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Abstract
Green, or biodegradable, composite materials are gaining attraction because they are less harmful to the environment and 
have the potential to eventually replace traditional composite materials. PLA-based green composites have drawn more and 
more attention from researchers due to the growing ecological risk and environmental consciousness. Because of its excellent 
mechanical and thermal qualities, eco-friendliness, biodegradability, and antibacterial qualities, PLA has emerged as the 
most promising matrix material for sustainable bio composites. These composites have the potential to be more appealing 
than conventional petroleum-based composites, which are toxic and nonbiodegradable. Due to their cost-effectiveness 
and lightweight nature, composite materials are widely used in a wide range of applications in the structural, automotive, 
aerospace, and other household sectors. However, the recycling process of traditional fiber-reinforced plastics frequently 
poses environmental challenges. The mechanical characteristics of bio composites may be greatly affected by the kind of fiber 
employed in the fiber/matrix adhesion. Furthermore, the current state of PLA 3D printing with natural fiber reinforcement 
was outlined, along with its potential in 4D printing for uses of stimuli-responsive polymers. The purpose of this study is 
to highlight the progress made and investigations completed on bio-composites based on natural fibers and polylactic acid 
(PLA) during the last decade. The synthesis, biodegradation, properties, methods and possible uses of PLA-derived bio 
composite materials are all summarized in this article.
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Abbreviation
PLA  Poly lactic acid
ALK  Alkali treated fiber
TPS  Thermoplastic starch
GMA  Grafted maleic anhydrate
ENR  Epoxidized natural rubber
FFF  Fused filament fabrication

Introduction

In an effort to encourage sustainable development, research 
into the use of natural fibers rather than synthetic ones, 
such as glass fibers, as reinforcing agents for composite 
applications is expanding. Natural fibers have several 
advantages over synthetic ones, including lower density, 
complete biodegradability, and recyclable nature (Bledzki 
et al. 1996). Natural fibers also offer comparable strengths 
and stiffness to synthetic fibers while coming from 
renewable resources, wearing down processing equipment 
less than synthetic fibers (Wambua et al. 2003). Two or 
more components with various characteristics that remain 
separate and distinct within a single unity are referred to 
as composites. Nanocomposites have demonstrated special 
qualities and a range of uses in the energy, electronics, 
environmental, and other fields. Green composites made 
of renewable resources have been developed subsequently 
(Naik et al. 2022; Duo et al. 2021; Hassan et al. 2021).

Green composite materials are being developed and 
manufactured to environmentally friendly and ethically 
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replace traditional components in the automotive, aerospace, 
sporting goods, construction, and marine industries. Green 
composites are goods developed from sustainable forestry 
and agriculture feedstock, such as residues and byproduct 
crops. Depending on their origin, natural fibers can be 
classed as mineral, lignocellulosic or animal (Das et al. 
2019). An increasing number of people are interested in 
polymer composites made of renewable and biodegradable 
plant-based resources, primarily from forests, due to 
worries about environmental damage and the incapacity 
to meet the demand for more adaptable, environmentally 
acceptable materials. These composites are sometimes 
called "green," and there are many different industrial uses 
for them. Green composites could be a good alternative to 
polymeric materials derived from petroleum because they 
are less harmful to the environment (Rahman et al. 2023). 
Over the past ten years, researchers have been interested in 
developing biodegradable materials and a great number of 
biopolymers have been developed and are currently being 
used in a variety of industries. Composites are widely 
used in industries such as transportation, automotive and 
aviation due to their remarkable properties and versatility 
(Amjad et al. 2021). Fiber-reinforced polymer composites 
have rapidly captured the commercial market in recent 
years. The reinforced polymer composite has various 
advantages, including the ability to conserve depleting 
sources of conventional materials such as metals and their 
alloys. Green composites have greatly expanded their 
applicability in numerous disciplines of engineering by 
replacing many engineering components comprised of 
synthetic fiber-reinforced composites. Green composites 
have received significant attention in both educational and 
manufacturing settings due to its appealing qualities such as 
low density, high specific strength, recyclability, economics 
and environmental friendliness. Green composites can be 
made with a range of natural and synthetic biodegradable 
polymers. Many reports and research articles have been 
published (Zini and Mariastella 2011).

Plant fibers provide high specific strength are renewable, 
sustainable and eco-efficient, making them desirable 
materials for use in industry. Their potential to absorb carbon 
dioxide indicates that they could be useful in reducing 
pollution in the environment (Yusoff and Takagi 2016). 
Natural fibers are commonly utilized as PLA reinforcement 
to improve mechanical and thermal performance while 
keeping its biodegradability. Several publications, for 
example, deal with fiber selection, geometry, optimum 
percentage and placement in the bio-polymeric matrix, and 
compatibility. Several fibers, including flax and kenaf, have 
been mixed with PLA to optimize performance for specific 
user applications (Gurunathan et al. 2015; Moliner et al. 
2020).

Numerous investigations are being conducted with 
the goal of creating completely biodegradable composite 
constructions using a mix of PLA and natural fibers (Nazrin 
et al. 2020). Given that both PLA and natural fibers come 
from renewable resources and decompose and compost 
easily, composites made from these two types of materials 
are environmentally friendly and recyclable. According to 
Harussani et al. (2020), natural fiber-reinforced composites 
may be readily inclined of by incineration, landfill or by 
treatment (green) of pyrolysis; hence the bio-composites 
offer substantial benefits owing to their lower production and 
waste disposal treatment costs. Additionally, biopolymers 
may be effectively used in a variety of composite fabrication 
techniques, such as compression molding, extrusion and 
injection molding, although less study has been done on 
composites made from reprocessed raw substances with 
matrixes. Natural polymers are suitable natural materials as 
they are not one-time-use products. Composites reinforced 
with natural fiber will replace petroleum-based polymer 
composites due to their biodegradability and recyclable 
nature (Nazrin et  al. 2020). Polylactide, also known as 
polylactic acid (PLA), is currently one of the most significant 
biopolymers when it comes to future developments and 
the expansion of global production capacities because it is 
made from renewable resources through the fermentation of 
polysaccharides or sugar, such as those extracted from maize 
or sugar beetroot, and the corresponding wastes (Harussani 
et al. 2020). In addition to the automobile industry, Poly 
Lactic Acid-based bio-composites have potential uses in 
building supplies, consumer items, the medical area and 
perhaps space travel (Faruk et al. 2014).

This review focuses on the PLA polymer's mass 
manufacturing state, the primary processing methods, and 
strategies for expanding PLA applications based on its 
inherent features. Additionally, this review offers a broad 
overview of the most common commercial applications for 
PLA today as well as a look at the various environments 
to which PLA products may be exposed over the course of 
their lifetime and which may cause degradation, containing 
hydrolysis in non-medical applications.

Bio‑fiber

Bio fibers are gaining interest between researchers and 
academics for use in polymer composites due to their 
eco-friendliness and sustainability. Bio fibers are fibers 
that are not synthetic or man-made. They can be obtained 
from plants or animals (Murariu et al. 2022). Bio-fibers 
are prospective replacement materials for the composite 
industry because of their adaptability, eco-friendly model, 
cheap cost, renewability and local availability when 
compared to synthetic fibers (Dong et al. 2014a; Mohammed 
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et al. 2015). Despite the fact that the plants from which bio-
fibers are generated, but not the fibers themselves are green 
and sustainable, they are neither organic nor sustainable in 
reality (Stevens 2010). The use of polymer composites with 
bio-fibers has also been elevated in the industrial sectors 
(Siakeng et al. 2018a). Fiber extraction method is shown 
Fig. 1.

The seven main categories of plant-based bio-fibers 
(lignocellulosic fibers) include leaf fiber (Agave, Abaca, 
Henequen, Banana, Sisal, PALF), stem or bast fiber (Flax, 
Banana, Jute, Hemp, Ramie, Kenaf), fruit fiber (Oil palm, 
Coir), seed fiber (Kapok, Cotton, Milkweed, Loofah), grass 
fiber (Corn, Bagasse, Bamboo) stalk fiber (Maize, Barley, 
Rice, Wheat, Oat), and wood fiber (hard and soft wood) 
based on the plant's component they are extracting (Ku et al. 
2011). Figure 2. shows the classification of bio fiber.

To conserve the environment and biodiversity, specialists 
all around the world are trying to improve the sustainability 
and quality of eco-friendly products. Because of its bio-
renewable properties and eco-friendly behaviors, people 
are turning to natural fibers to replace synthetic and 
harmful materials. To gain adequate utilization, some of 
the drawbacks of natural fiber, such as biocompatibility and 
hydrophilic properties, can be addressed through a range 
of surface modifications and chemical treatment processes. 

Bio fibers have been effectively used in a wide range of 
applications, including composite materials (despite their 
lower density in comparison to glass fiber construction 
and engineering areas), textiles, biomedical, biopolymer, 
biosensors, and smart packaging. Natural fibers would help 
to reduce pollution issues such as trash, landfill, toxic, and 
greenhouse gas emissions (Choudhury and Debnath 2021; 
Jawaid and Abdul Khalil 2011; A review on natural fibers for 
development of eco-friendly bio-composite: characteristics 
et al. 2021). The main issues with the widespread use of 
these biofibers in various polymer matrices are their low 
fiber-matrix compatibility, poor dimensional stability, and 
intrinsically high water absorption capabilities, which 
cause thick swelling in biofiber-reinforced composites 
(Getme et al. 2020). Natural fiber problems like poor fiber/
matrix adhesion, moisture absorption, low fire resistance, 
poor mechanical characteristics, low heat resistance, and 
restricted processing temperatures can be resolved with 
the help of fiber modification. Many strategies are used to 
address these problems (Siakeng et al. 2018a; S et al..  2021). 
Table 1. shows the types of bio fibers and their application.

Fig. 1  Extraction Methods of bio fibers from (Faruk et al. 2012)
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Fig. 2  Classification of bio fibers from (Faruk et al. 2012; Jawaid and Abdul Khalil 2011; Karimah 2021; Getme et al. 2020; Sathish et al. 2021)

Table 1  Types of fibers and their application from Choudhury and Debnath (2021)

Types of natural fibers Applications

Abaca Textiles, clothes, and useful papers such as money, journal, and check paper, as well as composites
Banana/Musa Rope, place mats, paper cardboard, string yarn, tea bags, high-quality textile/fabric fabrics, currency note paper, 

mushroom, art/handicraft, cordage, cushion cover, table cloth, curtain, natural absorbent in colored wastewater, oil 
absorber, light weight composites, and bio-fertilizer

Coir Filler, reinforcement in composite materials, light weight composites
Bamboo Lactic acid, construction, vinegar, charcoal, methane, composite reinforcement, shoes, food, textiles, pulp and paper 

production, shocks, and bioenergy sources
Cotton Fabric, clothes, yarn, furniture industry as coating materials
Hemp Bags, tarpaulins, carpets, rope, furniture materials, fabric, textile, garden mulch, fleeces and needle felts, light weight 

composites, composites, geotextiles/geotextile insulation industry
Pineapple Bags, table linens, mats, ropes, pulping material, handbags, composites, lightweight duck cloth, conveyor belt cord, 

coasters and many other interior design products, and livestock and agriculture
Sorghum bagasse Particle board, sugar production sources, pulp, and paper
Ramie Textile, paper, pulp, yarn, biofuel, fabric, oil, resin, wax, seed food, composites, livestock, and agriculture
Wool Cotillion, wool yarn
Jute Bags, sack, carpets, carpet upholstery, transportation or geotextile, electrical insulation and ropes, tarpaulins, packaging, 

furniture materials, fabric, light weight composites
Kenaf Pulp and paper product
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Chemical composition

Depending on the size of the fiber, the chemical makeup 
of bio-fibers changes. These green materials exhibit 
significant physical and chemical changes based on 
their botanical sources. Wood is a three-dimensional 
aggregation of bio-fibers made mostly of cellulose, 
hemicellulose, and lignin. Plant fibers have a complicated 
structure and chemical makeup (Zwawi 2021). Large 
fibrous cells are made of cellulose, a naturally occurring 
polymer with great strength and weight density. These 
cells may be found in a plant's seeds, leaves, or core. The 
three primary groups of bio-fibers are those made from 
plants, animals, and minerals (Sanjay et al. 2017). The 
majority of plant fibers are made up of waxes, lignin, 
cellulose, and water-soluble chemicals, with cellulose 
serving as the fiber's principal structural element (Bledzki 
et al. 1998; Eichhorn et al. 2001; John and Thomas 2008). 
Chemical compositions of some natural fibers shown in 
below Table 2.

Mechanical properties

These fibers offer excellent thermal and acoustic 
insulation qualit ies since they are hollow and 
lignocellulosic, much like their natural counterparts. 
Although the mechanical characteristics of bio-fibers 
are often inferior to those of synthetic fibers, these 
characteristics may be improved with careful surface 
treatment. Their low densities, cheap prices, and highly 
specialized modules draw a lot of interest from the 
industries. The common bio-fibers element (modulus/

absolute gravity) is comparable (even superior) to that 
of bio-fibers, despite the fact that the tensile strength 
of bio-fibers is greater than that of plant fibers (Azwa 
et  al. 2013; Guzel Kaya and Deveci 2021; Madhavan 
Nampoothiri et  al. 2010). Physical and mechanical 
properties of bio fibers show in Table 3.

Treatment of bio‑fibers:

Many studies have been done to improve the mechanical 
and wear behavior by strengthening the bond between the 
polymer matrix as well as natural fiber reinforcement. The 
adhesive strength between the reinforcement and the matrix 
is significantly decreased as a result of the hydrophilic issue. 
Various tests were done on the surface of the bio-fiber to 
acquire the best qualities. Due to the weak link between 
the matrix and the fiber, the mechanical characteristics 
are reduced. The hydrophilic nature of the polymer matrix 
in bio-fibers is the cause of the weak bonding strength. 
It is required to treat bio-fibers in some way in order to 
solve these issues. Bio-fibers are subjected to chemical, 
physical, and biological treatments in order to reduce their 
hydrophilicity and remove moisture from their surfaces 
(Saba et al. 2014). When attempting to fill a research need 
in the field of natural fibers-reinforced PLA composites, 
Sawpan and colleagues (Koronis et  al. 2013). Various 
physical and chemical treatments are shown Figs. 3 and 4, 
respectively.

conducted a review on improving the mechanical 
characteristics of industrial hemp-reinforced composites 
poly lactic bio-composites. Recently, testing of PLA 
for a range of random fiber material qualities has been 
devised that are quicker and easier. Interesting studies 

Table 2  Chemical compositions 
of some natural fibers data 
obtained from Murariu et al. 
(2022), Mohammed et al. 
(2015), Siakeng et al. (2018a), 
Choudhury and Debnath (2021), 
Jawaid and Abdul Khalil 
(2011), Komuraiah et al. (2014)

Fiber Cellulose (wt%) Hemicellulose (wt%) Lignin (wt%) Pectin (wt%) Wax (wt%) Ash (wt%)

Jute 61–71 14–20 12–13 0.2 0.5 0.5–2
Wood 40–50 30–40 20–34 0–1 0.4–0.5 0.2–0.8
Flax 71–81 18–20 2–3 2.2–2.3 1.5–1.7 1.5
Hemp 70–77 18–22 3.7–5.7 0.9 0.8 0.8
Kenaf 45–57 12–22 8–13 3–5 0.8 2–5
Abaca 56–63 20–25 7–9 1 – 3
Cotton 85–90 5.7 0.7–1.6 – 0.6 –
Pina 81 7.1 12 – – 2
Banana 63–64 12.1 5 – – 2.2
Coir 32–43 0.15–0.25 40–45 3–4 1–2 2.7
Bamboo 26–43 30 21–31 0–0.2 1–2 1.7–5
Rice 38–57 19–33 8–20 10–15 14–17 10–20
Bagasse 33–55 17 18–25 – – 1.7–1.8
Wheat 28–45 15–31 12–20 0–1 0.5–1 6–8
Sisal 66–78 10–14 8–14 10 2 0.6–1
Ramie 68–76 13–16 0.6–0.7 1.9 0.3 –
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Table 3  Bio fibers with 
discussed physical and 
mechanical properties 
from Murariu et al. (2022), 
Mohammed et al. (2015), 
Siakeng et al. (2018a), 
Choudhury and Debnath (2021), 
Jawaid and Abdul Khalil 
(2011), Getme et al. (2020, 
Sathish and Loganathan (2021), 
Komuraiah et al. (2014) 

Fibers Density (g/cm3) Moisture 
content (%)

Tensile strength 
(MPa)

Tensile strength 
(MPa)

Young 
modulus 
(GPa)

Flax 1.5 7–12 350–1100 2–4 28–70
Kenaf 1.4 9–12 223–930 1.5–2.7 14–53
Ramie 1.5 7.5–17 400–1000 1.2–3.8 44–128
Pina 1.5 9–13 400–1627 1–3 60–82
Banana 1.4 8–12 529–759 5–6 27–32
Cotton 1.6 8–8.5 287–800 3–8 5–13
Bagasse 1.2 8.8–10 222–290 1.1–4 20–27
Wheat 0.7–1 5.1–8.3 55 2–5 22
Rice 0.6–0.8 8–9.1 10–200 2.7 1–12
Bamboo 1.3 8.8–8.9 140–230 4–7 11–17
Coir 1.2 8–10 108–252 15–30 4–6
Sisal 1.5 9–11 400–700 3–7 9–38
Abaca 1.5 7–15 418–813 3–10 31–33
Hemp 1.5 6–9 270–900 1.5–4 23–70
Jute 1.3 9–12 345–800 1.5–1.8 20–55
Wood 1.4 5–8.5 90–180 18–40 18–40

Fig. 3  Various physical 
treatments of bio fibers from 
(Karimah 2021; Getme et al. 
2020; Sahayaraj et al. xxxx)
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were conducted on aligned PLA composites reinforced 
with long hemp fiber (0–40 wt%). The 30% alkali-treated 
fiber-reinforced Polylactic acid composite (PLA/ALK) was 
found to have the maximum mechanical strength, measuring 
more than 70 MPa in tensile strength, more than 8 GPa in 
young's modulus, and 2.64 kJ/m2 in flexural toughness. An 
established strategy for the configuration of long fibers and 
the advancement of ALK /PLA composites is the utilization 
of qualitative case studies. Table 4 shows the advantages and 
disadvantages of bio fibers.

Polylactic acid (PLA)

A biodegradable and bio based aliphatic polyester, 
poly(lactic acid) (PLA) is made from renewable resources 
such as maize sugar, potatoes, and sugar cane. For several 
applications, fossil-based polymers have been largely 
replaced by PLA (Devnani 2021). By providing more 
end-of-life options, PLA is seen as a possible solution to 
help with the municipal solid waste (MSW) disposal issue 
(Trivedi et al. 2023).

Fig. 4  Various chemical 
treatments for bio fibers from 
(Mohammed et al. 2015; 
Jawaid and Abdul Khalil 2011; 
Karimah 2021; Getme et al. 
2020; Sahayaraj et al. 2021)

Table 4  Bio fibers advantages 
and disadvantages from Sawpan 
et al. (2011) 

Advantages Disadvantage

Low cost and abundantly available in nature Poor compatibility with matrix
Biodegradable, renewable and sustainable High moisture uptake, 

Tendency to form 
agglomerate

Low energy requirement for processing Moderate strength
Zero impact on the environment Poor wettability with resin
Non-toxic and recyclable Properties vary with their origin
High specific strength
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Structure and properties of polylactic acid

PLA is one of the fastest-emerging biopolymers in the 
field of composite materials since it has certain features 
with a variety of polymers, including polyvinyl chloride, 
polystyrene, etc. (Lim et al. 2008 Aug 1). Comparing PLA's 
properties to those of common polymers indicates that PLA 
has a greater tensile modulus than PP, PVC, and nylon and 
a higher flexural strength than PP, showing that PLA has 
potential that can be used in a variety of technical domains. 
According to prior studies over the past two decades 
(Castro-Aguirre et al. 2016 Dec), PLA has a significant 
potential for enhancement in terms of its mechanical and 
physical attributes. PLA is a cheap and easily accessible 
polymer because it can be processed using a straightforward 
conventional method without requiring a lot of energy or 
time (Liang et al. 2021 Jan; Bajpai et al. 2014 Jan; Kühnert 
et al. 2017). The possibility of industrial applications makes 
the physical observation of PLA significant. Shiny and 
translucent, with low oxygen and water penetrability and 
good resistance of grease and oil, it maintains its stability 
at low temperatures. Due to these characteristics, it may be 
used to manufacture bottles, film, trays and cups (Ranakoti 
et al. 2019 May 29). Variable stereochemistry, a special 
property that can be applied to PLA, causes major variations 
in the characteristics and opens up new opportunities for 
customizing the properties, which is something that sets 
PLA apart from other petrochemical polymers. According 
to the ratio of the D- and L-content, stereochemistry results 
in semicrystalline and amorphous chemical structures in the 
PLA (Ranakoti and Rakesh 2020). The chemical composition 
of PLA affects its physical, mechanical, and biodegradation 
rates. The D-content is a crucial characteristic that enables 
the alteration of the PLA's properties and an increase in 
crystallization rate, which lowers the melting point (Pantani 
et al. 2014). Table 5 shows the advantages and disadvantages 
of poly lactic acid.

