possibility of
developing long-lasting and biodegradable packaging solutions is being investigated using innovations like
bioplastics, cellulose-based materials, and composites made of mushroom mycelium. AI, ML, and DL are
revolutionizing pharmaceutical and medical packaging by making design smarter, increasing efficiency, and
minimizing waste. First, ML/DL-based computer vision systems can automate quality control. For example,
these systems can identify defects, seals that are not intact, or errors in labeling on blister packs, vials,
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cartons, etc., much more quickly and accurately than a human in a packaging room can. This means fewer
waste and less rejected batches. Predictive maintenance using Al to monitor packaging machinery faults
before a component fails and shuts the machine down. By helping to eliminate unplanned shutdowns,
companies decrease material scraps and energy waste. Thirdly, AI & ML tools will optimize design and
material usage of packaging (Lin et al. 2024; Moustafa et al. 2025). For example, right-sizing cartons,
optimizing the use of sustainable materials, optimizing packaging structures, maximizing cushioning vs
material used, and simulating lifecycle impacts. These optimizations can reduce over-packaging, reduce
carbon footprint, and enable continued use of biodegradable/recyclable fiber materials. Also, AI will add
improved tracking systems and compliance: supply chain data tracking, temperature and sterility controls,
and smart labeling, which together will help ensure packaging performs sustainability without sacrificing
safety or regulatory standards of packaging.

Industrial packaging

Al, ML, and DL are being used in industrial packages to improve sustainability through smarter designs,
efficient operations, and waste reduction. Generative Al tools are capable of simulating packaging designs in
3D, optimizing the material thickness, structural geometry, and barrier properties necessary to retain the
needed level of protection while using less material. ML-driven predictive analytics can inform forecasting
demand and managing inventory to ensure minimal overproduction and excess packaging (Sah and Kaity
2024). DL-based computer vision systems are used for real-time quality control to detect defects or
misalignment at the point-of-production early, thus reducing scrap and reworks. Al is also useful for
adaptive manufacturing: ML models can monitor process data (temperature, pressure, speed) to adjust
parameters to achieve better energy efficiency and reduced off-spec production. Furthermore, (life-cycle
analysis) sustainability assessments can also be enhanced with Al tools to compare the environmental
impacts of materials so as to allow substitution with biodegradable, recyclable, or compostable alternatives
(Jiang, Feng, and Wang 2013). Even supply chain optimizations (route planning, load optimization) can
have an impact on lowering carbon footprints, as can Al-enabled smart recycling/sorting systems that allow
materials to be recovered and closed in circular loops. One of the most common uses of plant-based fibers is
the manufacture of corrugated cardboard and paper-based packaging. These materials, made of recycled
paper, wood pulp, or agricultural leftovers, are used to make shipping cartons, industrial boxes, and
packaging sleeves. Corrugated cardboard is strong, durable, and cushioned, making it ideal for carrying
products over long distances (Marchese et al. 2015). Because it is totally recyclable and biodegradable, it
generates substantially less trash than plastic-based alternatives. For example, molded pulp packing is an
effective alternative to plastic like expanded polystyrene and polyurethane. It is fabricated of plant fibers
including sugarcane bagasse, wheat straw, and recycled paper, which are molded into protective inserts,
trays, and cushioning materials. These are widely utilized in the packaging of electronics, automobile parts,
medical devices, and sensitive industrial components. Molded pulp is both sustainable and biodegradable,
making it an ideal solution for companies looking to decrease plastic waste. Moreover, Pallets and crates are
crucial for industrial logistics, storage, and transportation. Traditional wooden and plastic pallets contribute
to deforestation and plastic pollution, but bio-based composite pallets manufactured from natural fibers like
hemp, bamboo, or flax blended with biodegradable resins provide an environmentally beneficial alternative.
These pallets are lightweight, sturdy, and moisture-resistant, making them excellent for transferring big
loads while lowering the carbon impact of logistical operations.

