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Poly-lactic acid (PLA) has become a commonly used polymer for additive manufacturing because of its bio-
derived nature, useful mechanical properties, and excellent processability. Reinforcing PLA with bio-derived
materials has been shown to improve the physical, mechanical, and thermal properties of 3D printed compos-
ites and, in some cases, to produce active materials for shape-changing hygromorphic structures. PLA also dis-
plays shape memory as a response to changes in temperature, making it a popular choice for 4D printing. This
review aims to present an overview of the current state of 3D/4D printing PLA composites with bio-derived
reinforcements and highlight the recent progress and future opportunities. This comprehensive overview sum-
marises the different forms of bio-derived reinforcements for PLA used in fused deposition modelling (FDM),
factors influencing the resulting printed composites’ performance, and research gaps that need addressing. The
current methods used before, during, and after printing to enhance the material properties and the impending

need for innovative filament production and printing technologies have been brought to attention.

1. Introduction
1.1. 3D and 4D Printing

Additive manufacturing (AM), also known as 3D printing, enables
the fabrication of complex geometries, consolidation of sophisticated
assemblies, customisation of products, and reduction of material waste
[1]. These advantages have supported massive growth in the 3D printing
market in the past few years. There has also been a significant increase in
the number of publications related to 3D printing in the last decade
(Figure 1), primarily distributed in the areas of engineering, materials
science, physics and astronomy, computer science, and chemistry, with
a total of 78,624 documents between 2010 to 2021.

3D printing is an additive process in which a three-dimensional ob-
ject is created from a digital model by adding material, typically in
successive layers. 3D printing can be contrasted with traditional
manufacturing processes that use subtractive approaches such as
machining, grinding, and casting, where molten material is filled in a
mould to create a product [2]. There are various types of 3D printing
technologies, and all of them have their targeted applications. According
to ASTM standard F2792, 3D Printing, or AM technologies, are grouped
into seven categories: binder jetting, directed energy deposition,
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material extrusion, material jetting, powder bed fusion, sheet lamina-
tion and vat photopolymerisation, as shown in Figure 2 [3].

Binder Jetting

Binder jetting involves a technique like that of inkjet technology used
in a typical desktop inkjet printer. An inkjet printer head selectively
deposits the liquid binder on the powder spread in this process. It is an
energy-efficient process as it does not use heat to bind the materials.
Additionally, all the unused powder is fully recyclable as the powder is
not heated. Metals, polymers, and ceramics are commonly used mate-
rials in this technique [3-5].

Directed energy deposition

DED is used to create objects using focussed heat input to fuse the
material that is deposited in a layer by layer fashion with a multi-axis
nozzle. Types of heat inputs used for DED include laser, electron
beam, and arc [6]. The material feedstock is in the form of powder or a
wire. DED is predominantly used for the repair of metal objects [7].

Material Extrusion
Fused deposition modelling (FDM) is an example of a material
extrusion technique. In this method, thermoplastic filaments are first
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heated and then extruded through a nozzle tip. The extruded molten
material is then added layer after layer following the digital model of the
part. FDM is mostly applied when creating concept models in the early
stages of product development to reduce costs and shorten production
time. The advantage of FDM is that the filament materials are readily
available. In addition, a wide range of FDM filaments exists with
different strengths and temperature properties [8].

Material jetting

Material jetting is similar to a traditional inkjet printer in its principle
of operation. In this process, photopolymer droplets are deposited pre-
cisely on the build surface. The build platform height changes to repeat
the deposition after the previously deposited material solidifies. A wide
range of materials, including composites, polymers, and ceramics, are
used in this process [3,5]

Powder bed fusion

PBF uses high power energy sources to melt or sinter deposited
material layers to form a single object. Electron beam melting (EBM),
selective laser melting (SLM), and selective laser sintering (SLS) are
three different types of PBF methods based on the type of power source
[6]. Various classes of materials, including metals, synthetic polymers,
and ceramics, can be used for PBF [7].

Sheet lamination

Sheet lamination differs from other 3D printing processes in using
sheets as material feedstock instead of powder or wire. In this method,
precision-cut layers of metal or polymer are stacked layer by layer and
are bonded by diffusion to obtain the final object [9].

Vat photopolymerisation

VP is a 3D printing method where photoreactive materials are cured
using a light source or ultraviolet radiation in a controlled manner to
form a 3D object. Stereolithography (SLA) and digital light processing
(DLP) are examples of VP. DLP uses an arc lamp as a light source,
whereas SLA uses ultraviolet light [3]. Stereolithography is the most
precise AM technology, so it is used in creating high-quality prototypes
with complex and intricate geometrical shapes. It also can produce
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objects with high dimensional tolerance and an excellent surface finish.
However, the high amount of resins used increases the cost of stereo-
lithography technology [8].