Production of PLA:

It is possible to create PLA, a thermoplastic polymer with 
high strength and modulus, using renewable resources 
like maize and sugar beets. It is a member of the aliphatic 
polyester family and is thought to be compostable and 
biodegradable since it is often manufactured from hydroxy 
acids like polyglycolic or mandelic acid (Kuru and Mehmet.  
2023) (Table 6).

There are many processes used to make PLA, Viz. 
enzymatic polymerization, poly-condensation, azeotropic 
dehydration and ring opening polymerization are some of 
these techniques (Ranakoti et al. 2022). The most popular 
techniques among them are ring opening polymerization 
and direct condensation of lactic acid. The world's biggest 
producer of PLA, Cargill Dow LLC, created a proprietary, 
low-cost continuous method for making lactic acid-based 
polymers (Garlotta 2001). This method produces PLA in 
melt rather than solution, which has significant positive 
effects on the environment and the economy. Dextrose is 
first produced by converting natural or renewable resources 
like sugar beet, potatoes, maize, etc. Lactic acid is produced 
by the fermentation of the dextrose. Lactic acid is converted 
to lactide in the presence of a catalyst. The molten lactide 
is further refined using vacuum distillation. Subsequently, 
it goes through a polymerization step to create PLA. The 
remaining lactide monomer is reused in subsequent steps. 
In addition to these advantages, the manufacture and use of 
PLA also significantly decrease greenhouse gas emissions 
and energy consumption. To guarantee a sustainable 
ecosystem, these variables are crucial (Ajioka et  al. 
1995). The total energy required to produce one kilogram 
of PLA is 75.4 MJ/kg. This covers the whole procedure, 
starting with the growing of the corn and ending with the 
transportation of the PLA pellets. The usage of fossil fuels 
and renewable energy sources may be included to the total 
energy consumption. The portion made up of renewable 
energy makes up 24.6 MJ/kg. The fossil energy usage, on 
the other hand, is 50.8 MJ/kg, and the main sources of this 

Table 5  Advantages and disadvantages of poly lactic acid from Farah et al. (2016)

Polymer Advantage Disadvantage

Polylactic acid 100% Biodegradable High cost
Anti-bacterial and anti-fungal properties, bio-compostable Permeability to moisture and oxygen is high, low 

heat resistance
Good mechanical and physical properties Low melting point. A slow rate of deterioration
Gloss and transference are fine Impact resistance and hardness are weak
Processing ability Not suitable for high-temperature environment
Blended with petroleum-based polymer Not suitable for long-term food storage application
Easy to 3D printing application
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energy are oil, coal, gas, and nuclear power (Drumright et al. 
2000) (Table 7).

PLA biodegradation

Algae, fungus, and bacteria are necessary for the PLA 
to biodegrade spontaneously. Figure  4 illustrates the 
breakdown of the PLA's chemical structure into the water, 
carbon dioxide, and inorganic chemicals. Additionally, some 
biomass is created throughout the process and may be used 
as manure. When the residue created is invisible and non-
toxic, the terms "biodegradability" and "composability" 
are interchangeable (Scaffaro et  al. 2019). Only under 
certain circumstances controlled by humidity, pressure, and 
temperature is biodegradability guaranteed. Environmentally 
unfavorable circumstances will slow down biodegradation, 

which even in the presence of enzymes may produce 
residue that is different from that of natural biodegradation. 
The two stages of PLA biodegradation are homogeneous 
(intramolecular degradation) and heterogeneous (surface 
degradation). Any polymer may degrade in one of three 
ways: first via an intersectional chain, second through the 
main chain, and third through a side chain. The lengthy 
polymer chain of PLA is broken down into shorter 
monomers, dimers, and oligomers, which are exactly 
known as carboxylic acid and alcohol, by the emission of 
ester linkages during biodegradation. In contrast to PLA 
with lower molecular weight, PLA with greater molecular 
weight degrades more gradually. The rate of degradability 
of PLA will decrease when its melting point rises (Vink 
et al. 2007). There are two steps to PLA's biodegradation in 
aerobic circumstances. Water diffuses through the hydrolysis 
chain in the first step; in the second stage, microorganisms 
attack the frail molecular chain and break it down into  H2O, 
 CO2, and microbial biomass. It should be noted that only 
when the molecular weight drops to 10,000 Dalton or below 
can an enzymatic assault on the PLA take place. Cutinase, 
lipase, subtilisin, alkaline proteases, elastase and trypsin 
are a few of the enzymes that are important in the quick 
destruction of PLA (Wang et al. 2021). These enzymes are 
easily accessible in the bodies of bacteria, fungi, and algae 
(Fig. 5).

Table 6  Mechanical properties of PLA composites

Composition Tensile strength Preparation method References

PLA-30percent rice straw 22.27 MPa Solvent casting Ogin et al. (2016)
PLA-5percent Lignin 48.39 MPa Twin-screw micro compounder Diyana et al. (2021)
PLA-30percent kraft lignin 25.3 MPa Extrusion Ghorbani Chaboki et al. (2019)
70percent PLA-20percent 

PBAT-10percent office 
wastepaper

49 MPa Injection molding Gao et al. (2019)

PLA-8perecnt oil seed fillers 62.6 MPa Co-rotating twin-screw extruder Bassani et al. (2019)
PLA-60perecnt kenaf 5.2 MPa Brabender mixer and hot press machine Xu et al. (2019)
PLA-30percent okra fiber 58.4 MPa Co-rotating twin-screw micro extruder Finkenstadt et al. (2007a)
PLA-63perecnt cellulose-

2.9perecnt starch-24percent 
carnauba wax

3.27 MPa Mixing, blending, followed by compression molding Islam et al. (2017)

PLA-50percent pine wood flour 66.2 MPa Counter rotating twin-screw micro extruder Fortunati et al. (2013)
PLA-10percent coir fiber 57.9 Twin-screw extruder Ranjeth Kumar Reddy and Kim (2019)
PLA-30percent ramie fiber 53 MPa Compression molding Altun et al. (2013)
PLA-50percent jute fiber 32.3 MPa Compression molding Zhang et al. (2017a)
PLA-hemp fiber 72.1 MPa Twin-screw extruder Yu et al. (2014)

Table 7  Published research on the dynamic mechanical study of 
hybrid biopolymer composites reinforced with natural fibers data 
obtained from Hazrol et al. (2020)

Reinforcement Bio-polymer matrix

Flax/basalt fiber Poly (lactic acid)
Hemp/sisal fiber Biodegradable epoxy
Sisal/corn fiber Poly (lactic acid)
Flax/jute fiber Poly (lactic acid)
Oil palm/kenaf fiber Poly (lactic acid)
Cotton/starch Poly (lactic acid)
Hemp/sisal fiber Poly (lactic acid)
Basalt/cissus quadrangularis fiber Poly (lactic acid)
Cassava bagasse/sugar palm fiber Cassava starch
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Composite

Materials made by two or more stages and isolated by 
various interfaces that have diverse chemical and physical 
properties are referred to as composite materials (Shahar 
et al. 2022; Ahmed et al. 2018a). To achieve a system with 
more value functional or structural features that cannot be 
attained by each of the components alone, the different 
systems are carefully integrated (Nurazzi et  al. 2019; 
Abral et al. 2020). In general, composite materials have 
unique properties with a high strength-to-weight ratio. 
Since composites may be formed into intricate designs, 
another advantage of composite material is that it provides 

structural adaptability. The bulk of the beneficial qualities 
of composite substances are obtained by a strong link 
between a stiff reinforcement—typically fibers (filaments) 
or reinforcements with different geometric shapes, like 
platelets, particles and a flexible matrix (Mohd Nurazzi 
et al. 2021). Numerous research have started to look at 
PLA composites with natural fiber reinforcement. The 
investigation was focused on the variables affecting 
tensile strength performance. According to Ku et  al. 
paper's (Gurunathan et al. 2015), the tensile strength of 
composites including fibers was discovered to be 20–40% 
lower in the perpendicular way than that of composites 
containing fibers in the parallel way. The average score 
for natural fiber was that it could replace conventional 

Fig.5  Life cycle of PLA from (Sawpan et al. 2011)

Fig.6  Chemical structure of 
polylactic acid; b isomers of 
lactic acid (González-López 
et al. 2020)
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fibers in the strengthening of plastic content. The tensile 
characteristics of the composites are enhanced for natural 
fiber reinforcements via matrix interfacial bonding, novel 
manufacturing processes, physico-chemical modification 
approaches (Fig. 6).

Bio‑fiber‑reinforced PLA composites

The search for a truly recyclable composite with acceptable 
mechanical qualities seems to be over by the development 
of PLA bio-composites (Table 8). Numerous bio-composites 
were created using a variety of production techniques 
to examine the ability of PLA as a polymer matrix. In 
an injection molding machine, sugar beet pulp of 7–40 
weight percent was combined with Polylactic acid in an 
attempt to create bio-composites (Singh et al. 2018). The 
inclusion of the sugar beet pulp boosted the PLA's Young's 
modulus by 45% while lowering its tensile strength by 29%, 

according to the results. The short fiber's length caused an 
ineffective stress transfer process between the matrix and 
fibers, which was blamed for the bad outcome (Table 9). 
When reinforced with oil seed fibers, the PLA's mechanical 
characteristics were reduced by 50% (Finkenstadt et al. 
2007a). The mechanical qualities of PLA were diminished 
as a consequence of the improper manufacturing process' 
distribution of reinforcement (Fig. 7).

Previous studies on the natural fiber have placed a lot of 
emphasis on reinforcing it using polymer composites. An 
acceptable degree of bond between the polymeric resin and 
the surface of hydrophilic natural fiber cellulose is normally 
guaranteed, as shown in research on natural fiber surface 
changes and the performance of the resulting bio-composites 
by Mohanty and colleagues (Mohanty et  al. 2001). 
Treatments such as peroxide, alkali, isocyanate and coupling 
agents,  along with bleaching, dewaxing,  acetylation 
and vinyl grafting may improve the properties of natural 
fiber composites. The crystalline structure of cellulose may 

Table 8  Application of DMA obtained from Hazrol et al. (2020)

Polymer properties & characterization Polymer composite characterization Industrial applications

Polymer rheological and thermal properties Investigation of an ideal curing schedule of 
Fiber-reinforced polymer composites

Paints and lacquers industry

Melting point of semi-crystalline polymers Mechanical, viscoelastic properties, melting 
point, vulcanization in elastomeric polymer 
composite

Structural pipeline repair

Polymer blends and phase morphology Storage and loss moduli of polymer composite Chemical industry
Effect of orientation on the mechanical 

properties of solid polymers
Sol gel transformation in polymer composite The curing reactions and Tg of the materials

Polymer and polymer compatibility Evaluation of the interfacial bonding in 
polymer composites

Melting point, dynamic modulus, Tg of 
chemicals

Rate and extent of curing properties of 
thermoset resins

Characterization of the thermo-rheological 
properties of gel systems

Oil and gas industry

Polymer storage and loss moduli – Food industry, Glass transition and gelation 
point, Automotive industry Curing 
reactions, damping behaviour, dynamic 
modulus of auto and aerospace components

Polymer damping properties – Optimization of the formulation of 
pharmaceutical drug delivery systems

Table 9  properties of popular bio-fiber-reinforced PLA composites

PLA bio-composite Processing Fiber (%) Tensile strength (MPa) References

Flax Compression molding 30 53 Oksman and Selin (2004)
Cotton Compression molding – 4.12 2 Pradhan et al. (2010)
Ramie Compression molding 30 52.5 Oksman and Selin (2004)
Kenaf Compression molding 30 32 Oksman and Selin (2004)
Corn stover wheat straw Extrusion injection 30 58 Pradhan et al. (2010)
Coconut Extrusion compression molding 0.5 67.99 3.75 Pradhan et al. (2010)
Jute Compression molding 30 48 Oksman and Selin (2004)
Hemp Injection molding 30 75 Oksman and Selin (2004)
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Fig.7  Production of polylactic acid procedure (González-López et al. 2020)

Fig.8  Micrography of a thermoplastic starch (TPS) 5% raw fiber, b TPS 5% alkali treated fiber, c TPS 10% raw fiber, d TPS 10% alkali treated 
fiber, (Amir et al. 2019)
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be disrupted by substituting a chemical function for the 
hydroxyl group. Because the substituted groups serve as the 
plasticizer in this de-crystallization process, the cellulose's 
thermoplastic properties are improved (Martinez Villadiego 
et al. 2022 Jan) (Fig. 8).

The use of DMA to investigate fiber/matrix 
interactions

Composites made of natural fibers have emerged as a 
new standard for replacing traditional materials. Dynamic 
mechanical analysis (DMA), a flexible methodology that 
supports the more conventional procedures, is one of the 
newest techniques developed to suit this new tradition 
of material testing. DMA is a method for assessing the 
viscoelastic properties of materials, particularly polymers 
and composites, by measuring the stress or strain induced 
by a dynamically varying tension or strain given to the 
sample. While analyzing the temperature response, dynamic 
mechanical thermal analysis (DMA) is another name for 
DMA. The time, temperature, or frequency dependent 
composite material DMA parameters of relevance, as well 
as storage modulus, loss modulus, and damping factor. The 
elastic behavior and stiffness of a material are explained 
by its storage modulus (E0), often known as its dynamic 
modulus (Fig.  9). Young's modulus and this parameter 
have a theoretical relationship, but they are not the same 
(Mohanty et al. 2001; Hazrol et al. 2020).

Brief on PLA composites in brief

Global production of PLA, a thermoplastic polymer made 
from naturally occurring resources, is expected to reach 
211,000 tons in 2020 (Ashok et al. 2019). Additionally, the 
production of chitin and chitosan compounds was about 
107,000 tons (Haris et al. 2022) whereas the capacity of 
cellulose and PHA production in the world was over 30,000 
tons, and 580,000 tons respectively, in 2020 (Ganesh 
Saratale et  al. 2021). According to Jem's law (Jem and 
Tan 2020), the worldwide market for PLA is predicted to 
quadruple every four years. This is corroborated by the 
fact that widespread research into the use of biodegradable 
items has been sparked by environmental contamination 
brought on by excessive manufacturing of plastics made 
from petroleum and by pressure from global warming. 
Natural fiber-reinforced polymer composites were used 
in the automobile sector in a landmark work by Holbery 
and Houston (2006). Natural fibers, including hemp, kenaf, 
jute, sisal and flax, were shown to have advantages in terms 
of weight, cost, CO2 reduction, and reduced reliance on 
external oil supplies. In order to create the composite, natural 
fiber preforms or mats were combined with a thermoplastic 
binder method. Research on bio-composites reinforced with 
natural fibers was created by Faruk et al. (2016). The kind 
of fiber, climatic conditions, manufacturing techniques, 
and surface modification of the fiber are only a few of the 
variables that may have an impact on the bio-composites' 
physical, thermal, and mechanical characteristics. These 
processes are influenced by a wide variety of bio-composite 

Fig.9  Compatibilization process of TPS/PLA blends (Song et al. 2013)
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processing methods and factors, including moisture quality, 
fiber shape and content, binding agents, and their impact on 
the characteristics of composites (Fig. 10).

Development of PLA bio composite

Numerous research have systematically examined natural 
fiber-reinforced polylactide (PLA) composites. An 
increasing corpus of research has highlighted the value 
of creating composite materials by mixing biodegradable 
polymers with plant fibers. Several research have examined 
the effectiveness of natural fiber reinforcements in PLA 
composites. Studies have been done on reinforcing PLA-
based composites utilizing natural fibers derived from leaves, 
such as sisal and leaf fiber. The effect of benzoyl peroxide 
surface treatment on the mechanical characteristics of BSF-
reinforced composites of Poly lectic acid was examined 
based on earlier study by Asaithambi and colleagues (2014a) 
on reinforced PLA hybrid composites with BSF. In their 
study of the tribology of PLA composites augmented with 
natural fibers, Bajpai et al. (2013) discovered that adding 
natural fiber sheets to the PLA matrix considerably improved 
the parameters of neat polymer wear. Natural fibers, 
including nettle, grewia optiva, and sisal were combined 
with the PLA polymer in order to make a laminated 
composite utilizing the hot compression method. The 
working conditions were established such that the applied 
weights ranged from 10 to 30 N, the sliding speeds ranged 
from 1 to 3 m/s, and the sliding lengths ranged from 1000 to 
3000 m. According to the experiment's findings, the friction 
coefficient was reduced by 10–44% compared to plain poly 
lactic acid, and the true wear rate of the composites was 
increased by more than 70%. The mechanical properties 
of synthetic and natural cellulose fibers reinforced with 
PLA composite were studied by Graupner et al. (2009). 
Compression molding was used to create several kinds of 
natural fiber composites, such as kenaf, cotton, hemp, and 
human-made fibers of cellulose, with a fiber mass of 40% 
and the addition of PLA.

Non-wood jute-derived natural fiber polymer composite 
reinforcement with PLA is being investigated in a few 

research (Graupner et al. 2009). Jiang et al. (2019) research 
on hydrothermal aging as well as structural degradation 
discovered by X-ray tomography in jute/PLA composites. 
According to the research, biodegradable PLA composites 
reinforced with natural fiber might take the position of 
traditional composites reinforced with synthetic fiber. 
However, these composites may age more quickly due to 
the combined impacts of heat and moisture. Oksman and 
Selin (Oksman and Selin 2004) found that PLA plastics 
and composites demonstrated that PLA may be utilized 
as the matrix in a composite system where natural fibers 
are employed as reinforcements. It has been discovered 
that PLA composites reinforced with flax are 50% stronger 
than several other thermoplastic composites bonded with 
flax that are presently utilized in automobile panels. These 
PLA composites may be readily extruded and compacted. 
The rigidity of the PLA was raised from 3.4 to 8.4 GPa by 
using 30% flax fibers. The composability and biodegradation 
rate of soy straw/PLA and wheat straw biocomposites were 
examined by Pradhan et al. (2010). They observed that PLA 
composites for untreated soy and wheat straw were shown 
to be obviously biodegradable materials. The presence of 
the natural biomass slows down the degradation of the PLA 
component, showing that composites may employ modified/
treated materials. Additionally, Omar et alinsightful.'s work 
(2020) on the use of kenaf fiber-reinforced composite 
in the automobile sector was quite instructive. Recent 
developments in kenaf fiber-reinforced composite were 
examined in the research.

Processing method developments of PLA 
bio‑composite

Numerous prior natural fiber investigations have focused on 
the use of PLA composites with natural fiber reinforcement. 
Natural fiber-reinforced composite laminates were 
researched by Jauhari et al. (2015). By building the short 
or long bundles of natural fibers, scientists have been 
capable to explore natural fiber reinforcing. In terms of 
polymeric composites, it produced a flat sheet made up of 
one to 10 layers of fibers. Different approaches were put 

Fig.10  Reinforcement with 
natural fibers of TPS/PLA 
blends (Song et al. 2013)
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out to categorize the mechanical qualities of the mechanical 
interlock between the fibers and a binder. An ANSYS 
Software model and analysis of a Polylactic acid drop-off 
laminate was also conducted in order to comprehend the 
behavior of FRPs under axial load.

Khan and coworkers (2016) examined the mechanical 
characteristics of reinforced Poly lactic acid composites 
for woven jute textiles, proposing them as a sustainable 
substitute to non-recyclable synthetic fiber. Hot pressed 
molding have been utilized to make the Polylactic acid 
reinforced plain WJF (woven jute fabric). The mean values 
for tensile modulus, tensile strength,  flexural modulus 
and  flexural strength,  of the raw warp-directed woven 
jute composite expanded by roughly 211, 103, 42.4, 95.2, 
and 85.9 percent after reinforcement, whereas the strain 
at highest tensile stress raised by 11.7%. The methods of 
manufacturing PLA polymer composites shown in Fig. 11.

Several studies have shown the usefulness of polymer 
composites reinforced with natural fibers. Ogin et  al. 
(2016) conducted fascinating research on the elements, 
construction, as well as generic mortification of composite 
materials, documenting the fundamental constituents of 
composites as well as the generic flaws originating from 
the production procedure and exterior stress of the material. 
Resin shrinkage is a common cause of process-related 
defects such as shrinkage cracking, porosity, and fiber matrix 
debonding.

Description and usage of natural fiber qualities for 
composites were explored in one research by Nechwatal 
et al. (2003). The tensile strength and Young's modulus 
of composites have increased as a result of the reinforcing 
with natural fiber. Additionally, a brand-new method for 

manufacturing thermoplastic granules with long fiber 
reinforcement utilizing standard plastic machinery was also 
put forward. The single fiber and fiber bundle tests were 
designed to assess a thread-like structure.