Other potential uses of plant-based products

The packaging sector is investing heavily in technology innovations to provide ecologically friendly
packaging materials that function well to preserve food. Furthermore, to have a good effect on user health,
the packaging is developed by combining active substances in the wrapping structure with the wrapped food
items (Youssef et al. 2015). High barrier material, active packaging, design and technological, nanotechnol-
ogy, with digital printing innovations supporting developments across material engineering, electronics,
and production methods. Packaging research is developing and promoting sustainable materials that can
economically replace petroleum-based plastics and alleviate waste disposal issues. From manufacturing and
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usage to disposal or recycling, new applications of cellulose nanofibers in packaging can provide materials
that perform well through their lifetime. This life-cycle approach assures product quality and advances
environmental sustainability (Wakai and Almenar 2015). Furthermore, by means of greater product life-
time and more environmentally friendly manufacturing practices, adding CNFs into packaging systems will
serve to improve user experience. Cellulose nanofibers offer a vast and general marketplace in the area of
next-generation, sustainable packaging solutions (Zadbuke et al. 2013). The primary focus of contemporary
packaging investigations is on the development and utilization of renewable, biodegradable “bioplastics,”
which provide sustainable alternatives to conventional petroleum-based plastics. The use of AI, ML, and DL
is making industrial packaging smarter and greener. These technologies are allowing companies to innovate
new materials faster; for instance, generative AI models are able to present new high-barrier bioplastics or
nanocomposite materials that exhibit maximum protection (barrier properties) while remaining biodegrad-
able. This is reducing the reliance on petroleum-based plastics. ML and DL-based prediction tools can
optimize formulations of cellulose nanofibers (CNFs), active agents, and fillers (Dejene, Birilie et al. 2024),
or predict how varying composition, moisture or fiber alignment will affect mechanical strength, barrier
properties, and biodegradation. At production lines, systems that use DL -powered computer vision can
detect defects, inconsistencies, or deviations related packaging films or coatings, which will minimize scrap
and allow for more consistent quality. In addition, AI and machine learning models can aid in lifecycle
analysis and the optimization of supply chains for their packaging lines: accurately forecasting customer
demand and reducing over-production of packaging, while choosing more sustainable raw materials
(Kodumuru et al. 2025). Therefore, using AI, machine learning, and DL will allow for the transformation
of packaging design, manufacturing, and disposal, helping the industry better balance performance with
environmental responsibility.

This helps to lower the environmental load related with to the disposal of plastic trash by substituting
bio-based polymers with those sourced from fossil fuels. Among important sustainability issues, such as
pollution, landfill overflow, and nonrenewable resource depletion, these environmentally friendly substi-
tutes have the promise to solve them (Shukla 2025). Adding a suitable nanoparticle like cellulose nano-
crystals (CNCs) or cellulose nanofibers (CNFs) to food wrapping can result in containers with stronger
mechanical, barrier, and thermal qualities. Aside from bettering the qualities of food packaging, Bacteria
and germs will not be able to infiltrate packaged food goods thanks to nano materials. Despite challenges
such as cost and moisture sensitivity, continuous advancements in material science are improving the
durability and functionality of plant-based fiber packaging. As consumer demand and regulations push for
greener alternatives, plant-based fiber packaging is expected to play a vital role in reducing environmental
impact.

Recent trends in packaging by aided by nanotechnology and Al

Progress has been made in the production of biodegradable materials from biological sources and some of
the latest advances have emphasized the performance and function of biodegradable materials in specific
applications, most notably applications related to packaging. This has involved a combination of natural
polymers with nanomaterials and novel polymer processing techniques, resulting in plant-based materials
that exhibit not only biodegradability but also improved strength, improved flexibility, and even antimi-
crobial characteristics (Kumar, Dutt et al. 2025). Currently AI, ML, and DL are an integral part in
accelerating that pace of change in biodegradable packaging. Table 4 highlights the bio-nanocomposites
for food packaging applications

Researchers studying starch chitosan bioactive films reinforced with beeswax and ZnO and activated
with citrus extracts have recently demonstrated how ML workflows coupled with neural networks and
response-surface methodology reduced experimental trials by about 65%, yet produced high tensile
strength, low water-vapor permeability, and effective antimicrobial properties. DL models are being used
for the prediction of polymers or copolymers properties (e.g., strength, barrier or biodegradability) based on
chemical structure and process parameters to allow for the inverse-design of new plant-derived materials.
Similarly, ML models that have been developed using meta-analyses can predict how structural ML could
analyze previously published literature to create a predictive model that, for instance, predicts the rate and
zone of inhibition of bacteria for an features such as molecular weight, side-chains, and the presence of ester
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Table 4. Bio-nanocomposites for food packaging applications.

Sr.No. Type of BNC film Product Observed properties/Results Ref

1 Poly(glycidylmethacrylate-covinylferrocene) Fish Demonstrated rapid xanthine detection down to Kumar, Shyamala
/grapheneoxide/ironoxidenanoparticle, and 0.12 pM within 4 s, enabling real-time et al. (2025)
poly (glycidyl methacrylate-covinylferrocene) monitoring of fish freshness
/MWCNT