Although most 3D printing methods use a layer-by-layer
manufacturing method, an innovative method named 3D freeform
printing has been used to build complex geometries in open space with a
robotic arm that houses an extrusion chamber. The robotic arm extrudes
and places the material where required in a three-dimensional place to
produce the final object [13,14]. A comparison of the number of pub-
lications between 2010 and 2021 for the most commonly used 3D
printing methods is shown in Figure 3, where FDM, a material extrusion
process, has the highest number of publications with a total of 3,102
documents between 2010 and 2021. A variety of materials, including
metals, polymers, resins, and powders, are used for 3D printing [15].
Polymers are the most commonly used materials, including thermo-
plastics, thermosets, hydrogels, functional polymers, and polymer-based
composites [16,17].

Four-dimensional (4D) printing, derived from 3D printing, involves
manufacturing objects engineered to react to an external stimulus in a
useful way [1]. 4D printing utilises smart materials programmed to
exhibit changes in one or more properties in a controlled manner on the
application of an external stimulus [18] such as heat, light, water, or UV
light [19]. Examples of such smart behaviours are self-sensing, self--
healing, self-actuating, self-diagnostic, and shape-changing effects (see
Table 1) [20]. 4D printing enables actuation in a material without the
need for electromechanical systems, which can be translated into
reduced expenditure, reduced need for assembly, and avoids the possi-
bility of failure of electronic components [21,22].

An illustration of the difference between 3D and 4D Printing is
shown in Figure 4. There are two main differences between 3D and 4D
Printing - smart materials and smart design. In 4D printing, smart ma-
terials are programmed for predefined changes that occur post-printing,
unlike in 3D Printing, where there the product is not expected to un-
dergo any shape related changes post-printing. Consider the case of
printing flat cardboard, which is programmed to turn into folded card-
board. Without a programmed smart material, a folded cardboard would
be printed directly via 3D printing. In 4D printing technology, the flat
object is printed first with a programmed smart material that can later

Year

Figure 1. Number of publications in the Scopus database between 2010 and 2021 with the keywords: "3D printing" OR "additive manufacturing".
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Figure 2. Types of 3D printing techniques as per ASTM standard F2792 1) Binder jetting: Reproduced from [10] with permission of Royal Society of Chemistry 2)
Directed energy deposition: Reproduced with permission from Elsevier, license number 5279001041777 3) Material extrusion: Reproduced from [10] with
permission of Royal Society of Chemistry 4) Material jetting: Reproduced from [10] with permission of Royal Society of Chemistry 5) Powder bed fusion: Reproduced
with permission from Elsevier, license number 5279081324096 [11] 6) Sheet lamination: Reproduced from [10] with permission of Royal Society of Chemistry 7)

Vat photopolymerisation [12].
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Table 1
Capabilities of smart materials used in 4D printing [20].

Function Description

Shape changing /shape Material changes shape in response to external stimulus.

memory
Self-assembly Allows automated folding for assembly.
Self-actuating Allows actuation in response to stimulus
Self-sensing Allows automatic detection and sometimes

quantification of external stimulus.

perform self-transformation into a folded cardboard structure [23]. 4D
printing technology can give more value to particular applications,
while in 3D printing technology, there is scope for high quality and
versatility with regards to applications and fabrication [24]. The po-
tential uses of 4D printing technologies include applications in archi-
tecture, medicine, food, automotive, and other industries [25].

1.2. Bio-derived materials in 3D/4D Printing

There is increasing awareness in the 3D printing industry regarding
sustainable alternatives to current materials [26]. According to statistics
[27], thermoplastics (see Figure 5, where plastics refer to thermoplas-
tics) are the most commonly used materials for 3D printing, and FDM is
the most used technology [28]. However, extensive use of
petrochemical-based thermoplastics does not align well with achieving a
circular economy. Consequently, there has been a significant interest in
incorporating bio-derived polymers and their composites as alternatives
for conventional oil-based polymers to make the additive manufacturing
industry more sustainable [29].

Poly (lactic acid) (PLA) is a bio-derived and biodegradable polymer
that is the most used material worldwide for 3D printing, as shown in
Figure 6 [26,30]. Other bio-derived polymers used for 3D printing
include PHA (polyhydroxyalkanoates) [31,32], Bio PE (bio-derived
polyethylene) [33], PEF (poly(ethylene-2,5-furandicarboxylate)) [34],
Bio PC (bio-derived polycarbonate) [35], and Bio PA 11 (Polyamide 11)
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Figure 4. Difference between 3D and 4D printing [22]. Reproduced with permission from Elsevier, license number 5279100212677.
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Figure 6. Worldwide most used polymers for 3D printing as of July 2018 [30].