The significance of bio fibers in the PLA matrix

A new direction in the field of polymer composites has been 
explored by the development of a biodegradable polymer-
based bio composite reinforced with bio fibers. The kind 
of fiber, percentage of fiber content, interfacial adhesion 
between matrix and fiber, surface fiber modification, and 
inclusion of additives like compatibilizer, binding agent, 
and nanofiller, among others, all influence the properties of 
bio composite materials. PLA composites reinforced with 
biofibers have garnered a lot of attention lately. Developing 
a bio composite, or entirely biodegradable material, is 
practically achievable by combining a biodegradable 
matrix with biofiber reinforcement. There are a number of 
advantages associated with PLA composites, including high 
specific resilience, composability, robust processability, high 
durability, renewability, and recyclability. The mechanical 
characteristics of completely natural materials have been 
enhanced by the bio fibers used in PLA composites (Jawaid 
and Abdul Khalil 2011; A review on natural fibers for 
development of eco-friendly bio-composite: characteristics 
et al. 2021).

Fig.11  SEM images of tensile fractured surfaces of a untreated PLA/jute composites and b silane 2 treated PLA/jute composites (reproduced 
with permission from Elsevier, license number: 5046471264297) (Bajpai et al. 2013)
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PLA‑based green composites

Bio composites that use renewable resources for both the 
matrix and reinforcement are known as green composites.

The necessary composite stiffness and strength 
characteristics serve as a guidance when choosing an 
appropriate fiber from the natural fiber pool for a particular 
polymer. The mechanical properties of the composite 
are anticipated to be dependent on adhesion at the fiber-
matrix interface, fiber aspect ratio, volume percentage, 
and orientation in addition to the intrinsic qualities of each 
component (fibers and matrix) (Khan et al. 2016). Nature has 
offered a vast choice of safe, healthy, sustainable, and, most 
importantly, environmentally friendly supplies. Right now, it 
is necessary to identify these resources and develop methods 
for making the best use of them, such in the example of 
green composites. The majority of composites are "green" 
and have industrial use. Green composites are eco-friendly 
and could be a viable alternative to petroleum-derived 
polymers and polymer composites. It is feasible to reduce 
the use of fossil fuel resources by developing biopolymer 
matrices that use renewable resources such as vegetable 
oils, carbohydrates, and proteins, such as those found in 
cellulose-reinforced green composites. Vegetable oils, 
which can be utilized to manufacture sustainable polymers, 
are cheap and readily available. These have increased the 
potential for sustainable and "biodegradable" composites, 
which can be referred to as "green" composites since they 
satisfy the requirements for "green materials," and they have 
also increased the usage of plant fibers as reinforcements. 

Therefore, in order to produce "green" composites, "green" 
polymers that serve as a matrix must be obtained (.K et al. 
2022). Various types of natural fibers are utilized in green 
composites, shown in Fig. 12.

"Green composites," made from natural fiber composites 
reinforced with PLA, have promising mechanical qualities 
when compared to non-renewable petroleum-based 
materials. Fiber addition can also improve PLA's barrier 
qualities, impact strength, and heat deflection temperature.

The majority of green composites are made using 
methods that are essentially the same as those used to 
create conventional synthetic FRP matrix composites, 
which are categorized as either open mold or closed 
mold. Open mold processes include filament winding, 
hand layup, spray up, tape layup, and autoclave technique. 
Closed mold procedures include transfer molding, injection 
molding, and compression molding. The three most often 
utilized processing methods for composites are extrusion, 
compression, and injection molding. Low melting point 
materials are used in green composites, which means that 
processing-related deterioration is a possibility. In a similar 
vein, processing becomes challenging when hydrophilic 
components are present (Nechwatal et  al. 2003). The 
many processing techniques utilized for developing green 
composites are depicted in Fig. 13 and properties of green 
composite show in Fig. 14.

Rajat Rathore and his research team used injection 
molding to examine the tensile and flexural characteristics 
of sisal fiber/polylactic acid and jute fiber/polylactic acid-
based green composites (Jadhav et al. 2019). Using the hot 
melt mixing process, Tuan Anh Nguyen and Thi Huong 

Fig.12  The method of manufacturing PLA polymer composites from (Qin et al. 2011)
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Nguyen created a green composite based on banana 
fiber and polylactic acid, then examined its mechanical 
properties. The results obtained indicated that using 20% 
of banana fiber by weight produced satisfactory outcomes 
and maintained the mechanical strength values (tensile 
strength: 52.57  MPa, f lexural strength: 70.35  MPa, 
impact strength: 155.45 J/m, and hardness: 23.8 Hv) at the 
specified level. SEM observations provided visible proof 
that the NaOH treatment eliminated surface contaminants 
from the fiber (Mhatre et al. 2019). Yu Dong and colleagues 
synthesized a green composite material including 
polylactic acid and coir fiber, and analyzed its mechanical 
performance and multifunctional characteristics. With and 
without alkali treatment, the mechanical, thermal, and 
biodegradability characteristics of PLA/coir fiber green 
composite have been effectively assessed (Naik et  al. 
2022). The impact of four distinct enzymatic treatments on 
the mechanical characteristics of the coir fiber-reinforced 
PLA composites was assessed by Kubra Coskun and her 
research team while synthesizing coir fiber/poly(lactic 
acid) bio composites. Tensile, flexural, impact, DMA, 
and SEM studies were performed to characterize the 
composites (EFFECT OF INJECTION PARAMETERS 
ON TENSILE AND FLEXURAL PROPERTIES OF 
GREEN COMPOSITES. 2022). The properties of the 

Fig.13  Various types of natural fibers are utilized in green composites from (Nirmal Kumar et al. 2022)

Fig.14  Various processing methods for making green composites 
from (Nechwatal et al. 2003)
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Kenaf Fiber/PLA and Kenaf Fiber/PP Composites, which 
were developed by Seong Ok Han and their research team 
utilizing melt compounding and injection molding, were 
compared to those of kenaf-reinforced polypropylene (PP) 
composites. The PLA and PP composites have a modulus 
of 2.96 GPa and 6.64 GPa, respectively, at 40 wt%. The 
addition of 40 wt% kenaf fibers to PP improved its flexural 
modulus, flexural strength, and storage modulus at room 
temperature by approximately 260%, 50%, and 134%, 
respectively, whereas PLA's characteristics were enhanced 
correspondingly by 118%, 4%, and 64% (Nguyen and 
Thi.  2022). Continuous pineapple leaf fiber-reinforced 
PLA composite was developed by Jaya Suteja and her 
research team for the purpose of examining the properties 
of 3D printed (Dong et  al. 2014b). PLA/Wood fiber/
MAH-g-PLA composites were developed by Lei Zhang, 
Shanshan Lv, and their research team using melt blending 
and injection molding with various compatibilizer 

addition ratios. PLA was used for the matrix phase and 
wood fiber for the reinforcing phase. Using techniques 
such as thermogravimetric analysis (TGA), scanning 
electron microscopy (SEM), X-ray diffraction (XRD), 
and dynamic mechanical thermal analysis (DMA), 
the crystallinity, microstructure, thermal stability, and 
dynamic thermomechanical property of the composites 
were examined. The mechanical parameters depicted 
in Fig. 15 include tensile strength, elongation at break, 
bending strength, and modulus for PLA/Wood fiber/MAH-
g-PLA composites (Coskun et al. 2019) (Table 10).

The effects of kenaf fiber-reinforced composites made 
at 20%, 30%, 40%, and 50% fiber concentrations were 
examined by El-Shekeil et al. Thirty percent fiber content 
adds hardness but reduces heat stability and abrasion 
resistance (Seong et al. 2012). Jianghu Zhan and his research 
group developed composites based on poly(lactic acid) and 
ramie fiber to examine the effects of chemical treatments 

Fig.15  Properties of green 
composites from Nechwatal 
et al. (2003)

Table 10  Natural fiber 
properties that could be 
employed in the fabrication of 
green composites data obtained 
from Zini and Mariastella 
(2011)

Fibers Diameter (mm) Density (g/cm3) Tensile 
strength 
(Mpa)

Youngs 
modulus 
(Gpa)

Elongation (%) Price ($/Kilo)

Hemp 25–250 1.47 550–900 38–70 1.6–4 1.55
Sisal 50–200 1.45 468–700 9.4–22 3–7 0.65
Abaca 10–30 1.5 430–813 31.1–33.6 2.9 0.345
Bamboo 25–40 0.6–1.1 140–800 11–32 2.5–3.7 0.5
Flax 40–600 1.5 345–1500 27–39 2.7–3.2 3.11
Curaua 7–10 1.4 500–1100 11.8–30 3.7–4.3 0.45
Kenaf 2.6–4 1.5–1.6 350–930 40–53 1.6 0.378
Jute 25–250 1.3–1.49 398–800 13–26.5 1.16–1.5 0.925
Ramie 0.049 1.5–1.6 400–938 61.4–128 1.2–3.8 2
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Table 11  Some examples of PLA-based green composites utilizing diverse natural fibers from distinct processing methods

Natural fibers Methods References

Sisal Injection molding El-Shekeil et al. (2012)
Silk fiber Internal melt mixer and compression molding Jianghu Zhan (2021)
Coffee ground and bamboo flour Injection molding Gorrepotu et al. (2023)
Aloe Vera Fiber Injection molding Saurabh Chaitanya and Inderdeep Singh (2017)
Chicken feather fiber Twin screw extruder and Injection molding Buasri et al. (2013)
Wheat straw Twin screw extruder and injection molding Baek et al. (2013)
Banana fiber Melt blending Chaitanya and Singh (2018)
Flax fiber Compression molding Cheng et al. (2009)
Ramie Melt extrusion and solvent casting Nyambo et al. (2011)
Kenaf Compression molding Shih and Huang (2011)
Jute Compression molding Suneel Motru et al. (2020)
Pineapple leaf fibers Melt blending Sharma et al. (2021a)
Bamboo fiber Hot pressing Manral and Pramendra (2019)
Kenaf fiber Melt blending Singh et al. (2019)
Kenaf fiber Melt blending Farahiyan et al. (2015)
Kenaf fiber Single screw extrusion Takagi et al. (2012)
Kenaf fiber Single screw extrusion Chen et al. (2017)
Kenaf Fiber Extrusion and compression molding Pan et al. (2007)
Banana Fiber Injection molding and compression molding Fundamental study and modification of Kenaf 

fiber-reinforced polylactic acid bio-composite 
for 3D printing filaments (2023)

Bamboo fiber Melt blending Lau et al. (2023)
Bamboo fiber Compression molding Hassan et al. (2019)
Bamboo fiber Compression molding Komal et al. (2020)
Sugarcane bagasse fiber Compression molding Shih and Lai (2020)
Untreated sisal and coir fibers Compression molding Roy Choudhury and Debnath (2020)
pineapple leaf and coir fibers Hot pressing Choudhury et al. (2022)
Hemp Injection Molding Khoo and Chow (2017)
Pineapple leaf Twin screw extruder Duan et al. (2017)
Pineapple leaf pre-pregging Siakeng et al. (2019)
Pineapple lead and chicken feather fiber Internal plasticizer and hot-pressing Elen et al. (2023)
Chicken feather fiber twin-screw extruder and injection-molded Todhanakasem et al. (2022)
Hemp and jute fiber Compression molding Mustafa et al. (2022)
Pineapple leaf fiber Twin screw extruder Enthil et al. (2023)
Coir and pineapple leaf fiber Hot pressing Akderya et al. (2020)
Pineapple leaf fiber Compression molding Arockiasamy et al. (2022)
Ramie Autoclave foaming and molding Kaewpirom and Worrarat (2014)
Ramie Injection Molding Siakeng et al. (2018b)
Ramie hot-pressing Agung et al. (2018)
Banana/sisal fiber Twin screw extrusion Li et al. (2023)
Sisal Hot press molding Li et al. (2022)
Sisal Compression molding Soemardi et al. (2023)
Wood Hot press molding Asaithambi et al. (2014b)
Wood Hot-pressing foaming Jayamani et al. (2015)
Wheat Injection molding Wang et al. (2019)
Wheat and bamboo Melting–blending and injection molding Guo et al. (2013)
Banana Compression molding Wang et al. (2022)
Banana Compression Molding Chai et al. (2023)
Wheat Hot pressing Zhang et al. (2020)
Bamboo Hot pressing and cold pressing Ramasamy et al. (2022)
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and  Compatibilizers. The PLA/RF/TGIC composites' 
tensile and flexural strengths increased by 49.8% and 46.5%, 
respectively, in comparison to pure PLA (Suteja et al. 2022). 
Using an injection molding technique, Surya Rao Gorrepotu 
at El. developed composites made of polylactic acid green 
and pineapple leaf fiber. The research examined the impact 
of several parameters such as pressure, speed, temperature, 
fiber length, and fiber loading on the characteristics of PLF/
PLA green composite (Zhang et al. 2017b). Some examples 
of PLA-based green composites utilizing diverse natural 
fibers from distinct processing methods show in Table 11.

Green nanocomposites based on PLA

Nanocomposites are gaining traction in the global plastics 
processing industry, and their enormous potential for a 
wide range of product development is well known. The 
upcoming trend in high-efficiency, low-cost, lightweight, 
sustainable, and environmentally friendly nanocomposites 
is anticipated to be green or eco-friendly materials. To 
create sustainable products, a variety of manufactured 
and natural green polymers and green nanofillers have 
been used. The unique characteristics of sustainable 
polymers and eco-reinforcement are embodied in green 
polymeric nanocomposites. Applications for the eco-
friendly nanofiller reinforced green nanocomposites can be 
found in the packaging, energy, automotive, and biological 

Table 11  (continued)

Natural fibers Methods References

Bamboo Twin-screw extruder Weerasinghe et al. (2023)
Bamboo Co-rotating twin-screw extruder and hot and cold 

press
Chougan et al. (2022)

Fig.16  Mechanical properties of PLA/Wood fiber/MAH-g-PLA composites. a, c Tensile strength and elongation at break, b, d Bending strength 
and modulus from (Coskun et al. 2019)
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sectors. Green composites or nanocomposites developed 
entirely of renewable resources offer lower prices and great 
ecological balance as compared to standard non-green 
materials. The success of green materials is determined 
by a variety of factors, including processing methods, 
ease of fabrication, and desirable physical properties 
(Yang et al. 2015; Chen et al. 2020; Lin et al. 2018). When 
designing a high-performance PLA nanocomposite, the 
optimal combinations of nanofillers, preparation methods, 
and processing parameters must be carefully taken 
into consideration. In addition to multi-walled carbon 
nanotubes (CNT) and montmorillonite (MMT), which are 
well-known as nucleating agents to achieve high thermal 
and mechanical properties, other nanofillers, like silver 
nanoparticles (AgNP), are important in enhancing the 
antibacterial and high-performance properties of PLA. The 
properties of the polymer nanocomposite are determined 
by the processing technique employed, which in turn 
determines the dispersion state of the nano-reinforcements 
throughout the matrix. (Kausar 2021). PLA nanocomposites 
are made up of nano-fillers such as aluminum hydroxide, 
hydroxyapatite, layered titanate, carbon nanotubes (CNT), 

and layered silicates. In PLA nanocomposites, the nanofiller 
is at least one dimension's nanoscale, or less than 100 nm 
(Hassan et al. 2012; Ates et al. 2020; Sanusi et al. 2020). 
Various processing methods for preparation of PLA-based 
nanocomposites and PLA-based nanocomposites shown in 
Figs. 16 and 17, respectively.

Green nanocomposites based on poly(lactic acid)/banana 
fiber/nanoclay were developed by VP Sajna and his research 
team using a melt blending approach and injection molding. 
Within the poly(lactic acid) matrix, untreated and chemically 
changed banana fibers as well as organically modified 
nanoclay were utilized as reinforcing agents. The mechanical 
properties, dynamic mechanical analysis, differential 
scanning calorimetry, thermogravimetric analysis, heat 
deflection temperature (HDT), morphological properties 
using scanning electron microscopy and transmission 
electron microscopy, and water-absorption studies were 
used to assess the effects of chemically altering banana 
fiber and incorporating nanoclay in the biocomposites and 
bionanocomposites. The inclusion of 3% nanoclay and 
fiber treated with slane produced enhanced strength and 
modulus because the nanoclay established hydrogen bonds 

Fig.17  Various processing 
methods for preparation of 
PLA-based nanocomposites 
from Lin et al. (2018), Kausar 
(2021)
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at the interfaces between the fiber and matrix, according 
to tensile and flexural evaluation of biocomposite and 
bionanocomposites (Sharif and Sudipta Hoque 2019).

Procedures to increase the ductility of PLA

Because PLA is an intrinsically brittle polymer, it needs to 
have better ductility for a larger range of applications. There 
are two categories of techniques for doing this. The first 
category consists of physico-chemical techniques such as 
plasticizers, impact modifiers, mixing, or copolymerization 
to increase the ductility of PLA. However, PLA may be 
mechanically modified using methods like stretching (uni- or 
bi-axial), for example, to make it more ductile. This section 
discusses each of these options.

Plasticizing

All plasticizers typically have a linear or cyclic carbon 
chain and are carbon-based chemicals. A plasticizer's 
lower molecular size than the base polymer's enables it 
to fill the intermolecular gaps between the base polymer 
chains, decreasing the secondary forces between them and 
increasing the mobility of the molecular chains as a result.

Plasticizer usage has two outcomes. First off, PLA 
is a polymer with great stiffness and strength but 
poor impact resistance. When subjected to dynamic 
influences, it acts as a hard polymer. In this situation, 
plasticizers are employed to toughen the polymer and 
change how it behaves, boosting its impact strength and 
elongation at break. This can only be done, however, 
by sacrificing some rigidity and strength. Additionally, 
at greater plasticizer contents (> 10 wt%), elongation 
at break typically only rises. Second, by diffusing into 
the polymer chains and lowering the glass transition 
temperature, plasticizers may be employed to increase 
the molecular chain mobility of the supplied polymer 
(Tg). In this instance, a plasticizer is used to enhance 

the base polymer's overall crystallization. The wider 
crystallization window between Tg, which is lowered by 
the plasticizer, and the melting temperature also helps 
crystallization (Tm). Although the plasticizer lowers 
Tm as well, the temperature differential between Tg 
and Tm often widens (Raquez et al. 2013; Basu et al. 
2017). Both justifications for employing a plasticizer 
are necessary for PLA.10–20 wt% of plasticizer is often 
required for both a significant drop in the Tg of PLA 
and acceptable mechanical characteristics, however 
adding more plasticizer to the polymer than 20–30 wt% 
typically causes phase separation (depending on the Mw 
of the plasticizer). Thus, the quantity of plasticizer to be 
blended with PLA will determine how much plasticization 
is possible. Additionally, the quantity of plasticizer 
employed, Mw, and miscibility with the host polymer all 
affect how well plasticizers are utilized (Table 12).

In addition to being renewable resource-based, non-
volatile, biodegradable, biocompatible (for medical 
applications), and non-toxic (for food packaging), an 
appropriate plasticizer for PLA should lower the Tg and 
boost elongation at break with little leaching or migration 
during storage. Injection molded components made from 
plasticized PLA are inappropriate for use in food contact 
applications because a poorly chosen plasticizer may 
migrate out of the base polymer and cause difficulties 
with product safety. Finding out what kinds of plasticizers 
have been used for PLA, how successful they have 
been, and most crucially, which ones may be used in 
applications where migration is prohibited, was one of 
the objectives of the literature study (Sajna et al. 2014; 
Saeidlou et al. 2012 Dec 1; Auras et al. 2011).

Impact modification

Natural rubber

Addition of another ductile renewable resource-based 
material is one of the best strategies to improve the impact 

Table 12  Various application of green composites from (Faruk et al. 2012) 

Sector Applications

Short life product Packaging applications, Rope, bag, broom
Electronics industries Poly(lactic acid)/ kenaf dummy cards in personal computer, printed circuit board, Mobile phone, Radio
Sport industries Toys, Flax reinforced snowboard, Tennis rackets, Bicycle frames
Biomedical industries Articular cartilage, Trachea, Sutures, Drug delivery system and grafts, Scaffolds for tissue engineering and bone 

fixators
Structural application Concrete elements, fencing, decking, siding, bridge, fiber cement, Composites soil
Household components Ceiling, floor, window, Wall partition, table chair, kitchen cabinet, decks, suitcase, Roofing
Automobile industries Door trim panels, Spare tire cover, Seat backs, dashboard, headliner, luggage compartment, Engine and transmission 

enclosure for sound insulation
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strength or ductility of PLA (Liu and Zhang 2011 Aug 1). 
Isoprene, the primary ingredient in both isoprene rubber 
(IR), and natural rubber (NR) is one of these biomaterials 
(Grigale et al. 2010 Jun). While synthetic rubber (SR) is 
utilized to replace natural rubber (NR), NR is still the most 
significant material in the rubber industry and is used to 
make tires among other things. Latex, which is produced 
by tapping the "rubber-tree" (Hevea brasiliensis), is the sap. 
Latex is a cis-1,4-Poly(isoprene) aqueous suspension with 
a poly isoprene ratio of around 30–38 weight percent. We 
discovered that there are "island-like" NR phases in the PLA 
matrix and that the adhesion between the two phases in PLA/
NR mixes is poor (Arrieta et al. 2014 Dec).