2 Soyproteinisolate — MMT (protein) Fresh Displayed higher tensile strength and thermal ~ Kumar, Dutt et al.

fruits and stability, along with reduced water-vapor (2025); Heydari
vegetables transmission upon MMT incorporation et al. (2024)
3 Tilapiaskingelatin hydrophilic - hydrophobic _ Exhibited increased barrier resistance and Ashique et al.
nano clays (protein) improved mechanical integrity (2025); Sayyad
and Attarde
(2025).
4 Wheat gluten — lignin NPs (protein) _ Showed lower water uptake, enhanced thermal Sayyad and
endurance, and greater tensile strength Attarde (2025)
5 Starch/halloysite/nisin Soft cheese Reinforced matrix strength and provided Gorde et al.
effective antimicrobial action against (2024);
L. monocytogenes, C. perfringens, and S. aureus Moustafa et al.
(2025)
6 Pectin/nanohybrid-layered double-hydroxide Freshapricot Offered greater film flexibility and moisture ~ Gorde et al.
salicylate resistance, contributing to extended shelf life (2024); Sayyad
and Attarde
(2025)
7 Cornstarch/talc nanoparticles Tomato The material exhibited a 54% decrease in Gorde et al.
moisture permeability and a 26% reduction in (2024); Sayyad
oxygen permeability, accompanied by and Attarde
significant increases in both Young’s modulus (2025)
and yield stress.
8 Gelatine/ethanolic extract from coconut husk/ Meat powder It effectively reduced lipid oxidation while Kumar, Rawat
Cloisite Na+ nano clay enhancing moisture-barrier properties and et al. (2025);
prolonged product freshness Heydari et al.
(2024)
9 Nano zinc oxide — neem oil — chitosan Carrot Exerted strong antibacterial effects, particularly Gorde et al.
against E. coli (2024); Sayyad
and Attarde
(2025)
10 Alginate/nano-Ag Shiitake Prevented spoilage, preserved sensory quality, (Gorde et al. 2024;
mushroom and minimized weight loss Moustafa et al.
2025)

1 Edible coating of Asparagus Inhibited psychotropic microbes during cold ~ Ashique et al.
polyvinylpyrrolidone storage, reduced weight loss, and maintained (2025); Sayyad
(PVP)containing silver color and texture for up to 25 days at 2°C (20 and Attarde
nanoparticle days at 10°C) (2025).

12 Sodium alginate solution containing silver Carrot and Provided antibacterial protection versus E. coli  Ashique et al.
nanoparticles pear and S. aureus, lowering moisture and protein (2025); Sayyad

loss to extend shelf life and Attarde
(2025).

13 Calcium alginate film loaded Ready-to-eat ~ Reduced Salmonella typhimurium and E.coli ~ Gorde et al.

with zinc oxide nano particles poultry counts by 7 log within 10 days at 8 + 1°C (2024);
meat Moustafa et al.
(2025)

14 Silver nanoparticle-based Beef meat Released ~60 ppm Ag™ to significantly lower ~ Kodumuru et al.
cellulose absorbent pad aerobic, Pseudomonas, and Enterobacteriaceae (2025).

counts without altering meat quality

15 Silver nanoparticle-based Fresh-cut Achieved ~3 log reduction in microbial load,  Youssef et al.
cellulose absorbent pads melons delayed senescence, and preserved juiciness (2015)

over 10 days

16 Nano- emulsion coating of Green beans Lowered L. monocytogenes by < 1log alone and Wakai and
chitosan and mandarin essential by 4 log when paired with high-pressure Almenar 2015).
oil processing

17 Chitosan/poly(vinyl alcohol)/ Soft white Delivered broad-spectrum Demonstrated Wakai and
titanium nanoparticles cheese antimicrobial efficacy against S. aureus, Almenar (2015)

P. aeruginosa, E. coli, and C. albicans. and
extended shelf life
18 Whey protein isolate (WPI)/MMT Food models Enhanced film tensile strength and reduced  Gorde et al.
(water,3%  swelling by 35% across different model media (2024);
acetic Moustafa et al.
acid, (2025)
15%
ethanol,

olive oil)
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or ether linkages can impact biodegradation performance in aquatic or soil environments (Ashique et al.
2025; Gorde et al. 2024; Moustafa et al. 2025; Sayyad and Attarde 2025).