[36] as shown in Table 2. PLA has the highest tensile and flexural
strengths compared to other bio-derived thermoplastics used for 3D
printing and is also preferred as it is more readily available [37].

PLA composites have been used for FDM 3D printing to achieve
better mechanical properties and improved functionalities that are not

obtained using PLA directly [44]. PLA composites with bio-derived re-
inforcements such as flax, hemp, jute, bamboo, and other natural fibres
have been widely researched for 3D printing to enhance mechanical
properties, reduce material and production cost, and improve the sus-
tainability of manufactured products [45,46].
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Table 2
Mechanical properties of bio-derived thermoplastics used in 3D printing.

Composites Part C: Open Access 8 (2022) 100271

Biopolymer  Tensile strength Young’s modulus Elongation at break Flexural strength Flexural modulus Biodegradability Ref.
(MPa) (GPa) (%) (MPa) (GPa)
PLA 50 - 89.1 3-4 2-9 120-150 3.5-5 Biodegradable [38]
PHA 15- 40 1-2 1-15 17 - 61 1.4-32 Biodegradable [31,
32]
Bio PE 18.4-17.9 1.4-1.9 5-7 18.7 -19.8 0.8-1.01 Non- [39,
biodegradable 40]
PEF 67 -77 2.7-29 2-4 - Non- [41]
biodegradable
Bio PC 70.23 -75.13 2.3-25 16.48 — 93.84 - Non- [42,
biodegradable 43]
Bio PA 11 52 -54 1.7-1.8 28 - Non- [36]
biodegradable

4D printing of bio-derived polymers and their composites can be
achieved using a bio-derived shape memory polymer (SMP) or by
combining a bio-derived polymer with moisture sensitive natural fibre
reinforcement. SMPs undergo a cycle involving two steps during their
transformation. In the first step, the material is programmed to deform
its shape from the original shape to a temporary shape. In the second
step, an external stimulus is applied upon which the material recovers its
original shape. The material’s ability to recover its original shape is
called the shape-memory effect [47,48]. PLA is an example of a
bio-derived polymer used as a shape-memory polymer in 4D printing
applications [49-52].

Another way for 4D printing bio-derived polymer composites is by

Liquifier head\‘
Extrusion nozzles\‘

Part

exploiting the moisture responsive behaviour of natural fibres. Natural
fibres are sensitive to moisture, and this property can be used to develop
materials that actuate when exposed to moisture. Such motion is natu-
rally observed in pine cones and wheat awns [53]. The principle of
actuation in pinecones is based on differential swelling between two
layers in the bilayer assembly of the plant cell wall. The plant’s sec-
ondary cell wall consists of stiff cellulose fibrils in the hygroscopic
hemicellulose and pectin matrix. Upon wetting, the hygroscopic matrix
swells, and the presence of stiff cellulose fibrils constrains the swelling.
Hence, differential swelling causes the pine cone to open [54].
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Support
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spool

Build
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Figure 7. Schematic representation of fused deposition modelling method. Reproduced with permission from Elsevier, license number 5170280890406 [59].
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2. Fused Deposition Modelling (FDM)

FDM, also referred to as fused filament fabrication (FFF) or material
extrusion, is a 3D printing technique with various advantages, including
low cost, moderate operating conditions, and large build volumes ca-
pacity [55-57]. On the other hand, it has disadvantages such as limited
accuracy, slow printing speeds, and shrinkage due to temperature
changes [56].

The FDM process (Figure 7) begins by digitally slicing the 3D CAD
model into layers, and the data, converted to a G-code (Geometric code
for computer numerical control), is transferred to the 3D printing ma-
chine, which constructs the part layer by layer. Next, both the support
material and the thermoplastic filaments, generally with diameters of
1.75 or 3 mm, are fed into the heated chamber and melted. The molten
material is then extruded through nozzles in a layer-by-layer structure.
Finally, the finished part is removed from the build platform, and if
necessary, the support material is removed [58].

Many studies have focused on the effects of FDM printing parameters
on the performance of the 3D printed parts [55,60-63]. The parameters
that affect an FDM printed part’s quality include build orientation, raster
angle, layer thickness, infill density, and extrusion temperature, as
shown in Table 3 [64].