According to Lopez-Manchadoa and colleagues 
(Courgneau et al. 2013 Aug), NR produces a dispersed 
phase that resembles a droplet in PLA, and the processing 
conditions may affect the droplet diameter. For example, a 
rise in melt temperature during internal mixing increased 
the size of the NR droplets, which was a result of the PLA 
droplets' ability to fuse due to a decrease in viscosity. This 
internal mixing method resulted in an average NR droplet of 
1–2 m. The adhesion between the phases of the 80/20 wt% 
PLA/NR mix vulcanized with dicumyl peroxide enhanced 
when a cross-linking (or curing) agent was also added to 
the compound. The mechanical characteristics of the mix 
were also significantly enhanced by the web-like structure 
the NR phase created in the PLA (Li and Shimizu 2007 Jul 
9). Santawitee et al. (Alias and Ismail 2019 Sep 2) looked 
at the cross-section of PLA/NR and PLA/ epoxidized NR 
(ENR) blends. Because PLA and ENR are only partially 
compatible, the scientists discovered that the epoxidation 
of NR results in improved size distribution (smaller 
droplets). Another research looked at the morphology of 
PLA/NR mixes that were 65/35 and 80/20 by weight. The 
combination with 35% NR, according to the authors, has 
better mechanical qualities than pure PLA, such as a seven-
fold increase in impact strength. This effect is thought to 
have been brought on by the web-like structure created by 
the NR. By etching the NR content for 1 and 4 min, this 
structure was shown (Bitinis et al. 2011 Oct 3).

Mechanical characteristics of PLA bio composites

Poly (lactic acid)-based composites have attracted 
significant commercial attention in the composites sector 
among the biopolymers due to their excellent mechanical 
characteristics and biodegradability (Yuan et al. 2014 Sep). 
For materials that are entirely natural, the fibers utilized 
as fillers in PLA composites have increased mechanical 
characteristics (Pongtanayut et al. 2013 Jan). Fiber volume/
weight fraction, fiber layer stacking order, processing 
techniques, fiber treatment, and environmental effects are 
all taken into account during mechanical characterization 

(Saba et al. 2014). PLA was reinforced with bio-fibers such 
ramie, hemp, rice straw, kenaf, wood, abaca, sisal, coir, 
rice husk, bamboo, oil palm, and flax (Xu et al. 2014 Aug; 
Yussuf et al. 2010 Sep). Some researchers have looked at 
adding plasticizer, impact additives, and other additives to 
soft polymers in an effort to increase PLA's impact power 
(Azwa et al. 2013; Nunna et al. 2012 Jun; Yu et al. 2010 Apr 
1). According to the findings, the aforementioned procedures 
greatly increased PLA's durability at the expense of stiffness. 
Due to this, there has been a lot of attention in developing 
compostibilizing graft copolymers in recent years to provide 
superior PLA and fiber compatibility as well as high impact 
strength (Fortunati et  al. 2013). Bio-composite PLA/
bamboo flour was made using a poly (lactic acid)-graft-
glycidyl methacrylate (PLA-g-GMA) graft copolymer that 
was synthesized (Asim et al. 2017 Jan; Tawakkal et al. 2014 
Nov). Since GMA is a bifunctional monomer made up of an 
epoxy group at one end and an acrylic group at the other, its 
graft copolymer was employed as an appropriate material in 
composites. While the acrylic group experiences polymer 
chain coupling, the epoxy group of the GMA may react with 
the fiber or -COOH group of the -OH group in PLA, forming 
a durable chemical link between the PLA matrix and fiber 
(Wu 2014 Oct).

Thermal characteristics of PLA bio 
composites

Composites that are heated are likely to see significant 
changes to their chemical and physical characteristics. 
The substance will go through processes that depend on 
temperature and time, including sublimation, evaporation, 
water absorption, etc. As a result, changes in mechanical, 
thermal, electrical, and magnetic characteristics will occur 
(Xu et  al. 2012). Because natural fibers degrade with 
time, the decline in thermal stability in PLA-based green 
composites may be more pronounced (Haafiz et al. 2013 
Oct 15). Natural fibers typically degrade between 200 and 
210 °C, which is the temperature at which PLA is processed, 
but PLA degrades starting at around 300 °C. Therefore, it is 
essential to research the heat degradation of PLA composites 
made of cellulose.

3D and 4D Printings of PLA Bio composite

The primary natural raw material for 3D printing is 
polylactic acid, a thermoplastic aliphatic polyester. It is 
a thermoplastic polymer that is entirely biodegradable 
and was created using renewable basic resources (Wang 
et al. 2014 Jun). One of the most widely used feedstocks 
for additive manufacturing is PLA, which is one of the 
materials available for 3D printing. One of the easiest 
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materials to print, PLA has the advantage of being easy to 
process, even though it tends to slightly contract after 3D 
printing (Ray and Cooney 2018). One major advantage of 
PLA over ABS is that it can be 3D printed at much lower 
temperatures (between 190 and 230 degrees Celsius) since it 
does not need a heated printing substrate (Ngaowthong et al. 
2019 Sep). PLA also does not need much post-processing 
since the supports are often extremely simple to remove 
and the material may be treated with acetone or sanded as 
needed. Many producers, including Amolen, Prusament, 
PolyMax, Polymaker MatterHackers, Proto Pasta, Colorfabb, 
Fillamentum, Paramount 3D and Sunlu, created PLA 
filament for use with 3D and 4D printing.

This material is utilized as a substitute for petroleum-
based plastics for packaging applications, notably in the food 
sector since it interacts well with foods (Azlin et al. 2020 
Jan). FDM (fused deposition modeling) technique, which 
produces components by the extrusion of thermoplastic 
filaments, may be used to 3D print using PLA. PLA is one of 
the frequently used materials for this technology. Composites 
are incredibly useful for producing lightweight parts with 
robust mechanical properties. The fundamental criterion for 
classifying composites as fiber-reinforced materials is the 
ability of the fibers to provide mechanical strength to pieces 
without increasing weight (Chia and Wu 2014 Dec 17; 
Mazzanti et al. 2019 Jun 28). In order to create 3D printed 
structures that can alter their form or qualities over time 
(Jamshidian et al. 2010 Sep; Ilyas and Sapuan 2019 Dec 
1), four-dimensional printing has become a popular trend. 
The distinction is that whereas 3D printed products keep a 
fixed shape like any plastic or metal component, 4D printed 
objects may change over time. The evolution through time is 

the fourth dimension of 4D, where 4D printing technology 
produces intelligent structures by using cutting-edge 
production methods like 3D printing, superior materials, and 
specialized design. A stimulus is required for 4D printed 
items to enter the deformation phase; examples of possible 
triggers include exposure to water, heat, light, or magnetic 
fields (Ilyas and Sapuan 2020 Aug 1; Champeau et al. 2020 
Aug; Spiegel et al. 2020 Jun; Zolfagharian et al. 2020 Mar).

Fig.18  Various nanocomposites 
based on PLA from Hassan 
et al. (2012), Ates et al. (2020), 
Sanusi et al. (2020)

Fig.19  Fused deposition modeling is shown schematically. 
Elsevier granted permission for this reproduction, license number 
5170280890406 (Ouhsti et al. 2018)
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Fused deposition modeling (FDM)

FDM, also known as FFF (fused filament fabrication) or 
material extrusion, is a 3D printing process with a number 
of benefits, including as affordability, tolerable working 
conditions, and a high build volume capacity (Quanjin 
et al. 2020 Jan). Nevertheless, it has drawbacks such poor 
precision, sluggish printing rates, and shrinking brought on 
by temperature fluctuations (Ma et al. 2020 Apr). The 3D 
CAD model is digitally divided into layers as part of the 
FDM process (Fig. 7), and the data is then transformed into 
G-code (Geometric code for computer numerical control), 
which is sent to the 3D printer, which builds the component 
layer by layer. The thermoplastic filaments, which typically 
have diameters of 1.75 or 3 mm, are then fed into the heated 
chamber and melted. The molten material is subsequently 
extruded in a layer-by-layer arrangement using nozzles. 
The final item is then taken off the build platform, and the 
support material may also need to be taken off (Rahim et al. 
2019 Oct 2) (Fig. 18).

Several research (Jadhav and Wankhade 2017 Sep; Hart 
2019) have examined the impact of FDM printing settings 
on the functionality of 3D printed objects. The build 
orientation, raster angle, layer thickness, infill density, and 
extrusion temperature are among the factors that influence 
the quality of an FDM produced item (Fig. 19).

One of the structural factors that has the greatest impact 
on the mechanical characteristics of FDM components is 
build orientation. FDM items produced in a horizontal 
or vertical orientation have much worse mechanical 
characteristics than parts printed perpendicular to the 
build platform (Liu et al. 2019 Jun 19; Popescu et al. 2018 
Aug). The mechanical qualities of FDM printed samples 
are also influenced by raster angle. The greatest tensile 
characteristics are found in samples printed with a raster 
angle of 0, followed by 0◦/90◦, 45◦/45◦, and 90◦, according 

to studies (Domingo-Espin et  al. 2015 Oct; Smith and 
Dean 2013 Dec 1). The quality and mechanical qualities of 
FDM printed products are also greatly influenced by layer 
thickness and infill % (Fig. 20).

Depending on the material used, FDM can print at its 
fastest possible rate. According to research on the effects 
of printing speed on FDM components, interlayer bonding 
between the filaments decreases as printing speed rises, 
which is explained by the insufficient time for polymer 
plasticization (Wu et al. 2017 Aug 19; Dizon et al. 2018; 
Ouhsti et al. 2018).

Application of PLA bio composites

The creation of biopolymers on a broad scale has been made 
possible by the increase in the price of oil, the depletion 
of oil reserves, the global awareness of sustainable 
development, and the implementation of various laws like 
the End of Vehicle Directive. In light of this, PLA has 
distinguished itself as a biopolymer with high potential to 
replace synthetic polymers. A range of uses are possible for 
PLA thanks to its controllable characteristics (Ning et al. 
2015; Duigou et al. 2019 Oct).

As a plastic that is thought to be environmentally benign, 
PLA is a good choice for agricultural items such bags for 
storing agricultural products, mulch films, paper coating 
for packaging, and bags for fertilizers, composting, and 
pesticide release systems (Kariz et al. 2018 Mar; Subash 
and Kandasubramanian 2020 Jul). The potential for PLA 
in textile production is enormous. It may be melt-spun, 
pulled to remove crystallization stress, extruded, or molded 
to create fiber. In addition to being used as a fiber fill in 
quilts and pillows, PLA-based fibers are also used in carpet 
as continuous filament, as filament and spun yarns in 
clothing, and as a variety of biocompatible and nonwoven 

Fig.20  SEM pictures of the fracture surfaces of PLA/flax yarn composites manufactured using FDM a longitudinal fracture and b transverse 
fracture (Yang and Yeh 2020)
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fibers like binders and self-crimp (Ahmed et al. 2018b). 
PLA is used in cushioning, reusable clothing, canopies, 
and diapers, especially in nonwoven form. Typically, fibers 
must have great heat resistance and stiffness because to 
the thermal and mechanical stresses they must withstand. 
Given that high crystalline fiber can function under stressful 
circumstances, meso lactic compound (8 to 20percent) is 
added to Poly (lactic acid) to create cross-linking chains that 
will strengthen the fiber's bond with other fibers (Nagarjun 
et al. 2022 Dec 2; Asyraf et al. 2021 Dec 31; Ali et al. 2021 
Apr 15). Today, PLA is widely used to construct items like 
single-use cups of tea and coffee, as well as packaging for 
mustard oil as well as cosmetics. Additionally, PLA's low 
smoke production after burning, excellent UV resistance, 
and effective wicking properties make it a useful substance 
for the industries of textile and dye (Asyraf et al. 2022 Feb; 
Sharma et al. 2021b) (Fig. 21).

Conclusion and future scope

Natural fibers, an abundant and sustainable supply of raw 
materials for eco-friendly manufacturing, have been crucial 
to the development of human civilization. PLA-based bio 
composites/green composites have grown in popularity 
as people become more aware of the benefits of using 
environmentally friendly materials in various applications. 
PLA/biofiber based composites are a good substitute for 
current non-biodegradable petroleum-based products since 
they have sufficient mechanical and thermal properties. 
Applications for PLA-based bio composites include short-
lived products, the electronics, sports, biomedical, and 
structural industries as well as household and automotive 
components. Bio-composites are important for many 
applications, and the underlying matrix's characteristics 
may be improved by adding other elements. Diverse 
renewable and non-renewable elements are used to create 
bio-composites. PLA is a special natural thermo-plastic 
polymer that is one of the most environmentally friendly 
and has superior qualities among the renewable polymers. 
Creating composites based on PLA is a key strategy for 

Fig.21  Optical micrographs 
of a wood/PLA filament, 
surface, and edge (Miazio 
2019) are shown. Elsevier 
granted permission for this 
reproduction, license number 
5167000723403
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resolving issues with PLA scaffolds. The use of composite 
methods considerably increases the variety of biomaterials' 
components and possible applications. Combining PLA with 
other materials may result in products with balanced physical 
and biological properties. The capacity of mixes of Poly 
(lactic acid) and copolymers to function as parallel polymers 
in a variety of packaging and fiber sectors is considerable. 
With the advent of research and development in biobased 
goods, PLA processing has become simple. Extensive 
research studies have been conducted to better understand 
the behavior and properties of PLA and bio-fiber based 
PLA composites under various processing environments. 
Current and future research should focus on the development 
and enhancement of PLA-based composites with various 
types, ratios, and forms of natural fibers for multifunctional 
applications. PLA/Bio fiber-based composites are utilized 
in a wide range of applications, but further research 
and development is required to lower processing costs, 
improve performance, and increase utilization in industrial 
applications. PLA and its bio composites are the most 
commonly utilized materials in 3D printing worldwide. 
PLA/biofibers-based bio composites with form memory and 
other advantageous features could be extremely valuable for 
4D printing.

Acknowledgements The author would like to thank Institute of Sci-
ence and Technology for Advanced Studies and Research (ISTAR), 
CVM University, Vallabh Vidyanagar, Anand, Gujarat

Author contribution Who voluntarily contributed to this study.

Declarations 

Conflict of interest The author declares no conflict of interest.

References

Abral H, Ariksa J, Mahardika M, Handayani D, Aminah I, Sandrawati 
N et al (2020) Highly transparent and antimicrobial PVA based 
bionanocomposites reinforced by ginger nanofiber. Polym Test 
81:106186. https:// doi. org/ 10. 1016/j. polym ertes ting. 2019. 
106186

Agung EH, Hamdan MHM, ParlaunganSiregar J, Bachtiar D, Tezara C, 
Jamiluddin J (2018) Water absorption behaviour and mechanical 
performance of pineapple leaf fibre reinforced polylactic acid 
composites. Int J Automot Mech Eng 15(4):5760–5774

Ahmed T, Shahid M, Azeem F, Rasul I, Shah AA, Noman M et al 
(2018a) Biodegradation of plastics: current scenario and future 
prospects for environmental safety. Environ Sci Pollut Res Int 
25(8):7287–7298. https:// doi. org/ 10. 1007/ s11356- 018- 1234- 
9,PMID2 93322 71

Ahmed S, Ikram S, Kanchi S, Bisetty K, editors. Biocomposites: 
biomedical and environmental applications. CRC Press; 2018. 
https:// doi. org/ 10. 1201/ 97810 03160 564

Ajioka M, Enomoto K, Suzuki K, Yamaguchi A (1995) Basic 
properties of polylactic acid produced by the direct condensation 

polymerization of lactic acid. Bull Chem Soc Jpn 68(8):2125–
2131. https:// doi. org/ 10. 1246/ bcsj. 68. 2125

Akderya T, Özmen U, Baba BO (2020) Investigation of long-term 
ageing effect on the thermal properties of chicken feather fibre/
poly(lactic acid) biocomposites. J Polym Res 27:162. https:// doi. 
org/ 10. 1007/ s10965- 020- 02132-2

Alaa M, Abdan K, Hao LC, Rafiqah A, Al-Talib A, Huzaifah M, 
Mazlan N (2023) Fundamental study and modification of Kenaf 
fiber reinforced polylactic acid bio-composite for 3D printing 
filaments. Mater Today Proc. https:// doi. org/ 10. 1016/j. matpr. 
2023. 03. 328

Ali SSS, Razman MR, Awang A, Asyraf MRM, Ishak MR, Ilyas 
RA et al (2021) Critical determinants of household electricity 
consumption in a rapidly growing city. Sustainability 13(8):4441. 
https:// doi. org/ 10. 3390/ su130 84441

Alias NF, Ismail H (2019) An overview of toughening polylactic acid 
by an elastomer. Polym-Plast Technol Mater 58(13):1399–1422. 
https:// doi. org/ 10. 1080/ 25740 881. 2018. 15631 18

Altun Y, Doğan M, Bayramlı E (2013) Effect of alkaline treatment and 
pre-impregnation on mechanical and water absorbtion properties 
of pine wood flour containing poly (lactic acid) based green-
composites. J Polym Environ 21(3):850–856. https:// doi. org/ 10. 
1007/ s10924- 012- 0563-x

Amir SM, Sultan MT, Jawaid M, Ariffin AH, Mohd S, Salleh KA, 
Ishak MR, Shah AU. Nondestructive testing method for Kevlar 
and natural fiber and their hybrid composites. In Durability and 
life prediction in biocomposites, fibre-reinforced composites and 
hybrid composites 2019 (pp. 367–388). Woodhead Publishing. 
doi: https:// doi. org/ 10. 1016/ B978-0- 08- 102290- 0. 00016-7

Amjad F, Abbas W, Zia-Ur-Rehman M, Baig SA, Hashim M, Khan A, 
Rehman HU (2021) Efect of green human resource management 
practices on organizational sustainability: the mediating role 
of environmental and employee performance. Environ Sci 
Pollut Res 28(22):28191–28206. https:// doi. org/ 10. 1007/ 
s11356- 020- 11307-9

Arockiasamy FS, Muthukrishnan M, Ramesh M (2022) Experimental 
investigation on physical, mechanical, and thermal properties 
of jute and hemp fibers reinforced hybrid polylactic acid 
composites. Polymer Compos. https:// doi. org/ 10. 1002/ pc. 26581

Arrieta MP, Samper MD, López J, Jiménez A (2014) Combined effect 
of poly (hydroxybutyrate) and plasticizers on polylactic acid 
properties for film intended for food packaging. J Polym Environ 
22(4):460–470. https:// doi. org/ 10. 1007/ s10924- 014- 0654-y

Asaithambi B, Ganesan G, Ananda KS (2014a) Bio-composites: 
development and mechanical characterization of banana/sisal 
fibre reinforced poly lactic acid (PLA) hybrid composites. 
Fibers Polym 15(4):847–854. https:// doi. org/ 10. 1007/ 
s12221- 014- 0847-y

Asaithambi B, Ganesan G, AnandaKumar S (2014b) Bio-composites: 
development and mechanical characterization of banana/sisal 
fibre reinforced poly lactic acid (PLA) hybrid composites. Fibers 
Polym 15:847–854. https:// doi. org/ 10. 1007/ s12221- 014- 0847-y

Ashok RB, Srinivasa CV, Basavaraju B (2019) Dynamic mechanical 
properties of natural fiber composites-a review. Adv 
Compos Hybrid Mater 2:586–607. https:// doi. org/ 10. 1007/ 
s42114- 019- 00121-8

Asim M, Jawaid M, Saba N, Nasir M, Sultan MT (2017) Processing 
of hybrid polymer composites-a review. Hybrid Polym Compos 
Mater 1:1–22

Asyraf MR, Ishak MR, Syamsir A, Nurazzi NM, Sabaruddin FA, 
Shazleen SS et al (2021) Mechanical properties of oil palm fibre-
reinforced polymer composites: a review. J Mater Res Technol. 
https:// doi. org/ 10. 1016/j. jmrt. 2021. 12. 122

Asyraf MR, Ishak MR, Syamsir A, Amir AL, Nurazzi NM, Norrrahim 
MN et al (2022) Filament-wound glass-fibre reinforced polymer 
composites: potential applications for cross arm structure in 

https://doi.org/10.1016/j.polymertesting.2019.106186
https://doi.org/10.1016/j.polymertesting.2019.106186
https://doi.org/10.1007/s11356-018-1234-9,PMID29332271
https://doi.org/10.1007/s11356-018-1234-9,PMID29332271
https://doi.org/10.1201/9781003160564
https://doi.org/10.1246/bcsj.68.2125
https://doi.org/10.1007/s10965-020-02132-2
https://doi.org/10.1007/s10965-020-02132-2
https://doi.org/10.1016/j.matpr.2023.03.328
https://doi.org/10.1016/j.matpr.2023.03.328
https://doi.org/10.3390/su13084441
https://doi.org/10.1080/25740881.2018.1563118
https://doi.org/10.1007/s10924-012-0563-x
https://doi.org/10.1007/s10924-012-0563-x
https://doi.org/10.1016/B978-0-08-102290-0.00016-7
https://doi.org/10.1007/s11356-020-11307-9
https://doi.org/10.1007/s11356-020-11307-9
https://doi.org/10.1002/pc.26581
https://doi.org/10.1007/s10924-014-0654-y
https://doi.org/10.1007/s12221-014-0847-y
https://doi.org/10.1007/s12221-014-0847-y
https://doi.org/10.1007/s12221-014-0847-y
https://doi.org/10.1007/s42114-019-00121-8
https://doi.org/10.1007/s42114-019-00121-8
https://doi.org/10.1016/j.jmrt.2021.12.122


2722 Chemical Papers (2024) 78:2695–2728

transmission towers. Polym Bull 11:1–26. https:// doi. org/ 10. 
1007/ s00289- 022- 04114-4

Ates B, Koytepe S, Ulu A, Gürses C, Thakur V (2020) Chemistry, 
structures, and advanced applications of nanocomposites from 
biorenewable resources. Chem Rev. https:// doi. org/ 10. 1021/ acs. 
chemr ev. 9b005 53

Auras RA, Lim LT, Selke SE, Tsuji H, editors (2011). Poly(lactic acid): 
synthesis, structures, properties, processing, and applications. 
John Wiley & Sons.