These nanoparticles are embedded in films of plant- or polymer-based matrices (with improved
oxygen or UV permeability, moisture retention, and antimicrobial properties) to generate boundary
films or composites. To create reliable polymers and biofilms, one would use stabilization techniques to
avoid nanoparticle agglomeration, and surface functionalization to dictate the active ions or agents’
release rate. Additionally, AI or ML can speed up the innovation process and allow for the prediction of
antimicrobial activity, long-term stability, and safety, based on how the synthesis variables (e.g.
nanomaterial size, capping chemical, shape, and concentration) or encapsulation matrix may impact
the final product. ML could analyze previously published literature to create a predictive model that, for
instance, predicts the rate and zone of inhibition of bacteria for an embedded starch biofilm activity,
using prior experiments with ZnO-nanoparticle-embedded starch biofilms. Al-assisted optimization may
also aid in avoiding trial-and-error for synthesis while selecting the best stabilizer or looking for
acceptable synthesis parameters using the synthesis envelope concept. The combination of nanotechnol-
ogy with AI and ML leads to smarter, secure, and more sustainable packaging. The addition of Al and
ML models is disrupting this space by optimizing the extraction of nanocellulose, predicting the
properties of the materials, and designing coatings with tailored functionalities. The methods of ML
could predict fiber-polymer interactions, identify mechanical and barrier performance, and speed up the
production of environmentally friendly composites. Cost-effective scaling, recycling strategies, and
performance-based modifications can also be based on Al-driven predictive analytics for various uses
of packaging. At the intersection of nanotechnology and intelligent AI-ML systems are high-
performance sustainable and smart paper-based packaging solutions. Table 5 illustrates the comparison
for fiber composites according to model and target properties of related fibers.

Various ML models have demonstrated high accuracy in predicting mechanical properties of natural
fiber composites. For example, Random Forest (RF) regression predicted tensile (R* = 0.98) and flexural
strengths (R*>=0.95) of hybrid flax/hemp composites, outperforming the Support Vector Machines
(SVM) by 12% in cross-validation. Similarly, Gradient Boosting models achieved 95% accuracy in
barrier property prediction for cellulose-based packaging, aligning with CNN-based defect detection
studies (92% accuracy). Furthermore, Deep learning approaches show superior performance for complex
formulations. A CNN-LSTM hybrid predicted optimal PLA/natural fiber ratios for food packaging
(RMSE =2.1 MPa), 18% better than traditional ANN models. These DL models require large datasets
(n>5000) as compared to the RF (n>500), highlighting a scalability trade-off versus traditional DOE
methods. Moreover, recent advancements demonstrate that artificial intelligence is increasingly
employed to optimize packaging structures with the objective of minimizing material usage while
maintaining mechanical integrity. ML models are trained using structural parameters such as geometry,
fiber orientation, and load conditions for predicting stress distribution and material efficiency, enabling
lightweight packaging design for natural fiber composites (El-Mesery et al. 2025). Furthermore, in
manufacturing systems, deep learning-based computer vision systems are applied for automated quality
control, where convolutional neural networks are used to analyze real-time images for detecting of
defects, surface inconsistencies, and dimensional deviations with high accuracy (99.2%). Moreover, Al-
driven optimization frameworks utilize process data including temperature, pressure, and processing
time as inputs to predict optimal production parameters that enhance product consistency and reduce
waste by 22-28% (Zhang et al. 2023). Therefore the novelty of Al-driven packaging innovation lies in its
ability to replace traditional trial-and-error methodologies with data-driven, adaptive, and predictive
models, thereby accelerating design cycles, improving manufacturing reliability, and enabling intelligent
decision-making across the packaging materials life cycle assessment (R. Ahmed et al. 2025).

Table 5. Al model comparison for natural fiber composites.

Model Target Property Accuracy/R® Dataset Size Application
Random Forest Tensile Strength 0.98 850 Flax/hemp composites
Gradient Boost Barrier Properties 95% 1200 Cellulose packaging
CNN-LSTM Fiber ratio opt. RMSE = 2.1 MPa 5200 PLA/natural fiber

SYM Flexural Strength 0.86 850 Hybrid composites
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Futuristic approaches

Emerging digital technologies are reshaping the sustainable packaging landscape, offering intelligent, data-
driven solutions that go far beyond conventional methods.

Al, ML, and DL are enabling predictive modeling, real-time monitoring, and adaptive design strategies
that significantly improve material efficiency, recyclability, and product shelf life. As illustrated in Figure 6,
futuristic approaches such as ML, DL, and Al-driven circular economy strategies are reshaping sustainable
packaging by enabling predictive design, smart monitoring, and intelligent recycling (Ashique et al. 2025;
Heydari et al. 2024). These futuristic approaches not only optimize the performance of bio-based fibers and
nanocellulose but also support circular economy models through intelligent recycling, smart packaging
sensors, and predictive shelf-life modeling. Collectively, they represent a paradigm shift from traditional
trial-and-error experimentation toward adaptive, sustainable, and smart packaging ecosystems.