Build orientation is one of the most influential structural parameters
in terms of the mechanical properties of FDM parts. Compared to parts
printed in a perpendicular direction to the build platform, FDM parts
printed in horizontal or vertical directions have a substantial decrease in
mechanical properties [67-69]. Raster angle also influences the me-
chanical properties of FDM printed samples. Studies show that samples
printed with a raster angle of 0° have the highest tensile properties,
followed by 0°/90°, 45°/45°, and 90° [70-73]. Layer thickness and infill
percentage are also important parameters that influence the quality and
mechanical properties of FDM printed objects. Increasing layer thickness
improves print time but reduces surface finishing. A layer thickness
between 0.1 to 0.4 is considered optimum for most FDM applications
[71,74,75]. An increase in infill percentage improves the tensile prop-
erties in FDM printed parts. Hence, most studies on improving the me-
chanical performance of FDM parts select an infill percentage of 100%
[55,60,76]. However, low infill percentages are preferred for reducing
time and cost.

Besides the effect of geometry-related parameters, extrusion tem-
perature and printing speed also influence the properties of FDM printed
parts. Higher temperatures have been shown to improve bonding be-
tween the layers; at high temperatures, the melt flow of the polymer is
higher, which increases the interfacial area between the layers leading
to a decrease in voids and an increase in mechanical performance.
However, high temperatures also affect dimensional accuracy and cause
shrinkage in some polymers [55]. Optimum printing speed in FDM is
dependent on the material selected. In the studies related to the effects of
printing speed on FDM parts, it has been observed that interlayer
bonding between the filaments reduces with an increase in printing
speed, which is attributed to the lack of time for polymer plasticisation
[75,77-79].

3. Poly (lactic acid) (PLA) - Lifecycle, Synthesis, and Properties

PLA is a bio-derived thermoplastic polymer synthesised from lactic
acid obtained from corn, sugarcane, and other biomass. It is also a 100%
biodegradable polymer with high tensile strength and modulus. PLA can
be recycled up to 8 times and is compostable at the end of life [80]. The
life cycle of PLA is shown in Figure 8.

PLA is synthesised from lactic acid in three ways — direct poly-
condensation of lactic acid (LA), azeotropic dehydrative condensation,
and ring-opening polymerisation (ROP) of lactide (Figure 9). ROP is the
most commonly used method as it yields high molecular weight PLA and
requires low temperatures and short reaction times [81,82]. First, low
molecular weight oligomers are produced by the continuous

Composites Part C: Open Access 8 (2022) 100271

condensation reaction of aqueous lactic acid. Followed by this, the
oligomer or prepolymer is catalytically converted into cyclic lactide.
This cyclic lactide production results in three forms: D,D-lactide
(D-lactide), L,L-lactide (L-lactide) and L,D- or D,L-lactide (meso lac-
tide) as shown in Figure 10 [83]. The next step is distillation, where
impurities are removed, and meso lactide is separated. The final step
involves the ROP of lactides to obtain different grades of PLA.

The stereochemical structure of PLA can be controlled by controlling
the mixture of L- or D- isomers to obtain different proportions of crys-
talline and amorphous phases. The polymerisation of L-lactide produces
poly (L-lactide) (PLLA), D-lactide produces poly (D-lactide) (PDLA), and
racemic (50% L- and 50% D-) produces poly (DL-lactide) (PDLLA). PLLA
and PDLA are optically pure polylactides and are crystalline, whereas
PDLLA is amorphous. PLA can be degraded by simple hydrolysis without
the use of enzymes to catalyse the hydrolysis [81].

The thermal, mechanical, and biodegradation properties of PLA
depend on the distribution of the stereoisomers in the polymer chains.
PLA with greater than 90% content of PLLA is highly crystalline, and a
lower percentage of PLLA yields more amorphous PLA. Melting tem-
perature (Ty,) and glass transition temperature (Tg) of PLA increase with
the increase of L-isomer content and decrease of D-isomer content [83].

4. FDM 3D Printing of PLA Composites with Bio-Derived
Reinforcements

When particle, fibre, or flake reinforcements are embedded into a
matrix material, the resultant material is defined as a composite. Most
polymer-based composites have 60% to 70% polymers as their matrix,
and the reinforcement material constitutes about 30% to 40% [86].
Reinforcement is considered the principal component in a composite
system, with the primary function of improving the mechanical prop-
erties of the composite [87]. In this review, reinforcement is defined as
the component that at least improves Young’s modulus of the resulting
composite when added to the polymer. Bio-derived reinforcements used
in FDM 3D printing can be classified into micro (100 pm to 100 nm) and
nano (100 nm to 1 nm) reinforcements which are further classified into
fibre and particle reinforcements based on their shape and size, as shown
in Figure 11. This classification is based on the forms of reinforcement
used from a material processing perspective. Bio-derived micro fibre
reinforcement forms are further classified into discontinuous and
continuous, where single fibres and chopped fibre bundles are discon-
tinuous reinforcement forms, and single fibres spun into yarns are
continuous reinforcement forms [88]. Nano reinforcements are classi-
fied into nano fibre and nano particle reinforcements [89].