Azlin MN, Sapuan SM, Zainudin ES, Zuhri MY, Ilyas RA (2020) 
Natural polylactic acid-based fiber composites: a review. Adv 
Process Prop Appl Starch Bio-Based Polym 1:21–34. https:// doi. 
org/ 10. 1016/ B978-0- 12- 819661- 8. 00003-2

Azwa ZN, Yousif BF, Manalo AC, Karunasena W (2013) A review 
on the degradability of polymeric composites based on natural 
fibres. Mater Des 47:424–442. https:// doi. org/ 10. 1016/j. matdes. 
2012. 11. 025

Baek BS, Park JW, Lee BH et al (2013) Development and application 
of green composites: using coffee ground and bamboo 
flour. J Polym Environ 21:702–709. https:// doi. org/ 10. 1007/ 
s10924- 013- 0581-3

Bajpai PK, Singh I, Madaan J (2013) Tribological behavior of natural 
fiber reinforced PLA composites. Wear 297(1–2):829–840. 
https:// doi. org/ 10. 1016/j. wear. 2012. 10. 019

Bajpai PK, Singh I, Madaan J (2014) Development and characterization 
of PLA-based green composites: a review. J Thermoplast 
Compos Mater 27(1):52–81. https:// doi. org/ 10. 1177/ 08927 05712 
439571

Bassani A, Montes S, Jubete E, Palenzuela J, Sanjuan AP, Spigno G 
(2019) Incorporation of waste orange peels extracts into PLA 
films. Chem Eng Trans 74(1):1063–1068. https:// doi. org/ 10. 
3303/ CET19 74178

Basu A, Nazarkovsky M, Ghadi R, Khan W, Domb A (2017) Poly(lactic 
acid)-based nanocomposites: polylactide-based nanocomposites. 
Polym Adv Technol. https:// doi. org/ 10. 1002/ pat. 3985

Bitinis N, Verdejo R, Cassagnau P, López-Manchado MA (2011) 
Structure and properties of polylactide/natural rubber blends. 
Mater Chem Phys 129(3):823–831. https:// doi. org/ 10. 1016/j. 
match emphys. 2011. 05. 016

Bledzki AK, Reihmane S, Gassan J (1996) Properties and modification 
methods for vegetable fibers for natural fiber composites. J Appl 
Polym Sci 59(8):1329–1336. https:// doi. org/ 10. 1002/ (SICI) 1097- 
4628(19960 222) 59:8% 3c132 9:: AID- APP17% 3e3.0. CO;2-0

Bledzki AK, Reihmane SA, Gassan J (1998) Thermoplastics reinforced 
with wood fillers: a literature review. Polym Plast Technol Eng 
37(4):451–468. https:// doi. org/ 10. 1080/ 03602 55980 80013 73

Buasri A, Chaiyut N, Loryuenyong V, Jaritkaun N, Yavilas T, 
Yoorengdech N (2013) Mechanical and thermal properties of silk 
fiber reinforced poly(lactic acid) biocomposites. Optoelectronics 
Adv Mater-Rapid Commun 7:938–942

Castro-Aguirre E, Iñiguez-Franco F, Samsudin H, Fang X, Auras R 
(2016) Poly(lactic acid)—mass production, processing, industrial 
applications, and end of life. Adv Drug Deliv Rev 15(107):333–
366. https:// doi. org/ 10. 1016/j. addr. 2016. 03. 010,PMID2 70462 95

Chai X, Liu Y, He C, Lin J, Zheng G, Zhang F (2023) Biodegradation 
of wheat straw/PLA composites by four kinds of microorganisms. 
J Nat Fibers. https:// doi. org/ 10. 1080/ 15440 478. 2023. 22376 77

Chaitanya S, Singh I (2017) Processing of PLA/sisal fiber 
biocomposites using direct- and extrusion-injection molding. 
Mater Manuf Process 32(5):468–474. https:// doi. org/ 10. 1080/ 
10426 914. 2016. 11980 34

Chaitanya S, Singh I (2018) Ecofriendly treatment of aloe vera fibers 
for PLA based green composites. Int J Precis Eng Manuf-Green 
Tech 5:143–150. https:// doi. org/ 10. 1007/ s40684- 018- 0015-8

Champeau M, Heinze DA, Viana TN, de Souza ER, Chinellato AC, 
Titotto S (2020) 4D printing of hydrogels: a review. Adv Funct 
Mater 30(31):1910606. https:// doi. org/ 10. 1002/ adfm. 20191 0606

Chen P-Y, Lian H-Y, Shih Y-F, Chen-Wei S-M, Jeng R-J (2017) 
Preparation, characterization and crystallization kinetics of kenaf 
fiber/multiwalled carbon nanotube/polylactic acid (PLA) green 
composites. Mater Chem Phys. https:// doi. org/ 10. 1016/j. match 
emphys. 2017. 05. 006

Chen T, Wu Y, Qiu J, Fei M, Qiu R, Liu W (2020) Interfacial 
compatibilization via in-situ polymerization of epoxidized 
soybean oil for bamboo fibers reinforced poly(lactic acid) 
biocomposites. Compos Part a, Appl Sci Manuf 138:106066

Cheng S, Lau K-T, Liu T, Zhao Y, Lam P-M, Yin Y (2009) Mechanical 
and thermal properties of chicken feather fiber/PLA green 
composites. Compos Part B: Eng 40(7):650–654. https:// doi. 
org/ 10. 1016/j. compo sitesb. 2009. 04. 011

Chia HN, Wu BM (2014) High-resolution direct 3D printed PLGA 
scaffolds: print and shrink. Biofabrication 7(1):015002. https:// 
doi. org/ 10. 1088/ 1758- 5090/7/ 1/ 01500 2,PMID2 55148 29

Chohan JS, Kumar R, Singh THB, Singh S, Sharma S, Singh J 
et al (2020) Taguchi S/N and TOPSIS based optimization of 
fused deposition modelling and vapor finishing process for 
manufacturing of ABS plastic parts. Materials 13(22):5176. 
https:// doi. org/ 10. 3390/ ma132 25176 ,PMID3 32127 94

Chohan JS, Mittal N, Kumar R, Singh S, Sharma S, Dwivedi SP 
et al (2021) Optimization of FFF process parameters by naked 
mole-rat algorithms with enhanced exploration and exploitation 
capabilities. Polymers 13(11):1702. https:// doi. org/ 10. 3390/ 
polym 13111 702,PMID3 40709 64

Choudhury MR, Rao GS, Debnath K, Mahapatra RN (2022) Analysis 
of force, temperature, and surface roughness during end milling 
of green composites. J Natl Fibers 19(13):5019–5033. https:// doi. 
org/ 10. 1080/ 15440 478. 2021. 18753 50

Choudhury MR, Debnath K (2021), Green composites: introductory 
overview. In: Thomas S, Balakrishnan P (eds) Green composites. 
Materials horizons: from nature to nanomaterials. Springer, 
Singapore. https:// doi. org/ 10. 1007/ 978- 981- 15- 9643-8_1

Chougan M, Ghaffar S, Mijowska E, Kukułka W, Sikora P (2022) 
High-performance polylactic acid compressed strawboard using 
pre-treated and functionalised wheat straw. Ind Crops Prod 
184:114996. https:// doi. org/ 10. 1016/j. indcr op. 2022. 114996

Coskun K, Mutlu A, Doğan M, Bozacı E (2019) Effect of various 
enzymatic treatments on the mechanical properties of coir fiber/
poly(lactic acid) biocomposites. J Thermoplast Compos Mater 
34:089270571986461. https:// doi. org/ 10. 1177/ 08927 05719 
864618

Courgneau C, Vitrac O, Ducruet V, Riquet AM (2013) Local demixion 
in plasticized polylactide probed by electron spin resonance. J 
Magn Reson 1(233):37–48. https:// doi. org/ 10. 1016/j. jmr. 2013. 
04. 006,PMID2 37275 86

Das TK, Ghosh P, Das NC (2019) Preparation, development, 
outcomes, and application versatility of carbon fiber-based 
polymer composites: a review. Adv Compos Hybrid Mater 
2:214–233. https:// doi. org/ 10. 1007/ s42114- 018- 0072-z

Devnani GL (2021), Recent trends in the surface modification of 
natural fibers for the preparation of green biocomposite. In: 
Thomas S, Balakrishnan P (eds) Green composites. Materials 
horizons: from nature to nanomaterials. Springer, Singapore. 
https:// doi. org/ 10. 1007/ 978- 981- 15- 9643-8_ 10

Diyana ZN, Jumaidin R, Selamat MZ, Ghazali I, Julmohammad 
N, Huda N et al (2021) Physical properties of thermoplastic 
starch derived from natural resources and its blends: a review. 
Polymers 13(9):1396. https:// doi. org/ 10. 3390/ polym 13091 
396,PMID3 39258 97

https://doi.org/10.1007/s00289-022-04114-4
https://doi.org/10.1007/s00289-022-04114-4
https://doi.org/10.1021/acs.chemrev.9b00553
https://doi.org/10.1021/acs.chemrev.9b00553
https://doi.org/10.1016/B978-0-12-819661-8.00003-2
https://doi.org/10.1016/B978-0-12-819661-8.00003-2
https://doi.org/10.1016/j.matdes.2012.11.025
https://doi.org/10.1016/j.matdes.2012.11.025
https://doi.org/10.1007/s10924-013-0581-3
https://doi.org/10.1007/s10924-013-0581-3
https://doi.org/10.1016/j.wear.2012.10.019
https://doi.org/10.1177/0892705712439571
https://doi.org/10.1177/0892705712439571
https://doi.org/10.3303/CET1974178
https://doi.org/10.3303/CET1974178
https://doi.org/10.1002/pat.3985
https://doi.org/10.1016/j.matchemphys.2011.05.016
https://doi.org/10.1016/j.matchemphys.2011.05.016
https://doi.org/10.1002/(SICI)1097-4628(19960222)59:8%3c1329::AID-APP17%3e3.0.CO;2-0
https://doi.org/10.1002/(SICI)1097-4628(19960222)59:8%3c1329::AID-APP17%3e3.0.CO;2-0
https://doi.org/10.1080/03602559808001373
https://doi.org/10.1016/j.addr.2016.03.010,PMID27046295
https://doi.org/10.1080/15440478.2023.2237677
https://doi.org/10.1080/10426914.2016.1198034
https://doi.org/10.1080/10426914.2016.1198034
https://doi.org/10.1007/s40684-018-0015-8
https://doi.org/10.1002/adfm.201910606
https://doi.org/10.1016/j.matchemphys.2017.05.006
https://doi.org/10.1016/j.matchemphys.2017.05.006
https://doi.org/10.1016/j.compositesb.2009.04.011
https://doi.org/10.1016/j.compositesb.2009.04.011
https://doi.org/10.1088/1758-5090/7/1/015002,PMID25514829
https://doi.org/10.1088/1758-5090/7/1/015002,PMID25514829
https://doi.org/10.3390/ma13225176,PMID33212794
https://doi.org/10.3390/polym13111702,PMID34070964
https://doi.org/10.3390/polym13111702,PMID34070964
https://doi.org/10.1080/15440478.2021.1875350
https://doi.org/10.1080/15440478.2021.1875350
https://doi.org/10.1007/978-981-15-9643-8_1
https://doi.org/10.1016/j.indcrop.2022.114996
https://doi.org/10.1177/0892705719864618
https://doi.org/10.1177/0892705719864618
https://doi.org/10.1016/j.jmr.2013.04.006,PMID23727586
https://doi.org/10.1016/j.jmr.2013.04.006,PMID23727586
https://doi.org/10.1007/s42114-018-0072-z
https://doi.org/10.1007/978-981-15-9643-8_10
https://doi.org/10.3390/polym13091396,PMID33925897
https://doi.org/10.3390/polym13091396,PMID33925897


2723Chemical Papers (2024) 78:2695–2728 

Dizon JRC, Espera AH, Chen Q, Advincula RC (2018) Mechanical 
characterization of 3D-printed polymers. Addit Manuf 20:44–
67. https:// doi. org/ 10. 1016/j. addma. 2017. 12. 002. org/

Domingo-Espin M, Puigoriol-Forcada JM, Garcia-Granada AA, 
Llumà J, Borros S, Reyes G (2015) Mechanical property 
characterization and simulation of fused deposition modeling 
Polycarbonate parts. Mater Des 15(83):670–677. https:// doi. 
org/ 10. 1016/j. matdes. 2015. 06. 074. org

Dong Y, Ghataura A, Takagi H, Haroosh HJ, Nakagaito AN, Lau 
KT (2014a) Polylactic acid (PLA) biocomposites reinforced 
with coir fibres: evaluation of mechanical performance and 
multifunctional properties. Compos A 63:76–84. https:// doi. 
org/ 10. 1016/j. compo sitesa. 2014. 04. 003

Dong Y, Ghataura A, Takagi H, Haroosh HJ, Nakagaito AN, Lau 
K-T (2014b) Polylactic acid (PLA) biocomposites reinforced 
with coir fibres: Evaluation of mechanical performance and 
multifunctional properties. Compos Part A Appl Sci Manuf 
63:76–84. https:// doi. org/ 10. 1016/j. compo sitesa. 2014. 04. 003

Drumright RE, Gruber PR, Henton DE (2000) Polylactic acid 
technology. Adv Mater 12(23):1841–1846. https:// doi. org/ 10. 
1002/ 1521- 4095(200012) 12: 23% 3c184 1:: AID- ADMA1 841% 
3e3.0. CO;2-E

Duan J, Wu H, Fu W, Hao M (2017) Mechanical properties of hybrid 
sisal/coir fibers reinforced polylactide biocomposites. Polymer 
Compos. https:// doi. org/ 10. 1002/ pc. 24489

Duo P, Li Q, Zhang W, Dong J, Su F, Murugadoss V, Liu Y, Liu 
C, Naik N, Guo Z (2021) Highly thermal conductive epoxy 
nanocomposites filled with 3D BN/C spatial network prepared 
by salt template assisted method. Compos Part B-Eng 
209:108609. https:// doi. org/ 10. 1016/j. compo sitesb. 2021. 
108609

Eichhorn SJ, Baillie CA, Zafeiropoulos N, Mwaikambo LY, Ansell 
MP, Dufresne AA et al (2001) Current international research into 
cellulosic fibres and composites. J Mater Sci 36(9):2107–2131. 
https:// doi. org/ 10. 1023/A: 10175 12029 696

Elen N, Yildirim M, Kanbur Y (2023) Tribological properties of hemp 
fiber reinforced polylactic acid bio-composites: effect of different 
types of modification methods. Funct Compos Struct. https:// doi. 
org/ 10. 1088/ 2631- 6331/ acbf9d

El-Shekeil YA, Sapua SM, Abdan MK et al (2012) Influence of fiber 
content on the mechanical and thermal properties of kenaf fiber 
reinforced thermoplastic polyurethane composites. Mater Des 
40:299–303

Enthil J, Chandrasekaran T, Prabhahar M, George K, Mathew SA, 
James RA (2023) Experimental investigations on mechanical and 
thermo mechanical properties of chicken feather/pineapple leaf 
fiber reinforced poly lactic acid (PLA) matrix bio composites. 
AIP Conf Proc 2523:020046. https:// doi. org/ 10. 1063/5. 01107 01

Farah S, Anderson DG, Langer R (2016) Physical and mechanical 
properties of PLA, and their functions in widespread 
applications-a comprehensive review. Adv Drug Deliv Rev 
107:367–392. https:// doi. org/ 10. 1016/j. addr. 2016. 06. 012,PMID2 
73561 50

Farahiyan R, Jamil N, Shahril M, Rahim S, Zaimi M, Azam MA, Lau 
K-T (2015) Development of green composite: pineapple leaf 
fibres (PALF) reinforced Polylactide (PLA). Appl Mech Mater. 
https:// doi. org/ 10. 4028/ www. scien tific. net/ AMM. 761. 520

Faruk O, Bledzki AK, Fink HP, Sain M (2012) Biocomposites 
reinforced with natural fibers: 2000–2010. Prog Polym Sci 
37(11):1552–1596. https:// doi. org/ 10. 1016/j. progp olyms ci. 
2012. 04. 003

Faruk O, Bledzki AK, Fink HP, Sain M (2014) Progress report on 
natural fiber reinforced composites. Macromol Mater Eng 
299(1):9–26. https:// doi. org/ 10. 1002/ mame. 20130 0008

Finkenstadt VL, Liu CK, Evangelista R, Liu L, Cermak SC, Hojilla-
Evangelista M et al (2007a) Poly(lactic acid) green composites 

using oilseed coproducts as fillers. Ind Crops Prod 26(1):36–
43. https:// doi. org/ 10. 1016/j. indcr op. 2007. 01. 003

Finkenstadt VL, Liu L, Willett JL (2007b) Evaluation of poly (lactic 
acid) and sugar beet pulp green composites. J Polym Environ 
15(1):1–6. https:// doi. org/ 10. 1007/ s10924- 006- 0038-z

Fortunati E, Puglia D, Monti M, Santulli C, Maniruzzaman M, 
Foresti ML et  al (2013) Okra (Abelmoschus esculentus) 
fibre based PLA composites: mechanical behaviour and 
biodegradation. J Polym Environ 21(3):726–737. https:// doi. 
org/ 10. 1007/ s10924- 013- 0571-5

Ganesh Saratale R, Cho SK, Dattatraya Saratale G, Kadam AA, 
Ghodake GS, Kumar M et al (2021) A comprehensive overview 
and recent advances on polyhydroxyalkanoates (PHA) 
production using various organic waste streams. Bioresour 
Technol 325:124685. https:// doi. org/ 10. 1016/j. biort ech. 2021. 
12468 5,PMID3 35086 81

Gao Y, Qu W, Liu Y, Hu H, Cochran E, Bai X (2019) Agricultural 
residue-derived lignin as the filler of polylactic acid composites 
and the effect of lignin purity on the composite performance. 
J Appl Polym Sci 136(35):47915. https:// doi. org/ 10. 1002/ app. 
47915

Garlotta D (2001) A literature review of poly (lactic acid). J Polym 
Environ 9(2):63–84. https:// doi. org/ 10. 1023/A: 10202 00822 435

Getme AS, Patel B (2020) A review: bio-fiber’s as reinforcement in 
composites of polylactic acid (PLA). Mater Today Proc 26:2214–
7853. https:// doi. org/ 10. 1016/j. matpr. 2020. 02. 457

Ghorbani Chaboki M, Mohammadi-Rovshandeh J, Hemmati 
F (2019) Poly(lactic acid)/thermoplasticized rice straw 
biocomposites: effects of benzylated lignocellulosic filler and 
nanoclay. Iran Polym J 28(9):777–788. https:// doi. org/ 10. 1007/ 
s13726- 019- 00743-1

González-López ME, Martín del Campo AS, Robledo-Ortíz JR, 
Arellano M, Pérez-Fonseca AA (2020) Accelerated weathering 
of poly (lactic acid) and its biocomposites: a review. Polym 
Degrad Stab 179:109290. https:// doi. org/ 10. 1016/j. polym degra 
dstab. 2020. 109290