Machine learning: predict fiber performance, optimize material blends

ML is transforming the optimization of material blends for more sustainable packaging by accurately
predicting fiber performance. While conventional tests measuring fiber properties such as tensile strength,
stiffness, barrier efficiency, and flexibility take time to conduct, ML models process large data sets of ever-
changing fiber morphology, crystallinity, and blend ratios to provide outcome predictions nearly instanta-
neously (Sengottaiyan et al. 2024). For example, in nanocellulose-based packaging, Researchers have studied
the effects of fibril diameter, aspect ratio, and surface chemistry on gas permeability, moisture resistance,
and mechanical reinforcement when blended with biopolymers or paper substrates. By applying both
regression and neural network algorithms, ML can simulate how nanocellulose fibers interact with polymers
at the molecular level, thus enabling a researcher to identify optimal formulations without excessive
experimentation and demonstrating its ability to develop packaging materials with improved flexible tensile
strength, low oxygen transmission rates, and recyclability. Moreover, ML models continue to improve by
incorporating data from the manufacturing process in real-time, allowing adaptive optimization in man-
ufacturing on a larger scale. This ability to predict enables cost savings and material waste reduction while
facilitating the design of sustainable packaging with high product performance compatible with industry

Machine Learning: Deep Learning:
Predict fiber N Smart packaging
performance, . . sensors,

Optimize material V% / Image recognition for

blends e spoilage

Futuristic
Approaches in
Al-driven
Sustainable
Packaging

Al in Circular Economy:
Recycling, Waste sorting,
Predictive shelf-life
modeling

Figure 6. Futuristic approaches integrating ML, DL, and Al in sustainable packaging systems.
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requirements. In sum, nanocellulose advancement fused with ML prediction systems enables smarter
design, with longer shelf-life products, and a more sustainable move away from petroleum-based packaging
(Sathiyamurthy, Saravanakumar, and Vinoth 2024).

Deep learning: smart packaging sensors, image recognition for spoilage

DL technologies are becoming widely utilized within sustainable packaging systems, assisting with advanced
methods for monitoring food quality and safety. Smart packaging that integrates DL-enabled sensors has
the capacity to continually monitor parameters such as temperature, humidity, or gas emissions, while
presenting real-time updates on food quality or freshness. Moreover, image recognition algorithms can
supplement this platform by identifying visual signs of food spoilage or damage, such as discoloration, the
presence of fungal growth, or changes in texture, which are more difficult to determine through traditional
means (Berladir et al. 2025). With this type of intelligent monitoring, DL can allow for early detection of
contamination or spoilage, which then increases food waste reduction, extends product shelf-life, and
improves consumer safety. Additionally, these technologies can help contribute to food traceability within
supply chains, incorporating sensor data into digital platforms so consumers and retailers can communicate
the quality of the product more transparently (Alagulakshmi et al. 2025). Therefore, DL-informed smart
packaging will contribute to sustainability and food security in contemporary packaging ecosystems.

Al in circular economy: intelligent recycling & waste sorting

Environment-friendly packing is more essential than ever these days. People are becoming more aware of
environmental issues, and rules are getting stricter. This is forcing the packing business to make big changes.
A big part of this change is AI, which helps companies make better, greener, and more efficient packing that
cuts down on waste and helps them reach their sustainability goals. Sustainable packaging enables the
circular economy reduce waste, reuse resources, and create goods with long lifespans (Raut et al. 2025). By
using biodegradable and recyclable plastics, companies may lessen their environmental impact. To reduce
waste of resources, Al optimizes material selection, predicts recyclability, and monitors supply networks.
Al-driven models allow closed-loop packaging systems that effectively collect, classify, and reuse old
materials. AI combined with ideas from the circular economy speeds the design of sustainable, high-
performance packaging (Cevik and Sarugik 2025). Al is increasingly being utilized in packaging for waste
reduction, the design of more efficient boxes, and the optimization of transportation. It aims to enhance the
design, manufacturing, and management of packaging. Maxing out limited resources is the key. Reducing
plastic, energy, and waste while improving outcomes (Mustafa et al. 2026). Using AI technologies, processes
are becoming smarter and more environmentally conscious, whether it’s selecting the correct material,
cutting down on unnecessary packaging, or boosting recycling systems. Al is significantly influencing
package design (Kamel et al. 2008). Conventional design methodologies predominantly depended on
expertise and approximation. However, Al alters the narrative. Brands may now provide product specs
for algorithms to identify the most efficient, recyclable, and cost-effective packaging solutions. Automated
warehouses employ Al to optimize box dimensions, resulting in reduced air within packages and a decrease
in the number of vehicles on the road. It is a simple idea with significant environmental benefits.
Simultaneously, AI vision systems are detecting defects during production in real-time, reducing waste
and enhancing quality. Algorithms for prediction in supply chains support organizations in planning more
intelligently, minimizing overproduction and managing inventories, hence decreasing wasteful resource
use. Modern sustainable packaging incorporates QR codes, RFID tags, and freshness sensors. These
capabilities include real-time product sustainability, shelf life, and provenance data. Imagine fish wrapped
in a biodegradable packaging that alerts you when it’s ready to perish and releases natural preservatives. Al
is the brain behind it, and it’s occurring now. Edible packaging and predictive shelf-life modeling are
transforming sustainable packaging with AI. Al and ML algorithms improve seaweed, starch, and protein
biopolymer compositions for edible packaging. AI-driven simulations determine the best ingredient mix for
tensile strength, solubility, and moisture resistance. Seaweed-based edible film startups utilize AI to improve
durability and safety, while dairy-protein films use ML models to anticipate how compositional changes
affect oxygen and water vapor barriers. In contrast, predictive shelf-life modeling predicts product freshness
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and deterioration using Al (Shehzad 2025; Tarlak 2023). ML systems can forecast packaged items’ shelf life
more accurately by incorporating sensor data, microbial growth patterns, and environmental factors. Smart
packaging with Al sensors on fresh produce gives consumers and merchants real-time quality indications,
decreasing food wastage. Predictive shelf-life models prioritize data-driven quality assurance and supply
chain efficiency, whereas edible packaging supports material innovation and customer convenience. These
Al-enabled methods provide additional approaches to eco-friendly, intelligent, and waste-reducing
packaging.