Gorrepotu SR, Debnath K, Mahapatra RN (2023) Mechanical, thermal, 
and morphological behavior of pineapple leaf fibre and polylactic 
acid green composites fabricated by varying fiber loading, fiber 
length, and injection parameters. Polym Eng Sci. https:// doi. org/ 
10. 1002/ pen. 26391

Graupner N, Herrmann AS, Müssig J (2009) Natural and man-made 
cellulose fibre-reinforced poly (lactic acid)(PLA) composites: 
an overview about mechanical characteristics and application 
areas. Compos A 40(6–7):810–821. https:// doi. org/ 10. 1016/j. 
compo sitesa. 2009. 04. 003

Grigale Z, Kalnins M, Dzene A, Tupureina V (2010) Biodegradable 
plasticized poly(lactic acid) films. Mater Sci Appl Chem 1:21

Guo W, Bao F, Wang Z (2013) Biodegradability of wood fiber/
poly(lactic acid) composites. J Compos Mater 47(28):3573–
3580. https:// doi. org/ 10. 1177/ 00219 98312 467387

Gurunathan T, Mohanty S, Nayak SK (2015) A review of the recent 
developments in biocomposites based on natural fibres and 
their application perspectives. Compos Part A Appl Sci Manuf 
77:1–25

Guzel Kaya G, Deveci H (2021) Green fiber thermoplastic composites. 
In: Thomas S, Balakrishnan P (eds) Green composites. Materials 
horizons: from nature to nanomaterials. Springer, Singapore. 
https:// doi. org/ 10. 1007/ 978- 981- 15- 9643-8_3

Haafiz MK, Hassan A, Zakaria Z, Inuwa IM, Islam MS, Jawaid M 
(2013) Properties of polylactic acid composites reinforced with 
oil palm biomass microcrystalline cellulose. Carbohydr Polym 
98(1):139–145. https:// doi. org/ 10. 1016/j. carbp ol. 2013. 05. 
069,PMID2 39873 27

Han SO, Karevan M, Sim IN, Bhuiyan M, Jang Y, Ghaffar J, 
Kalaitzidou K (2012) Understanding the reinforcing mechanisms 

https://doi.org/10.1016/j.addma.2017.12.002.org/
https://doi.org/10.1016/j.matdes.2015.06.074.org
https://doi.org/10.1016/j.matdes.2015.06.074.org
https://doi.org/10.1016/j.compositesa.2014.04.003
https://doi.org/10.1016/j.compositesa.2014.04.003
https://doi.org/10.1016/j.compositesa.2014.04.003
https://doi.org/10.1002/1521-4095(200012)12:23%3c1841::AID-ADMA1841%3e3.0.CO;2-E
https://doi.org/10.1002/1521-4095(200012)12:23%3c1841::AID-ADMA1841%3e3.0.CO;2-E
https://doi.org/10.1002/1521-4095(200012)12:23%3c1841::AID-ADMA1841%3e3.0.CO;2-E
https://doi.org/10.1002/pc.24489
https://doi.org/10.1016/j.compositesb.2021.108609
https://doi.org/10.1016/j.compositesb.2021.108609
https://doi.org/10.1023/A:1017512029696
https://doi.org/10.1088/2631-6331/acbf9d
https://doi.org/10.1088/2631-6331/acbf9d
https://doi.org/10.1063/5.0110701
https://doi.org/10.1016/j.addr.2016.06.012,PMID27356150
https://doi.org/10.1016/j.addr.2016.06.012,PMID27356150
https://doi.org/10.4028/www.scientific.net/AMM.761.520
https://doi.org/10.1016/j.progpolymsci.2012.04.003
https://doi.org/10.1016/j.progpolymsci.2012.04.003
https://doi.org/10.1002/mame.201300008
https://doi.org/10.1016/j.indcrop.2007.01.003
https://doi.org/10.1007/s10924-006-0038-z
https://doi.org/10.1007/s10924-013-0571-5
https://doi.org/10.1007/s10924-013-0571-5
https://doi.org/10.1016/j.biortech.2021.124685,PMID33508681
https://doi.org/10.1016/j.biortech.2021.124685,PMID33508681
https://doi.org/10.1002/app.47915
https://doi.org/10.1002/app.47915
https://doi.org/10.1023/A:1020200822435
https://doi.org/10.1016/j.matpr.2020.02.457
https://doi.org/10.1007/s13726-019-00743-1
https://doi.org/10.1007/s13726-019-00743-1
https://doi.org/10.1016/j.polymdegradstab.2020.109290
https://doi.org/10.1016/j.polymdegradstab.2020.109290
https://doi.org/10.1002/pen.26391
https://doi.org/10.1002/pen.26391
https://doi.org/10.1016/j.compositesa.2009.04.003
https://doi.org/10.1016/j.compositesa.2009.04.003
https://doi.org/10.1177/0021998312467387
https://doi.org/10.1007/978-981-15-9643-8_3
https://doi.org/10.1016/j.carbpol.2013.05.069,PMID23987327
https://doi.org/10.1016/j.carbpol.2013.05.069,PMID23987327


2724 Chemical Papers (2024) 78:2695–2728

in kenaf fiber/PLA and kenaf fiber/PP composites: a comparative 
study. Int J Polymer Sci. https:// doi. org/ 10. 1155/ 2012/ 679252

Haris NIN, Hassan MZ, Ilyas RA, Suhot MA, Sapuan SM, Dolah 
R, Mohammad R, Asyraf MRM (2022) Dynamic mechanical 
properties of natural fiber reinforced hybrid polymer composites: 
a review. J Mater Res Technol 19:167–182. https:// doi. org/ 10. 
1016/j. jmrt. 2022. 04. 155

Hart J (2019) 3D printing history at MIT. Available from: http:// 
web. mit. edu/2. 810/ www/ files/ lectu res/ lec10b- fdm- 2019. pdf 
[accessed Aug 12, 2020]. Addit Manuf; 2019 [presentation]. 
https:// doi. org/ 10. 1016/j. jcomc. 2022. 100271

Harussani MM, Sapuan SM, Khalina A, Ilyas RA, Hazrol MD (2020) 
Review on green technology sspyrolysis for plastic wastes. In: 
Proceedings of the 7th postgraduate seminar on natural fibre 
reinforced polymer composites, 50–3. ssdoi: https:// www. resea 
rchga te. net/ publi cation/ 34595 8932

Hassan A, Balakrishnan H, Akbari A, Hassan A, Balakrishnan 
Á, Akbari Á (2012) Polylactic acid based blends. Compos 
Nanocompos. https:// doi. org/ 10. 1007/ 978-3- 642- 20940-6_ 11

Hassan NAA, Ahmad S, Chen RS, Zailan FD, Shahdan D (2019) 
Effect of processing temperature and foaming agent loading on 
properties of polylactic acid/kenaf fiber composite foam. Mater 
Today Proc 7:601–606. https:// doi. org/ 10. 1016/j. matpr. 2018. 12. 
013

Hassan T, Salam A, Khan A, Khan S, Khanzada H, Wasim M, Khan 
M, Kim I (2021) Functional nanocomposites and their potential 
applications: a review. J Polym Res 28:1–22. https:// doi. org/ 10. 
1007/ s10965- 021- 02408-1

Hazrol MD, Sapuan SM, Zuhri MY, Zainudin ES, Wahab NI, Ilyas RA 
et al. Effect of sorbitol and glycerol plasticizer and concentration 
on physical properties of corn starch (Zea mays) biodegradable 
films. In: Proceedings of the 7th postgraduate seminar on natural 
fibre reinforced polymer composites 2020 Nov. Vol. 17.

Holbery J, Houston D (2006) Natural-fiber-reinforced polymer 
composites in automotive applications. JOM 58(11):80–86. 
https:// doi. org/ 10. 1007/ s11837- 006- 0234-2

Ilyas RA, Sapuan SM (2019) The preparation methods and processing 
of natural fibre bio-polymer composites. Curr Org Synth 
16(8):1068–1070. https:// doi. org/ 10. 2174/ 15701 79416 08200 
12010 5616,PMID3 19849 16

Ilyas RA, Sapuan SM (2020) Biopolymers and biocomposites: 
chemistry and technology. Curr Anal Chem 16(5):500–503. 
https:// doi. org/ 10. 2174/ 15734 11016 05200 60309 5311

Islam MS, Ramli IB, Hasan MR, Islam MM, Islam KN, Hasan M et al 
(2017) Effect of kenaf and EFB fiber hybridization on physical 
and thermo-mechanical properties of PLA biocomposites. 
Fibers Polym 18(1):116–121. https:// doi. org/ 10. 1007/ 
s12221- 017- 6208-x

Jadhav AC, Pandit P, Gayatri TN, Chavan PP, Jadhav NC (2019). 
Production of green composites from various sustainable raw 
materials. In: Muthu S (eds) Green composites. Textile science 
and clothing technology. Springer, Singapore. https:// doi. org/ 10. 
1007/ 978- 981- 13- 1969-3_1

Jadhav VS, Wankhade SR (2017) A review-fused deposition 
modeling-a rapid prototyping process. Int Res J Eng Technol 
4:523–527. https:// doi. org/ 10. 1016/ S0924- 0136(01) 00980-3

Jamshidian M, Tehrany EA, Imran M, Jacquot M, Desobry S (2010) 
Poly-lactic acid: production, applications, nanocomposites, and 
release studies. Compr Rev Food Sci Food Saf 9(5):552–571. 
https:// doi. org/ 10. 1111/j. 1541- 4337. 2010. 00126. x,PMID3 
34678 29

Jauhari N, Mishra R, Thakur H (2015) Natural fibre reinforced 
composite laminates–a review. Mater Today Proc 2(4–5):2868–
2877. https:// doi. org/ 10. 1016/j. matpr. 2015. 07. 304

Jawaid MH, Abdul Khalil HPS (2011) Cellulosic/synthetic fibre 
reinforced polymer hybrid composites: a review. Carbohydr 

Polym 86(1):1–18. https:// doi. org/ 10. 1016/j. carbp ol. 2011. 04. 
043

Jayamani E, Hamdan S, Rahman MR, Bakri MKB, Kakar A (2015) 
An investigation of sound absorption coefficient on sisal fiber 
poly lactic acid bio-composites. J Appl Polym Sci 132:42470. 
https:// doi. org/ 10. 1002/ app. 42470

Jem KJ, Tan B (2020) The development and challenges of poly 
(lactic acid) and poly (glycolic acid). Adv Ind Eng Polym Res 
3(2):60–70. https:// doi. org/ 10. 1016/j. aiepr. 2020. 01. 002

Jiang N, Yu T, Li Y, Pirzada TJ, Marrow TJ (2019) Hygrothermal 
aging and structural damage of a jute/poly (lactic acid)(PLA) 
composite observed by X-ray tomography. Compos Sci 
Technol 173:15–23. https:// doi. org/ 10. 1016/j. comps citech. 
2019. 01. 018

Jiménez-Gómez CP, Cecilia JA (2020) Chitosan: a natural biopolymer 
with a wide and varied range of applications. Molecules 
25(17):3981. https:// doi. org/ 10. 3390/ molec ules2 51739 
81,PMID3 28828 99

John MJ, Thomas S (2008) Biofibres and biocomposites. Carbohydr 
Polym 71(3):343–364. https:// doi. org/ 10. 1016/j. carbp ol. 2007. 
05. 040

Kaewpirom S, Worrarat C (2014) Preparation and properties 
of pineapple leaf fiber reinforced poly(lactic acid) green 
composites. Fibers Polym 15:1469–1477. https:// doi. org/ 10. 
1007/ s12221- 014- 1469-0

Karimah A, Ridho MR, Munawar SS, Adi DS, Ismadi RD, Subiyanto 
B, Fatriasari W, Fudholi A (2021) A review on natural fibers for 
development of eco-friendly bio-composite: characteristics, and 
utilizations. J Mater Res Technol 13:2442–2458. https:// doi. org/ 
10. 1016/j. jmrt. 2021. 06. 014

Kariz M, Sernek M, Obućina M, Kuzman MK (2018) Effect of wood 
content in FDM filament on properties of 3D printed parts. 
Mater Today Commun 1(14):135–140. https:// doi. org/ 10. 1016/j. 
mtcomm. 2017. 12. 016

Kausar A (2021) Progress in green nanocomposites for high-
performance applications. Mater Res Innov 25(1):53–65. https:// 
doi. org/ 10. 1080/ 14328 917. 2020. 17284 89

Khan GMA, Terano M, Gafur MA, Alam MS (2016) Studies on the 
mechanical properties of woven jute fabric reinforced poly 
(l-lactic acid) composites. J King Saud Univ Eng Sci 28(1):69–
74. https:// doi. org/ 10. 1016/j. jksues. 2013. 12. 002

Khoo R, Chow W (2017) Mechanical and thermal properties of 
poly(lactic acid)/sugarcane bagasse fiber green composites. J 
Thermoplast Compos Mater 30(8):1091–1102. https:// doi. org/ 
10. 1177/ 08927 05715 616857

Komal UK, Lila MK, Singh I (2020) PLA/banana fiber based 
sustainable biocomposites: a manufacturing perspective. Compos 
Part B: Eng 180:107535. https:// doi. org/ 10. 1016/j. compo sitesb. 
2019. 107535

Komuraiah A, Kumar NS, Prasad BD (2014) Chemical composition 
of natural fibers and its influence on their mechanical properties. 
Mech Compos Mater 50(3):359–376. https:// doi. org/ 10. 1007/ 
s11029- 014- 9422-2

Koronis G, Silva A, Fontul M (2013) Green composites: a review of 
adequate materials for automotive applications. Compos B Eng 
44(1):120–127. https:// doi. org/ 10. 1016/j. compo sitesb. 2012. 07. 
004

Ku H, Wang H, Pattarachaiyakoop N, Trada M (2011) A review on the 
tensile properties of natural fiber reinforced polymer composites. 
Compos B Eng 42(4):856–873. https:// doi. org/ 10. 1016/j. compo 
sitesb. 2011. 01. 010

Kühnert I, Spörer Y, Brünig H, Tran NHA, Rudolph N (2017) 
Processing of poly (lactic acid). In: Industrial applications of 
poly (lactic acid), p. 1–33. doi: https:// doi. org/ 10. 1007/ 12_ 2017_ 
30.

https://doi.org/10.1155/2012/679252
https://doi.org/10.1016/j.jmrt.2022.04.155
https://doi.org/10.1016/j.jmrt.2022.04.155
http://web.mit.edu/2.810/www/files/lectures/lec10b-fdm-2019
http://web.mit.edu/2.810/www/files/lectures/lec10b-fdm-2019
https://doi.org/10.1016/j.jcomc.2022.100271
https://www.researchgate.net/publication/345958932
https://www.researchgate.net/publication/345958932
https://doi.org/10.1007/978-3-642-20940-6_11
https://doi.org/10.1016/j.matpr.2018.12.013
https://doi.org/10.1016/j.matpr.2018.12.013
https://doi.org/10.1007/s10965-021-02408-1
https://doi.org/10.1007/s10965-021-02408-1
https://doi.org/10.1007/s11837-006-0234-2
https://doi.org/10.2174/157017941608200120105616,PMID31984916
https://doi.org/10.2174/157017941608200120105616,PMID31984916
https://doi.org/10.2174/157341101605200603095311
https://doi.org/10.1007/s12221-017-6208-x
https://doi.org/10.1007/s12221-017-6208-x
https://doi.org/10.1007/978-981-13-1969-3_1
https://doi.org/10.1007/978-981-13-1969-3_1
https://doi.org/10.1016/S0924-0136(01)00980-3
https://doi.org/10.1111/j.1541-4337.2010.00126.x,PMID33467829
https://doi.org/10.1111/j.1541-4337.2010.00126.x,PMID33467829
https://doi.org/10.1016/j.matpr.2015.07.304
https://doi.org/10.1016/j.carbpol.2011.04.043
https://doi.org/10.1016/j.carbpol.2011.04.043
https://doi.org/10.1002/app.42470
https://doi.org/10.1016/j.aiepr.2020.01.002
https://doi.org/10.1016/j.compscitech.2019.01.018
https://doi.org/10.1016/j.compscitech.2019.01.018
https://doi.org/10.3390/molecules25173981,PMID32882899
https://doi.org/10.3390/molecules25173981,PMID32882899
https://doi.org/10.1016/j.carbpol.2007.05.040
https://doi.org/10.1016/j.carbpol.2007.05.040
https://doi.org/10.1007/s12221-014-1469-0
https://doi.org/10.1007/s12221-014-1469-0
https://doi.org/10.1016/j.jmrt.2021.06.014
https://doi.org/10.1016/j.jmrt.2021.06.014
https://doi.org/10.1016/j.mtcomm.2017.12.016
https://doi.org/10.1016/j.mtcomm.2017.12.016
https://doi.org/10.1080/14328917.2020.1728489
https://doi.org/10.1080/14328917.2020.1728489
https://doi.org/10.1016/j.jksues.2013.12.002
https://doi.org/10.1177/0892705715616857
https://doi.org/10.1177/0892705715616857
https://doi.org/10.1016/j.compositesb.2019.107535
https://doi.org/10.1016/j.compositesb.2019.107535
https://doi.org/10.1007/s11029-014-9422-2
https://doi.org/10.1007/s11029-014-9422-2
https://doi.org/10.1016/j.compositesb.2012.07.004
https://doi.org/10.1016/j.compositesb.2012.07.004
https://doi.org/10.1016/j.compositesb.2011.01.010
https://doi.org/10.1016/j.compositesb.2011.01.010
https://doi.org/10.1007/12_2017_30
https://doi.org/10.1007/12_2017_30


2725Chemical Papers (2024) 78:2695–2728 

Kuru Z, Kaya M (2023) Poly(lactic acid)/polyester blends: review of 
current and future applications. Eur J Res Dev 3:175–199. https:// 
doi. org/ 10. 5603/ ejrnd. v3i1. 259

Lau HY, Hussin MS, Hamat S, Abdul MS, Ibrahim M, Zakaria H 
(2023) Effect of kenaf fiber loading on the tensile properties of 
3D printing PLA filament. Mater Today Proc. https:// doi. org/ 10. 
1016/j. matpr. 2023. 03. 015

Le Duigou A, Barbé A, Guillou E, Castro M (2019) 3D printing of 
continuous flax fibre reinforced biocomposites for structural 
applications. Mater Des 15(180):107884. https:// doi. org/ 10. 
1016/j. matdes. 2019. 107884

Li Y, Shimizu H (2007) Toughening of polylactide by melt blending 
with a biodegradable poly (ether) urethane elastomer. Macromol 
Biosci 7(7):921–928. https:// doi. org/ 10. 1002/ mabi. 20070 
0027,PMID1 75788 35

Li G, Hao M, Chen Y, Li H, Lin J (2022) Nonisothermal crystallization 
behavior and mechanical properties of poly(lactic acid)/ramie 
fiber biocomposites. Polymer Compos. https:// doi. org/ 10. 1002/ 
pc. 26572

Li J, Wang Y, Lin J, Liu Y, Wang G, Quan D, Guan Y, Zhao G, Ji S 
(2023) Environmentally-friendly, sustainable ScCO2-assisted 
fabrication of poly (lactic acid)/ramie fiber composite foams. 
J Clean Product 425:138952. https:// doi. org/ 10. 1016/j. jclep ro. 
2023. 138952

Liang Y, Tan Q, Song Q, Li J (2021) An analysis of the plastic waste 
trade and management in Asia. Waste Manag 1(119):242–253. 
https:// doi. org/ 10. 1016/j. wasman. 2020. 09. 049,PMID3 30918 37

Lim L-T, Auras R, Rubino M (2008) Processing technologies for poly 
(lactic acid). Prog Polym Sci 33(8):820–852. https:// doi. org/ 10. 
1016/j. progp olyms ci. 2008. 05. 004

Lin J, Yang Z, Hu X, Hong G, Zhang S, Song W (2018) The effect 
of alkali treatment on properties of dopamine modification of 
bamboo fiber/polylactic acid composites. Polymers 10(4):403

Liu H, Zhang J (2011) Research progress in toughening modification of 
poly (lactic acid). J Polym Sci B Polym Phys 49(15):1051–1083. 
https:// doi. org/ 10. 1002/ polb. 22283

Liu Z, Wang Y, Wu B, Cui C, Guo Y, Yan C (2019) A critical 
review of fused deposition modeling 3D printing technology 
in manufacturing polylactic acid parts. Int J Adv Manuf 
Technol 102(9–12):2877–2889. https:// doi. org/ 10. 1007/ 
s00170- 019- 03332-x

Ma S, Zhang Y, Wang M, Liang Y, Ren L, Ren L (2020) Recent 
progress in 4D printing of stimuli-responsive polymeric 
materials. Sci China Technol Sci 63(4):532–544. https:// doi. org/ 
10. 1007/ s11431- 019- 1443-1

Madhavan Nampoothiri KM, Nair NR, John RP (2010) An overview of 
the recent developments in polylactide (PLA) research. Bioresour 
Technol 101(22):8493–8501. https:// doi. org/ 10. 1016/j. biort ech. 
2010. 05. 092,PMID2 06307 47

Manral A, Bajpai P (2019) Static and dynamic mechanical analysis of 
geometrically different kenaf/PLA green composite laminates. 
Polym Compos. https:// doi. org/ 10. 1002/ pc. 25399

Martinez Villadiego K, Arias Tapia MJ, Useche J, Escobar MD (2022) 
Thermoplastic starch (TPS)/polylactic acid (PLA) blending 
methodologies: a review. J Polym Environ 30(1):75–91. https:// 
doi. org/ 10. 1007/ s10924- 021- 02207-1

Mazzanti V, Malagutti L, Mollica F (2019) FDM 3D printing of 
polymers containing natural fillers: a review of their mechanical 
properties. Polymers 11(7):1094. https:// doi. org/ 10. 3390/ polym 
11071 094,PMID3 12616 07

McLoughlin J, Sabir T, editors (2017) High-performance apparel: 
materials, development, and applications. Woodhead Publishing; 
2017 Sep 18.

Mhatre AM, Raja ASM, Saxena S, Patil PG (2019). Environmentally 
Benign and Sustainable Green Composites: Current 

Developments and Challenges. In: Muthu S (eds) Green 
composites. Textile Science and clothing technology. Springer, 
Singapore. https:// doi. org/ 10. 1007/ 978- 981- 13- 1969-3_3

Miazio Ł (2019) Impact of print speed on strength of samples printed 
in FDM technology. Agric Eng 23(2):33–38. https:// doi. org/ 10. 
1515/ agric eng- 2019- 0014

Mohammed L, Ansari MNM, Pua G, Jawaid M, Islam M (2015) A 
review on natural fiber reinforced polymer composite and its 
applications. Int J Polym Sci 20:15. https:// doi. org/ 10. 1155/ 
2015/ 243947

Mohanty AK, Misra M, Drzal LT (2001) Surface modifications of 
natural fibers and performance of the resulting biocomposites: 
an overview. Compos Interfaces 8(5):313–343. https:// doi. org/ 
10. 1163/ 15685 54017 53255 422

Mohd Nurazzi N, Asyraf MRM, Khalina A, Abdullah N, Sabaruddin 
FA, Kamarudin SH et al (2021) Fabrication, functionalization, 
and application of carbon nanotube-reinforced polymer 
composite: an overview. Polymers 13(7):1047. https:// doi. org/ 
10. 3390/ polym 13071 047,PMID3 38105 84

Moliner C, Finocchio E, Arato E, Ramis G, Lagazzo A (2020) Influence 
of the degradation medium on water uptake, morphology, and 
chemical structure of poly(lactic acid)-sisal bio-composites. 
Materials. https:// doi. org/ 10. 3390/ ma131 83974

Motru S, Adithyakrishna VH, Bharath J, Guruprasad R (2020) 
Development and evaluation of mechanical properties of 
biodegradable PLA/Flax fiber green composite laminates. Mater 
Today Proc 24:641–649. https:// doi. org/ 10. 1016/j. matpr. 2020. 
04. 318

Murariu M, Paint Y, Murariu O, Laoutid F, Dubois P (2022) Tailoring 
and long-term preservation of the properties of PLA composites 
with “green” plasticizers. Polymers 14:4836. https:// doi. org/ 10. 
3390/ polym 14224 836

Mustafa Z, Razali AS, Rajendran TK, Fadzullah SM, 
SivakumarDharMalingam SH, Rahim TA, Ratanawilai T (2022) 
Moisture absorption and thermal properties of unidirectional 
pineapple leaf fibre/polylactic acid composites under 
hygrothermal ageing conditions. J Adv Res Fluid Mech Thermal 
Sci 96(2):65–73. https:// doi. org/ 10. 37934/ arfmts. 96.2. 6573

Nagarjun J, Kanchana J, RajeshKumar G, Manimaran S, 
Krishnaprakash M (2022) Enhancement of mechanical behavior 
of PLA matrix using tamarind and date seed micro fillers. J Nat 
Fibers 19(12):4662–4674. https:// doi. org/ 10. 1080/ 15440 478. 
2020. 18706 16

Naik N, Shivamurthy B, Thimmappa BHS, Jaladi G, Samanth K, 
Shetty N (2022) Recent advances in green composites and their 
applications. Eng Sci. https:// doi. org/ 10. 30919/ es8e7 79

Nazrin A, Sapuan SM, Zuhri MYM, Ilyas RA, Syafiq RS, Sherwani 
SFK (2020) Nanocellulose reinforced thermoplastic starch 
(TPS), polylactic acid (PLA), and polybutylene succinate (PBS) 
for food packaging applications. Front Chem 8:213. https:// doi. 
org/ 10. 3389/ fchem. 2020. 00213 ,PMID3 23519 28

Nechwatal A, Mieck KP, Reußmann T (2003) Developments in the 
characterization of natural fibre properties and in the use of 
natural fibres for composites. Compos Sci Technol 63(9):1273–
1279. https:// doi. org/ 10. 1016/ S0266- 3538(03) 00098-8

Ngaowthong C, Borůvka M, Běhálek L, Lenfeld P, Švec M, 
Dangtungee R et al (2019) Recycling of sisal fiber reinforced 
polypropylene and polylactic acid composites: thermo-
mechanical properties, morphology, and water absorption 
behavior. Waste Manag 1(97):71–81. https:// doi. org/ 10. 1016/j. 
wasman. 2019. 07. 038,PMID3 14470 29

Nguyen A, Nguyen T (2022) Study on mechanical properties of banana 
fiber-reinforced materials poly (lactic acid) composites. Int J 
Chem Eng. https:// doi. org/ 10. 1155/ 2022/ 84850 38

https://doi.org/10.5603/ejrnd.v3i1.259
https://doi.org/10.5603/ejrnd.v3i1.259
https://doi.org/10.1016/j.matpr.2023.03.015
https://doi.org/10.1016/j.matpr.2023.03.015
https://doi.org/10.1016/j.matdes.2019.107884
https://doi.org/10.1016/j.matdes.2019.107884
https://doi.org/10.1002/mabi.200700027,PMID17578835
https://doi.org/10.1002/mabi.200700027,PMID17578835
https://doi.org/10.1002/pc.26572
https://doi.org/10.1002/pc.26572
https://doi.org/10.1016/j.jclepro.2023.138952
https://doi.org/10.1016/j.jclepro.2023.138952
https://doi.org/10.1016/j.wasman.2020.09.049,PMID33091837
https://doi.org/10.1016/j.progpolymsci.2008.05.004
https://doi.org/10.1016/j.progpolymsci.2008.05.004
https://doi.org/10.1002/polb.22283
https://doi.org/10.1007/s00170-019-03332-x
https://doi.org/10.1007/s00170-019-03332-x
https://doi.org/10.1007/s11431-019-1443-1
https://doi.org/10.1007/s11431-019-1443-1
https://doi.org/10.1016/j.biortech.2010.05.092,PMID20630747
https://doi.org/10.1016/j.biortech.2010.05.092,PMID20630747
https://doi.org/10.1002/pc.25399
https://doi.org/10.1007/s10924-021-02207-1
https://doi.org/10.1007/s10924-021-02207-1
https://doi.org/10.3390/polym11071094,PMID31261607
https://doi.org/10.3390/polym11071094,PMID31261607
https://doi.org/10.1007/978-981-13-1969-3_3
https://doi.org/10.1515/agriceng-2019-0014
https://doi.org/10.1515/agriceng-2019-0014
https://doi.org/10.1155/2015/243947
https://doi.org/10.1155/2015/243947
https://doi.org/10.1163/156855401753255422
https://doi.org/10.1163/156855401753255422
https://doi.org/10.3390/polym13071047,PMID33810584
https://doi.org/10.3390/polym13071047,PMID33810584
https://doi.org/10.3390/ma13183974
https://doi.org/10.1016/j.matpr.2020.04.318
https://doi.org/10.1016/j.matpr.2020.04.318
https://doi.org/10.3390/polym14224836
https://doi.org/10.3390/polym14224836
https://doi.org/10.37934/arfmts.96.2.6573
https://doi.org/10.1080/15440478.2020.1870616
https://doi.org/10.1080/15440478.2020.1870616
https://doi.org/10.30919/es8e779
https://doi.org/10.3389/fchem.2020.00213,PMID32351928
https://doi.org/10.3389/fchem.2020.00213,PMID32351928
https://doi.org/10.1016/S0266-3538(03)00098-8
https://doi.org/10.1016/j.wasman.2019.07.038,PMID31447029
https://doi.org/10.1016/j.wasman.2019.07.038,PMID31447029
https://doi.org/10.1155/2022/8485038


2726 Chemical Papers (2024) 78:2695–2728

Ning F, Cong W, Wei J, Wang S, Zhang M (2015) Additive 
manufacturing of CFRP composites using fused deposition 
modeling: effects of carbon fiber content and length. In: Am Soc 
Mech Eng International manufacturing science and engineering 
conference; (Vol. 56826, p. V001T02A067). doi: https:// doi. org/ 
10. 1115/ MSEC2 015- 9436.

NirmalKumar K, DineshBabu P, Surakasi R, ManojKumar P, 
Ashokkumar P, Khan R, Alfozan A, Tafesse D (2022) Review 
article mechanical and thermal properties of bamboo fiber-
reinforced PLA polymer composites: a critical study. Int J Polym 
Scie. https:// doi. org/ 10. 1155/ 2022/ 13321 57

Nunna S, Chandra PR, Shrivastava S, Jalan AK (2012) A review on 
mechanical behavior of natural fiber based hybrid composites. 
J Reinf Plast Compos 31(11):759–769. https:// doi. org/ 10. 1177/ 
07316 84412 444325

Nurazzi NM, Khalina K, Sapuan SM, Ilyas RA (2019) Mechanical 
properties of sugar palm yarn/woven glass fiber reinforced 
unsaturated polyester composites: effect of fiber loadings and 
alkaline treatment. Polimery 64(10):665–675. https:// doi. org/ 10. 
14314/ polim ery. 2019. 10.3

Nyambo C, Mohanty A, Misra M (2011) Effect of maleated 
compatibilizer on performance of PLA/wheat straw-based green 
composites. Macromol Mater Eng 296:710–718. https:// doi. org/ 
10. 1002/ mame. 20100 0403

Ogin SL, Brøndsted P, Zangenberg J (2016) Composite materials: 
constituents, architecture, and generic damage. Inmodeling 
damage, fatigue and failure of composite materials (pp. 3–23). 
Woodhead Publishing. doi: https:// doi. org/ 10. 1016/ B978-1- 
78242- 286-0. 00001-7

Oksman K, Selin JF (2004) Plastics and composites from polylactic 
acid. Nat Fibers Plast Compos. 149–65.

Omar MF, Jaya H, Zulkepli NN (2020) Kenaf fiber reinforced 
composite in the automotive industry.

Ouhsti M, El Haddadi B, Belhouideg S (2018) Effect of printing 
parameters on the mechanical properties of parts fabricated 
with open-source 3D printers in PLA by fused deposition 
modeling. Mech Mech Eng 22(4):895–908. https:// doi. org/ 10. 
2478/ mme- 2018- 0070

Pan P, Zhu Bo, Kai W, Serizawa S, Iji M, Inoue Y (2007) 
Crystallization behavior and mechanical properties of bio-based 
green composites based on poly(L-lactide) and Kenaf fiber. J 
Appl Polym Sci 105:1511–1520. https:// doi. org/ 10. 1002/ app. 
26407

Pantani R, Volpe V, Titomanlio G (2014) Foam injection molding of 
poly (lactic acid) with environmentally friendly physical blowing 
agents. J Mater Process Technol 214(12):3098–3107. https:// doi. 
org/ 10. 1016/j. jmatp rotec. 2014. 07. 002

Pongtanayut K, Thongpin C, Santawitee O (2013) The effect of rubber 
on morphology, thermal properties and mechanical properties of 
PLA/NR and PLA/ENR blends. Energy Procedia 1(34):888–897. 
https:// doi. org/ 10. 1016/j. egypro. 2013. 06. 826

Popescu D, Zapciu A, Amza C, Baciu F, Marinescu R (2018) FDM 
process parameters influence over the mechanical properties of 
polymer specimens: a review. Polym Test 1(69):157–166. https:// 
doi. org/ 10. 1016/j. polym ertes ting. 2018. 05. 020

Prabhakaran S, Krishnaraj V, Sharma S, Senthilkumar M, 
Jegathishkumar R, Zitoune R (2020) Experimental study 
on thermal and morphological analyses of green composite 
sandwich made of flax and agglomerated cork. J Therm 
Anal Calorim 139(5):3003–3012. https:// doi. org/ 10. 1007/ 
s10973- 019- 08691-x

Pradhan R, Misra M, Erickson L, Mohanty A (2010) Compostability 
and biodegradation study of PLA–wheat straw and PLA–
soy straw based green composites in simulated composting 

bioreactor. Bioresour Technol 101(21):8489–8491. https:// doi. 
org/ 10. 1016/j. biort ech. 2010. 06. 053,PMID2 05948 27

Qin L, Qiu J, Liu M, Ding S, Shao L, Lü S et al (2011) Mechanical 
and thermal properties of poly (lactic acid) composites with 
rice straw fiber modified by poly (butyl acrylate). Chem Eng J 
166(2):772–778. https:// doi. org/ 10. 1016/j. cej. 2010. 11. 039

Quanjin M, Rejab MRM, Idris MS, Kumar NM, Abdullah MH, Reddy 
GR (2020) Recent 3D and 4D intelligent printing technologies: a 
comparative review and future perspective. Procedia Comput Sci 
1(167):1210–1219. https:// doi. org/ 10. 1016/j. procs. 2020. 03. 434

Rahim TN, Abdullah AM, Akil MdH (2019) Recent developments in 
fused deposition modeling-based 3D printing of polymers and 
their composites. Polym Rev 59(4):589–624. https:// doi. org/ 10. 
1002/ mame. 20170 0219

Rahman A, Haque S, Manokar M, Kamaludeen M (2023). ESPR 
JOURNAL.

Rajeshkumar G, Arvindh Seshadri S, Devnani GL, Sanjay MR, 
Siengchin S, Prakash Maran J et al (2021) Environment friendly, 
renewable and sustainable poly lactic acid (PLA) based natural 
fiber reinforced composites–a comprehensive review. J Cleaner 
Prod 310:127483. https:// doi. org/ 10. 1016/j. jclep ro. 2021. 127483

Ramasamy S, Karuppuchamy A, Jayaraj JJ, Suyambulingam I, 
Siengchin S, Fischer S (2022) Comprehensive characterization of 
novel Robusta (AAA) banana bracts fibers reinforced polylactic 
acid based biocomposites for lightweight applications. Polymer 
Compos. https:// doi. org/ 10. 1002/ pc. 27025

Ranakoti L, Rakesh PK (2020) Physio-mechanical characterization of 
tasar silk waste/jute fiber hybrid composite. Compos Commun 
22:100526. https:// doi. org/ 10. 1016/j. coco. 2020. 100526

Ranakoti L, Gupta MK, Rakesh PK (2019) Analysis of mechanical and 
tribological behavior of wood flour filled glass fiber reinforced 
epoxy composite. Mater Res Express 6(8):085327. https:// doi. 
org/ 10. 1088/ 2053- 1591/ ab2375

Ranakoti L, Gangil B, Mishra SK, Singh T, Sharma S, Ilyas RA et al 
(2022) Critical review on polylactic acid: properties, structure, 
processing, biocomposites, and nanocomposites. Materials 
15(12):4312. https:// doi. org/ 10. 3390/ ma151 24312 ,PMID3 57443 
71

Ranjeth Kumar Reddy T, Kim H (2019) Mechanical, optical, thermal, 
and barrier properties of poly (lactic acid)/curcumin composite 
films prepared using twin-screw extruder. Food Biophys 
14(1):22–29. https:// doi. org/ 10. 1007/ s11483- 018- 9553-4

Raquez J-M, Habibi Y, Murariu M, Dubois P (2013) Polylactide 
(PLA)-based nanocomposites. Prog Polym Sci. https:// doi. org/ 
10. 1016/j. progp olyms ci. 2013. 05. 014

Rathore R, Bhattacharjee S, Bora P, Gorrepotu SR, Samanta S, 
Debnath K (2022) Effect of injection parameters on tensile and 
flexural properties of green composites. 196–204.

Ray S, Cooney RP (2018) Thermal degradation of polymer and polymer 
composites. In Handbook of environmental degradation of 
materials 2018 Jan 1 (pp. 185–206). William Andrew Publishing. 
https:// doi. org/ 10. 1016/ B978-0- 323- 52472-8. 00009-5

Roy Choudhury M, Debnath K (2020) A study of drilling behavior 
of unidirectional bamboo fiber-reinforced green composites. 
J Inst Eng India Ser C 101:219–227. https:// doi. org/ 10. 1007/ 
s40032- 019- 00550-w

Saba N, Tahir PM, Jawaid M (2014) A review on potentiality of nano 
filler/natural fiber filled polymer hybrid composites. Polymers 
6(8):2247–2273. https:// doi. org/ 10. 3390/ polym 60822 47

Saeidlou S, Huneault MA, Li H, Park CB (2012) Poly(lactic acid) 
crystallization. Prog Polym Sci 37(12):1657–1677. https:// doi. 
org/ 10. 1016/j. progp olyms ci. 2012. 07. 005

Sahayaraj AF, Muthukrishnan M, Kumar RP, Ramesh M, Kannan 
M (2021) PLA based bio composite reinforced with natural 
fibers–review. InIOP Conf Ser IOP Conf Ser Mater Sci Eng 

https://doi.org/10.1115/MSEC2015-9436
https://doi.org/10.1115/MSEC2015-9436
https://doi.org/10.1155/2022/1332157
https://doi.org/10.1177/0731684412444325
https://doi.org/10.1177/0731684412444325
https://doi.org/10.14314/polimery.2019.10.3
https://doi.org/10.14314/polimery.2019.10.3
https://doi.org/10.1002/mame.201000403
https://doi.org/10.1002/mame.201000403
https://doi.org/10.1016/B978-1-78242-286-0.00001-7
https://doi.org/10.1016/B978-1-78242-286-0.00001-7
https://doi.org/10.2478/mme-2018-0070
https://doi.org/10.2478/mme-2018-0070
https://doi.org/10.1002/app.26407
https://doi.org/10.1002/app.26407
https://doi.org/10.1016/j.jmatprotec.2014.07.002
https://doi.org/10.1016/j.jmatprotec.2014.07.002
https://doi.org/10.1016/j.egypro.2013.06.826
https://doi.org/10.1016/j.polymertesting.2018.05.020
https://doi.org/10.1016/j.polymertesting.2018.05.020
https://doi.org/10.1007/s10973-019-08691-x
https://doi.org/10.1007/s10973-019-08691-x
https://doi.org/10.1016/j.biortech.2010.06.053,PMID20594827
https://doi.org/10.1016/j.biortech.2010.06.053,PMID20594827
https://doi.org/10.1016/j.cej.2010.11.039
https://doi.org/10.1016/j.procs.2020.03.434
https://doi.org/10.1002/mame.201700219
https://doi.org/10.1002/mame.201700219
https://doi.org/10.1016/j.jclepro.2021.127483
https://doi.org/10.1002/pc.27025
https://doi.org/10.1016/j.coco.2020.100526
https://doi.org/10.1088/2053-1591/ab2375
https://doi.org/10.1088/2053-1591/ab2375
https://doi.org/10.3390/ma15124312,PMID35744371
https://doi.org/10.3390/ma15124312,PMID35744371
https://doi.org/10.1007/s11483-018-9553-4
https://doi.org/10.1016/j.progpolymsci.2013.05.014
https://doi.org/10.1016/j.progpolymsci.2013.05.014
https://doi.org/10.1016/B978-0-323-52472-8.00009-5
https://doi.org/10.1007/s40032-019-00550-w
https://doi.org/10.1007/s40032-019-00550-w
https://doi.org/10.3390/polym6082247
https://doi.org/10.1016/j.progpolymsci.2012.07.005
https://doi.org/10.1016/j.progpolymsci.2012.07.005


2727Chemical Papers (2024) 78:2695–2728 

1145(1):12069. https:// doi. org/ 10. 1088/ 1757- 899X/ 1145/1/ 
012069

Sajna V, Mohanty S, Nayak S (2014) Hybrid green nanocomposites 
of poly(lactic acid) reinforced with banana fibre and nanoclay. 
J Reinf Plast Compos 33:1717–1732. https:// doi. org/ 10. 1177/ 
07316 84414 542992

Sanjay MR, Madhu P, Jawaid M, Senthamaraikannan P, Senthil S, 
Pradeep S (2017) Characterization and properties of natural fiber 
polymer composites: a comprehensive review. J Cleaner Prod 
124:22. https:// doi. org/ 10. 1016/j. jclep ro. 2017. 10. 101

Sanusi O, Benelfellah A, Bikiaris DN, Aït Hocine N (2020) Effect 
of rigid nanoparticles and preparation techniques on the 
performances of poly(lactic acid) nanocomposites: a review. 
Polym Adv Technol. https:// doi. org/ 10. 1002/ pat. 5104

Sathish S, Loganathan P, Sivanantham G, Karthi N, Balaji D, 
Vigneshkumar N (2021) Extraction, treatment and applications 
of natural fibers for bio-composites–a critical review. Int Polym 
Process 36:114–130. https:// doi. org/ 10. 1515/ ipp- 2020- 4004

Sawpan MA, Pickering KL, Fernyhough A (2011) Improvement of 
mechanical performance of industrial hemp fibre reinforced 
polylactide biocomposites. Compos A 42(3):310–319. https:// 
doi. org/ 10. 1016/j. compo sitesa. 2010. 12. 004

Scaffaro R, Maio A, Gulino EF, Megna B (2019) Structure-property 
relationship of PLA-Opuntia ficus Indica biocomposites. Compos 
B Eng 167:199–206. https:// doi. org/ 10. 1016/j. compo sitesb. 2018. 
12. 025

Shahar FS, Hameed Sultan MT, Safri SNA, Jawaid M, Abu Talib 
AR, Basri AA et al (2022) Fatigue and impact properties of 3D 
printed PLA reinforced with kenaf particles. J Mater Res Technol 
16:461–470. https:// doi. org/ 10. 1016/j. jmrt. 2021. 12. 023

Sharif A, Mondal S, Hoque M (2019) Polylactic acid (PLA)-based 
nanocomposites: processing and properties: preparation, 
processing, Properties & Performance.