Challenges and concerns regarding the utilization of Al for food packaging

The Smart packaging systems are intricate, encompassing several operations that go beyond merely
manufacturing environmentally acceptable materials. It includes activities such as maintaining and updat-
ing hardware and packaging equipment, overseeing the secure organization and storage of food items or
raw materials in households and companies, and ensuring general efficiency across the supply chain. The
integration of digital technology and AlI-driven solutions into this industry introduces additional ethical
problems (Ablegue et al. 2025; A. Kumar et al. 2024; Siqueira, Bras, and Dufresne 2010). In addition to
conventional issues like waste reduction and environmental effect minimization, questions of transparency,
traceability, explainability, interpretability, accessibility, accountability, and responsibility emerge as crucial.
These ethical considerations are especially vital in the realm of computational and AI systems, where data
flows are markedly more varied and intricate than traditional personal data safeguarded by the European
Union’s General Data Protection Regulation (GDPR). Smart packaging solutions create data related to
product tracking, consumer shopping habits, and environmental monitoring, necessitating enhanced
protections and responsible governance to assure sustainability and ethical compliance. Figure 7 highlights
the functions of intelligent, active, and smart packaging. Smart packaging facilitates tracking and monitor-
ing, active packaging engages to prolong shelf life, and intelligent packaging offers real-time quality
indications, therefore improving food safety and minimizing waste.

There are several obstacles and restrictions to overcome before Al can be fully incorporated into the food
processing industry, notwithstanding its revolutionary potential. Having access to large-scale, diverse, and
rich information is crucial for AI systems to learn effectively. Due to the extensive methods, stringent
regulations, and nuanced variables in the food business, obtaining such datasets can be particularly
challenging (Shehzad 2025. Consequently, developing reliable AI models that are highly accurate in their
predictions becomes a major challenge. Universal AI solutions that can adapt smoothly across diverse
sectors and geographical situations are limited by the absence of defined approaches. Making sense of
complicated regulatory frameworks is another major roadblock to implementing AI-driven improvements
in food packaging. However, it is necessary to comply with strict quality and safety requirements, doing so
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Figure 7. Various applications of smart packaging solutions using intelligent systems.
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may impede or delay the industry’s quick adoption of AI technology. Information on consumers, suppliers,
and business operations can be delicate, yet Al systems need it to function (Bidyalakshmi et al. 2025)
because breaches can result in huge financial losses, legal obligations, reputational harm, and a decrease in
customer trust, protecting such data is crucial. Strong data security is especially important in the food
business due to the growing popularity of Al-enabled applications like smart packaging, supply chain
optimization, and analytics on customer behavior.

Advanced cybersecurity measures, such as encryption techniques, safe data storage systems, vulnerability
testing on a regular basis, and threat monitoring in real-time, are necessary for effective protection. Unfair
results may be produced by AI systems due to their vulnerability to biases included in training datasets.
Particularly in areas like workforce recruiting, product suggestions, and customized nutrition assistance,
addressing these problems is crucial for guaranteeing the ethical deployment of AI in decision-making
processes (Oyegbade et al. 2025). Figure 8. illustrates the key barriers in the adoption of AI for food
packaging, including ethical concerns, high implementation cost, data security risks, regulatory limitations,
and integration challenges (Rezaei, Nasirpour, and Fathi 2015; Zatsu et al. 2024). Concerns about algo-
rithmic fairness in the food sector are only the tip of the iceberg when it comes to ethical issues. It could be
costly to install an expensive AI system. There may be expensive initial investments for things like
infrastructure, technology, and expertise. Also, to make sure the Al systems are functioning as is necessary,
as is continuous training, improvements, and upkeep. These expenses could be extremely significant for
new businesses or ones with a limited budget (Dakhia, Russo, and Merenda 2025). It is not easy to
incorporate Al into preexisting systems and procedures inside a company (Akinsemolu, Idowu, and
Onyeaka 2024; Jamwal and Mittal 2024). When trying to integrate Al technology with their current systems,
processes, and procedures, many companies run into problems. Particularly problematic for smooth
adoption are older technologies that aren’t always compatible with new AI applications. Thorough pre-
paration, gradual rollout, and heavy investment in technology improvements are necessary to overcome
these obstacles. Inadequate planning for integration increases the risk of delays, incomplete deployment, or
inefficiency, which in turn reduces the likelihood of full AT adoption in the food business and limits its
potential advantages (Krupitzer 2024). Although artificial intelligence has shown significant potential in
advancing sustainable packaging research, its application must be evaluated critically rather than descrip-
tively. Different AI methodologies vary considerably in terms of data requirements, scalability, interpret-
ability, and real-world feasibility. Some conventional machine learning models remain the most practical
for property prediction and process optimization due to their lower data dependency and ease of
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Figure 8. Challenges and barriers in the integration of Al in food packaging.
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interpretation (Alghadeer et al. 2024). On the other hand, deep learning approaches offer superior
performance for complex image- and sensor-based tasks, such as defect detection and spoilage monitoring,
but often require large datasets and high computational resources (Liu et al. 2025; Malashin et al. 2025).
Emerging generative Al techniques demonstrate promise for rapid packaging structure and material design;
however, their application remains largely exploratory and requires further experimental validation (Hégele
et al. 2025). Therefore, the selection of Al techniques in packaging research should be guided by application-
specific.

The comparative analysis presented in Table 6 highlights that no single AI approach is universally
optimal for all packaging applications. Instead, innovation arises from the targeted deployment of Al
techniques aligned with specific material, structural, and manufacturing challenges (Abenghal et al. 2025;
Gao et al. 2026). Al-driven research in the area of packaging is new as it has moved from the traditional
trial-and-error process of experimentation to the use of data to create predictive and adaptive design
frameworks which allow for better use of materials, better control of quality and reduce time for develop-
ment cycles.

Challenges and limitations of Al applications in packaging

Generally, training machine learning models which predict the properties of packaging (such as barrier and
mechanical performance of packaging) uses very large datasets, with the typical requirement being well over
1000 data points for each model; yet, there have been many studies published that have used datasets with
fewer than 1000 samples, so those models do not generalize well outside the conditions they were trained
under. Model validation commonly employs cross-validation and external test sets, yet the absence of
standardized validation protocols often hinders reproducibility, particularly for natural fiber - based
composites relevant to sustainable packaging. As summarized in Table 7, Al-driven models applied to
property prediction, defect detection, and process optimization face persistent challenges related to data
availability, validation, uncertainty, and failure modes.

Due to uncertainty resulting from changing environmental and operational conditions, Al models may
be challenged during the process of optimizing a process. As a result, large and diverse multi-condition
datasets are needed to produce better results when extrapolating from these conditions. Similarly, deep-
learning-based defect-detection models require hundreds of thousands of labeled training images to help
avoid overfitting to the training data and potential bias from the models. Use of attention mechanisms in the
most recent models has also increased their sensitivity to detecting small and minor defects (Adeyi et al.

Table 6. Comparative overview of Al approaches in packaging research (Abenghal et al. 2025; Gao et al. 2026).

Maturity
Al Method Level Scalability Strengths Limitations Representative Applications
ML (RF, High Good (small to Interpretable, fast training  Limited for highly Prediction of fiber mechanical and
SVM, medium datasets) complex systems barrier properties
ANN)
DL (CNN, Moderate  Limited (large Effective for image and High computational cost, Automated defect detection and
LSTM) datasets required) sensor data analysis black-box nature spoilage monitoring
Generative  Emerging  Experimental Rapid design exploration  Limited validation and Lightweight packaging and
Al physical constraints structural design optimization

Table 7. Key challenges and data requirements for Al applications in sustainable packaging materials.
Al Application in

Aspect Packaging Typical Data Requirement Key Limitation References

Data Property prediction  300-1000 experimental Limited dataset size restricts generalization and Madhu (2025)
availability (ML) datasets leads to high-dimensionality issues

Model Barrier & mechanical Cross-validation, external  Lack of standardized protocols and overfitting in El-Mesery et al. (2025)
validation prediction test sets heterogeneous data

Uncertainty ~ Process Multi-condition datasets  Prediction uncertainty rises with varying conditions; Alper, Sezen, and

optimization (>1000 samples) poor extrapolation Balcioglu (2025)
Failure Defect detection 1000+ labeled images Overfitting, bias, limited transferability in complex  Alper, Sezen, and

modes (DL) backgrounds Balcioglu (2025)




JOURNAL OF NATURAL FIBERS (&) 23

Table 8. Performance ranges and Al-enabled improvements reported in sustainable packaging studies.