Sharma S, Majumdar A, Butola BS (2021a) Tailoring the 
biodegradability of polylactic acid (PLA) based films and ramie–
PLA green composites by using selective additives. Int J Biol 
Macromol 181:1092–1103. https:// doi. org/ 10. 1016/j. ijbio mac. 
2021. 04. 108

Sharma S, Patyal V, Sudhakara P, Singh J, Petru M, Ilyas RA 
(2021b) Mechanical, morphological, and fracture-deformation 
behavior of MWCNTs-reinforced (Al–Cu–Mg–T351) alloy cast 
nanocomposites fabricated by optimized mechanical milling and 
powder metallurgy techniques. Nanotechnol Rev 11(1):65–85. 
https:// doi. org/ 10. 1515/ ntrev- 2022- 0005

Shih YF, Lai ZZ (2020), Green composites based on poly (lactic 
acid) and bamboo fiber: flame retardancy, thermal, and 
mechanical properties. In: Murakami RI, Koinkar P, Fujii T, 
Kim TG, Abdullah H (eds) NAC 2019. Springer Proceedings in 
Physics, vol 242. Springer, Singapore. https:// doi. org/ 10. 1007/ 
978- 981- 15- 2294-9_6

Shih YF, Huang CC (2011) Polylactic acid (PLA)/banana fiber (BF) 
biodegradable green composites. J Polym Res 18:2335–2340. 
https:// doi. org/ 10. 1007/ s10965- 011- 9646-y

Siakeng R, Jawaid M, Ariffin H, Sapuan S, Asim M, Saba N (2018a) 
Natural fibre reinforced polylactic acid composites: a review. 
Polymer Compos. https:// doi. org/ 10. 1002/ pc. 24747

Siakeng R, Jawaid M, Ariffin H, Sapuan S (2018b) Thermal properties 
of coir and pineapple leaf fibre reinforced polylactic acid hybrid 
composites. IOP Conf Series: Mater Sci Eng 368:012019. https:// 
doi. org/ 10. 1088/ 1757- 899X/ 368/1/ 012019

Siakeng R, Jawaid M, Ariffin H, Sapuan SM (2019) Mechanical, 
dynamic, and thermomechanical properties of coir/pineapple 
leaf fiber reinforced polylactic acid hybrid biocomposites. Polym 
Compos 40:2000–2011. https:// doi. org/ 10. 1002/ pc. 24978

Singh JIP, Singh S, Dhawan V (2018) Effect of curing temperature 
on mechanical properties of natural fiber reinforced polymer 

composites. J Nat Fibers 15(5):687–696. https:// doi. org/ 10. 1080/ 
15440 478. 2017. 13547 44

Singh J, Sehijpal S, Dhawan V (2019) Influence of fiber volume fraction 
and curing temperature on mechanical properties of jute/PLA 
green composites. Polym Polym Compos 28:096739111987287. 
https:// doi. org/ 10. 1177/ 09673 91119 872875

Smith WC, Dean RW (2013) Structural characteristics of fused 
deposition modeling polycarbonate material. Polym Test 
32(8):1306–1312. https:// doi. org/ 10. 1016/j. polym ertes ting. 
2013. 07. 014

Soemardi TP, Polit O, Salsabila F, Lololau A (2023) Ramie 
fiber-reinforced polylactic-acid prepreg: fabrication and 
characterization of unidirectional and bidirectional laminates. 
Int J Technol 14(4):888–897

Song Y, Liu J, Chen S, Zheng Y, Ruan S, Bin Y (2013) Mechanical 
properties of poly (lactic acid)/hemp fiber composites prepared 
with a novel method. J Polym Environ 21(4):1117–1127. https:// 
doi. org/ 10. 1007/ s10924- 013- 0569-z

Spiegel CA, Hippler M, Münchinger A, Bastmeyer M, Barner-Kowollik 
C, Wegener M et al (2020) 4D printing at the microscale. Adv 
Funct Mater 30(26):1907615. https:// doi. org/ 10. 1002/ adfm. 
20190 7615

Stevens CV (2010) Industrial applications of natural fibres: structure, 
properties and technical applications. John Wiley & Sons; 2010 
Apr 15.

Subash A, Kandasubramanian B (2020) 4D printing of shape memory 
polymers. Eur Polym J 5(134):109771. https:// doi. org/ 10. 1016/j. 
eurpo lymj. 2020. 109771

Suteja J, Firmanto H, Soesanti A, Christian C (2022) Properties 
investigation of 3D printed continuous pineapple leaf fiber-
reinforced PLA composite. J Thermoplast Compos Mater 
35(11):2052–2061. https:// doi. org/ 10. 1177/ 08927 05720 945371

Takagi H, Kako S, Kusano K, Ousaka A (2012) Thermal conductivity 
of PLA-bamboo fiber composites. Adv Compos Mater 16:377–
384. https:// doi. org/ 10. 1163/ 15685 51077 82325 186

Tao YU, Li Y, Jie RE (2009) Preparation and properties of short natural 
fiber reinforced poly (lactic acid) composites. Trans Nonferrous 
Met Soc China 19:651–655

Tawakkal ISMA, Cran MJ, Bigger SW (2014) Effect of kenaf fibre 
loading and thymol concentration on the mechanical and thermal 
properties of PLA/kenaf/thymol composites. Ind Crops Prod 
1(61):74–83. https:// doi. org/ 10. 1016/j. indcr op. 2014. 06. 032

Thakur VK, Thakur MK, Raghavan P, Kessler MR (2014) Progress 
in green polymer composites from lignin for multifunctional 
applications: a review. ACS Sustain Chem Eng 2(5):1072–1092. 
https:// doi. org/ 10. 1021/ sc500 087z

Todhanakasem T, Panjapiyakul S, Koombhongse P (2022) Novel 
pineapple leaf fibre composites coating with antimicrobial 
compound as a potential food packaging. Packag Technol Sci 
35(1):97–105. https:// doi. org/ 10. 1002/ pts. 2612

Trivedi AK, Gupta MK, Singh H (2023) PLA based biocomposites 
for sustainable products: a review. Adv Ind Eng Polymer Res 
6(4):382–395. https:// doi. org/ 10. 1016/j. aiepr. 2023. 02. 002

Vink ETH, Glassner DA, Kolstad JJ, Wooley RJ, O’Connor RP (2007) 
Original research: the eco-profiles for current and near-future 
NatureWorks® polylactide (PLA) production. Ind Biotechnol 
3(1):58–81. https:// doi. org/ 10. 1089/ ind. 2007.3. 058

Wambua P, Ivens J, Verpoest I (2003) Natural fibres: can they 
replace glass in fibre reinforced plastics? Compos Sci Technol 
63(9):1259–1264. https:// doi. org/ 10. 1016/ S0266- 3538(03) 
00096-4

Wang YN, Weng YX, Wang L (2014) Characterization of interfacial 
compatibility of polylactic acid and bamboo flour (PLA/BF) in 
biocomposites. Polym Test 1(36):119–125. https:// doi. org/ 10. 
1016/j. polym ertes ting. 2014. 04. 001

https://doi.org/10.1088/1757-899X/1145/1/012069
https://doi.org/10.1088/1757-899X/1145/1/012069
https://doi.org/10.1177/0731684414542992
https://doi.org/10.1177/0731684414542992
https://doi.org/10.1016/j.jclepro.2017.10.101
https://doi.org/10.1002/pat.5104
https://doi.org/10.1515/ipp-2020-4004
https://doi.org/10.1016/j.compositesa.2010.12.004
https://doi.org/10.1016/j.compositesa.2010.12.004
https://doi.org/10.1016/j.compositesb.2018.12.025
https://doi.org/10.1016/j.compositesb.2018.12.025
https://doi.org/10.1016/j.jmrt.2021.12.023
https://doi.org/10.1016/j.ijbiomac.2021.04.108
https://doi.org/10.1016/j.ijbiomac.2021.04.108
https://doi.org/10.1515/ntrev-2022-0005
https://doi.org/10.1007/978-981-15-2294-9_6
https://doi.org/10.1007/978-981-15-2294-9_6
https://doi.org/10.1007/s10965-011-9646-y
https://doi.org/10.1002/pc.24747
https://doi.org/10.1088/1757-899X/368/1/012019
https://doi.org/10.1088/1757-899X/368/1/012019
https://doi.org/10.1002/pc.24978
https://doi.org/10.1080/15440478.2017.1354744
https://doi.org/10.1080/15440478.2017.1354744
https://doi.org/10.1177/0967391119872875
https://doi.org/10.1016/j.polymertesting.2013.07.014
https://doi.org/10.1016/j.polymertesting.2013.07.014
https://doi.org/10.1007/s10924-013-0569-z
https://doi.org/10.1007/s10924-013-0569-z
https://doi.org/10.1002/adfm.201907615
https://doi.org/10.1002/adfm.201907615
https://doi.org/10.1016/j.eurpolymj.2020.109771
https://doi.org/10.1016/j.eurpolymj.2020.109771
https://doi.org/10.1177/0892705720945371
https://doi.org/10.1163/156855107782325186
https://doi.org/10.1016/j.indcrop.2014.06.032
https://doi.org/10.1021/sc500087z
https://doi.org/10.1002/pts.2612
https://doi.org/10.1016/j.aiepr.2023.02.002
https://doi.org/10.1089/ind.2007.3.058
https://doi.org/10.1016/S0266-3538(03)00096-4
https://doi.org/10.1016/S0266-3538(03)00096-4
https://doi.org/10.1016/j.polymertesting.2014.04.001
https://doi.org/10.1016/j.polymertesting.2014.04.001


2728 Chemical Papers (2024) 78:2695–2728

Wang B, Hina K, Zou H, Cui Li, Zuo D, Yi C (2019) Mechanical, 
biodegradation and morphological properties of sisal fiber 
reinforced poly(lactic acid) Biocomposites. J Macromol Sci 
Part B 58(2):275–289. https:// doi. org/ 10. 1080/ 00222 348. 2019. 
15784 86

Wang J, Peng C, Li H, Zhang P, Liu X (2021) The impact of 
microplastic-microbe interactions on animal health and 
biogeochemical cycles: a mini-review. Sci Total Environ 
773:145697. https:// doi. org/ 10. 1016/j. scito tenv. 2021. 14569 
7,PMID3 39407 64

Wang B, Qi Z, Chen X, Sun C, Yao W, Zheng H, Liu M, Li W, Qin 
A, Tan H, Zhang Y (2022) Preparation and mechanism of 
lightweight wood fiber/poly(lactic acid) composites. Int J Biol 
Macromol 217:792–802. https:// doi. org/ 10. 1016/j. ijbio mac. 2022. 
07. 101

Weerasinghe D, Hedigalla D, Dassanayaka D, Wanasekara N, 
Gunasekera U, Mohotti D (2023) Developing a compression-
moulded composite partitioning panel from banana fibres and 
PLA. Electron J Struct Eng 23(2):21–26. https:// doi. org/ 10. 
56748/ ejse. 233832

Wu CS (2014) Preparation, characterisation, and biocompatibility of 
Ganoderma lucidum fibre-based composites with polylactic acid. 
Compos Sci Technol 6(102):1–9. https:// doi. org/ 10. 1016/j. comps 
citech. 2014. 07. 012

Wu W, Ye W, Wu Z, Geng P, Wang Y, Zhao J (2017) Influence of layer 
thickness, raster angle, deformation temperature and recovery 
temperature on the shape-memory effect of 3D-printed polylactic 
acid samples. Materials 10(8):970. https:// doi. org/ 10. 3390/ 
ma100 80970 ,PMID2 88256 17

Xu T, Tang Z, Zhu J (2012) Synthesis of polylactide-graft-glycidyl 
methacrylate graft copolymer and its application as a coupling 
agent in polylactide/bamboo flour biocomposites. J Appl Polym 
Sci 125(S2):E622–E627. https:// doi. org/ 10. 1002/ app. 36808

Xu C, Yuan D, Fu L, Chen Y (2014) Physical blend of PLA/NR with 
co-continuous phase structure: preparation, rheology property, 
mechanical properties and morphology. Polym Test 1(37):94–
101. https:// doi. org/ 10. 1016/j. polym ertes ting. 2014. 05. 005

Xu C, Zhang X, Jin X, Nie S, Yang R (2019) Study on mechanical 
and thermal properties of poly (lactic acid)/poly (butylene 
adipate-co-terephthalate)/office wastepaper fiber biodegradable 
composites. J Polym Environ 27(6):1273–1284. https:// doi. org/ 
10. 1007/ s10924- 019- 01428-9

Yang TC, Yeh CH (2020) Morphology and mechanical properties of 
3D printed wood fiber/polylactic acid composite parts using 
fused deposition modeling (FDM): the effects of printing speed. 
Polymers 12(6):1334. https:// doi. org/ 10. 3390/ polym 12061 
334,PMID3 25453 59

Yang TC, Wu TL, Hung KC, Chen YL, Wu JH (2015) Mechanical 
properties and extended creep behavior of bamboo fiber 
reinforced recycled poly(lactic acid) composites using the 
temperature superposition principle. Constr Build Mater 
93:558–563

Yu T, Ren J, Li S, Yuan H, Li Y (2010) Effect of fiber surface-
treatments on the properties of poly (lactic acid)/ramie 

composites. Compos A 41(4):499–505. https:// doi. org/ 10. 1016/j. 
compo sitesa. 2009. 12. 006

Yu T, Jiang N, Li Y (2014) Study on short ramie fiber/poly (lactic 
acid) composites compatibilized by maleic anhydride. Compos A 
64:139–146. https:// doi. org/ 10. 1016/j. compo sitesa. 2014. 05. 008

Yuan D, Xu C, Chen Z, Chen Y (2014) Crosslinked bicontinuous 
biobased polylactide/natural rubber materials: super toughness, 
“net-like”-structure of NR phase and excellent interfacial 
adhesion. Polym Test 1(38):73–80. https:// doi. org/ 10. 1016/j. 
polym ertes ting. 2014. 07. 004

Yusoff RB, Takagi H, Nakagaito AN (2016) Tensile and flexural 
properties of polylactic acid-based hybrid green composites 
reinforced by kenaf bamboo and coir fibers. Ind Crops Products 
94:562–573. https:// doi. org/ 10. 1016/j. indcr op. 2016. 09. 017

Yussuf AA, Massoumi I, Hassan A (2010) Comparison of polylactic 
acid/kenaf and polylactic acid/rise husk composites: the 
influence of the natural fibers on the mechanical, thermal and 
biodegradability properties. J Polym Environ 18(3):422–429. 
https:// doi. org/ 10. 1007/ s10924- 010- 0185-0

Zhan J, Wang G, Li J, Guan Y, Zhao G, Naceur H, Coutellier D, Lin J 
(2021) Effect of the compatilizer and chemical treatments on the 
performance of poly(lactic acid)/ramie fiber composites. Compos 
Commun 27:100843. https:// doi. org/ 10. 1016/j. coco. 2021. 100843

Zhang L, Sun Z, Liang D, Lin J, Xiao W (2017a) Preparation and 
performance evaluation of PLA/coir fibre biocomposites. 
BioResources 12(4):7349–7362

Zhang X, Li S, Xu C, Li J, Wang Z (2020) Study on the mechanical 
and thermal properties of poly(lactic acid)/office waste paper 
fiber composites. J Appl Polymer Sci 137:255. https:// doi. org/ 
10. 1002/ app. 49390

Zhang L, Shanshan LV, Sun C, Wan L, Tan H, and Zhang Y (2017) 
Effect of MAH-g-PLA on the properties of wood fiber/polylactic 
acid composites, Polymers 9(11): 591. https:// doi. org/ 10. 3390/ 
polym 91105 91

Zini E, Scandola M (2011) Green composites: an overview. Polym 
Compos 32(12):1905–1915

Zini E, Scandola M (2011) Green composites: an overview. Polymer 
Compos 32:222. https:// doi. org/ 10. 1002/ pc. 21224

Zolfagharian A, Kaynak A, Kouzani A (2020) Closed-loop 4D-printed 
soft robots. Mater Des 1(188):108411. https:// doi. org/ 10. 1016/j. 
matdes. 2019. 108411

Zwawi M (2021) A review on natural fiber bio-composites, surface 
modifications and applications. Molecules 26:404. https:// doi. 
org/ 10. 3390/ molec ules2 60204 04

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1080/00222348.2019.1578486
https://doi.org/10.1080/00222348.2019.1578486
https://doi.org/10.1016/j.scitotenv.2021.145697,PMID33940764
https://doi.org/10.1016/j.scitotenv.2021.145697,PMID33940764
https://doi.org/10.1016/j.ijbiomac.2022.07.101
https://doi.org/10.1016/j.ijbiomac.2022.07.101
https://doi.org/10.56748/ejse.233832
https://doi.org/10.56748/ejse.233832
https://doi.org/10.1016/j.compscitech.2014.07.012
https://doi.org/10.1016/j.compscitech.2014.07.012
https://doi.org/10.3390/ma10080970,PMID28825617
https://doi.org/10.3390/ma10080970,PMID28825617
https://doi.org/10.1002/app.36808
https://doi.org/10.1016/j.polymertesting.2014.05.005
https://doi.org/10.1007/s10924-019-01428-9
https://doi.org/10.1007/s10924-019-01428-9
https://doi.org/10.3390/polym12061334,PMID32545359
https://doi.org/10.3390/polym12061334,PMID32545359
https://doi.org/10.1016/j.compositesa.2009.12.006
https://doi.org/10.1016/j.compositesa.2009.12.006
https://doi.org/10.1016/j.compositesa.2014.05.008
https://doi.org/10.1016/j.polymertesting.2014.07.004
https://doi.org/10.1016/j.polymertesting.2014.07.004
https://doi.org/10.1016/j.indcrop.2016.09.017
https://doi.org/10.1007/s10924-010-0185-0
https://doi.org/10.1016/j.coco.2021.100843
https://doi.org/10.1002/app.49390
https://doi.org/10.1002/app.49390
https://doi.org/10.3390/polym9110591
https://doi.org/10.3390/polym9110591
https://doi.org/10.1002/pc.21224
https://doi.org/10.1016/j.matdes.2019.108411
https://doi.org/10.1016/j.matdes.2019.108411
https://doi.org/10.3390/molecules26020404
https://doi.org/10.3390/molecules26020404

	A review on biodegradable composites based on poly (lactic acid) with various bio fibers
	Abstract
	Introduction
	Bio-fiber
	Chemical composition
	Mechanical properties
	Treatment of bio-fibers:

	Polylactic acid (PLA)
	Structure and properties of polylactic acid
	Production of PLA:
	PLA biodegradation

	Composite
	Bio-fiber-reinforced PLA composites
	The use of DMA to investigate fibermatrix interactions
	Brief on PLA composites in brief
	Development of PLA bio composite
	Processing method developments of PLA bio-composite
	The significance of bio fibers in the PLA matrix

	PLA-based green composites
	Green nanocomposites based on PLA

	Procedures to increase the ductility of PLA
	Plasticizing
	Impact modification
	Natural rubber

	Mechanical characteristics of PLA bio composites

	Thermal characteristics of PLA bio composites
	3D and 4D Printings of PLA Bio composite
	Fused deposition modeling (FDM)

	Application of PLA bio composites
	Conclusion and future scope
	Acknowledgements 
	References