Packaging Typical Performance Range

Function Al Task (Literature) Al-Enabled Insight Key Takeaway Reference

Mechanical ML-based Tensile/flexural: 8-90 MPa 30-40% strength gains; Efficient screening Adeyi et al.
strength prediction (starch-CNF to hemp-NC) reduces trials by 50-65% over trial-and-error (2025).

Barrier ML regression/ WVTR: 3-13 g/m?/day; OTR 40-60% WVTR reductions via Data-driven Othman et al.
properties ensemble application-dependent optimized nano-fillers formulation tuning (2025)

Defect DL (CNN) Accuracy: 96.5%+ on packaging >10% accuracy boost; <10 Scales quality control  Shirzad and
detection defects ms/image real-time Joodaky

(2024)

Process ML/DL Multi-parameter windows (e.g.,  Narrows optima, 20-35% Lower waste & Shen, Qian, and

optimization optimization fiber content 1-10 wt.%) waste cut variability Tu (2025)

2025; Othman et al. 2021). Overall, these limitations highlight that AI should be regarded as
a complementary decision-support tool rather than a universal solution for packaging innovation.

The data summarized in Table 8 indicate that There is evidence that Al-driven techniques can produce
significant results in enhancing mechanical performance and barrier performance, as well as providing
increased accuracy of defect detection and process optimization throughout a range of packaging types
(Shirzad and Joodaky 2024). However, the magnitude of performance increases experienced will signifi-
cantly depend on factors such as the materials used, how large the dataset is, how the models are built, how
they will be validated, and whether the previous studies have met rigorous research standards. It should be
noted that studies with much higher performance increases tend to use very clean datasets and conduct
controlled laboratory conditions. This highlights the need for strong data availability and validation. From
these findings, it can be concluded that any Al tool developed for specific applications should not be viewed
as providing a general solution, but rather with careful consideration of each case in which they were
utilized.

Conclusion and future perspective

Integrating Al with sustainable food packaging is a crucial step toward a smarter food supply chain. Al
allows the production of eco-friendly materials and smart packaging solutions that monitor and enhance
product quality during delivery. While analyzing massive information, Al-driven models may anticipate
material performance, optimize packaging mixes, and build product-specific adaptive solutions. Promoting
recyclable, biodegradable materials and fulfilling customer demand for safer, transparent, and ecologically
responsible packaging solves major environmental issues (N. Gupta and Gupta 2024; Harikrishnan et al.
2025). Al and sustainable packaging form a closed-loop system that reduces waste, promotes circular
economy goals, and makes the global food supply chain smarter and greener.

Additionally, testing is accelerated using AI-driven simulations, which reduces experimental time and
expenses. In order to find creative solutions that address both environmental concerns and economic
objectives, packaging industries, and Al specialists need to collaborate. Greener supply chains, less reliance
on plastic, and the circular economy are all outcomes of these types of collaborations. Future smart, more
sustainable packaging solutions have been prepared by interdisciplinary initiatives that combine conven-
tional natural resources with modern digital technology. Intelligent sustainable packaging that can be scaled
up to industrial levels combines cutting-edge digital technology with environmentally friendly materials. If
we want biodegradable composites and natural fibers to supplant traditional plastics, we need to make sure
they are strong, long-lasting, and inexpensive. Data analytics and Al can improve production efficiency on
a grand scale by standardizing designs and making performance predictions. The use of smart sensors and
automation allows for real-time quality control, which guarantees production consistency. In order to set
standards, lower prices, and encourage adoption, industry, researchers, and lawmakers must work together.
To address worldwide expectations for ecologically responsible packaging while limiting ecological impact,
enterprises may develop scalable solutions by combining intelligence with sustainability. More and more,
sustainable packaging is being pushed to incorporate AI, ML, and DL by policymakers, regulators, and
international market trends. More and more, governments are cracking down on single-use plastics and
pushing for more sustainable, recyclable alternatives. By improving material selection, decreasing waste,
and providing traceability throughout supply chains, Al-driven systems assist compliance. Circular
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economy practices are pushed by international policies, which aim at fostering smart technology adoption
by industries for sustainability and efficiency. Smart, Al-enabled solutions are seeing increased investment
as a result of growing customer demand for environmentally friendly packaging in global markets.
Intelligent sustainable packaging may gain a competitive edge on a global scale with the help of standardized
standards and laws that promote its implementation.
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