Bio-derived micro fibres are the most common type of re-
inforcements, and their sources can be both natural and man-made, as
shown in Figure 12. While natural fibre reinforcements have been
widely used for FDM 3D printing of PLA, man-made fibres have not been
explored for FDM applications so far. Natural fibres include plant, ani-
mal, and mineral fibres [90]. Plant fibres are composed of cellulose,
hemicellulose, and lignin and are categorised as wood, bast, leaf, straw,
grass, and seed fibres. Animal fibres are constituted of protein and are
classified into hair and silk. Mineral fibres are in the asbestos group of
minerals and are not preferred due to their carcinogenic nature [91].
Man-made or regenerated cellulose fibres are classified into lyocell,
viscose, and modal [92]. Production of regenerated cellulose fibres
typically involves pre-treatment of cellulose with a solvent to swell the
cellulose molecules and induce chain relaxation, followed by a spinning
process. The viscose process is the oldest method to produce regenerated
cellulose fibres, where derivatizing is used to modify cellulose, followed
by dissolution and spinning. The process for obtaining modal fibres is
similar to viscose, except the fibres undergo treatment after the spinning
process to improve the molecular alignment thereby increasing the
strength of the fibres. Lyocell fibres on the ither hand, are produced by a
direct dissolution of cellulose using ionic liquids or N-methyl-
morpholine-oxide (NMMO). Lyocell process is relatively new and is
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Table 3
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Important printing parameters in FDM (adapted from [64-66]). Extrusion temperature: Reproduced with permission from Elsevier, license number 5166990649229;

Infill density: Reproduced with permission from Elsevier, 5166991182219.

Parameters

Description

Graphical representation
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Orientation of the component with respect to the build platform.

The angle between the path of material deposition and the x-axis of the
build platform.
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The temperature inside the nozzle before the material is extruded.
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Figure 9. Methods of synthesising PLA from lactic acid [84] Reproduced with permission from Elsevier, license number 5124211449068.

considered environmentally friendly compared to viscose and modal
processes due to the ability to recover more than 90% of the solvents
used [93].

A list of properties of bio-derived fibres is given in Table 4. Flax,
hemp, and ramie have the highest tensile strength and Young’s modulus
amongst the natural fibres. Animal fibres have low mechanical proper-
ties compared to other bio-derived fibres except for silk. However, silk is
expensive and has a lower stiffness compared to other fibres. The
properties of bio-derived fibres suffer from variability, as seen in
Table 4. This is because the properties of a bio-derived fibre are

dependent on the type of plant, region, type of extraction, fibre age, and
processing methods [94]. Apart from variability, the use of bio-derived
fibres also possesses challenges such as high moisture absorption, low
thermal stability, and poor fire resistance [94,95]. Selection of type of
bio-derived reinforcement plays an essential role in achieving adequate
performance and overcoming limitations due to the properties vari-
ability for any application [94]. Understanding the composition of
bio-derived reinforcements and their contribution to the material
properties enables the selection of the right type of reinforcement. For
example, the properties of natural fibres are governed by the content of



L.P. Muthe et al.

L-lactic acid

/N

Composites Part C: Open Access 8 (2022) 100271

D-lactic acid

0
an CH; CH; CH;
o e (o} (o}
o ‘\\'.‘
s CH3™ CHj
H;C
0 (o]
0
L-lactide Meso lactide D-lactide
Figure 10. Stereoisomers of lactide [85]. Reproduced with permission from Elsevier, license number 5131100470175
Bio-derived
Reinforcements
|
N %\*\
Micro Nano
reinforcements reinforcements
\ l J I >4
[ | |
D D
Fibre Particle Nano fibre Nano particle
reinforcements reinforcements reinforcements reinforcements
L
[ [
Y
Discontinuous Continuous
reinforcements reinforcements
-
I
)
. Chopped fibre .
Single fibres e Fibre yarn
-

Figure 11. Types of bio-derived reinforcements used in FDM composites.

cellulose, micro-fibrillar angle (MFA), and cellulose crystallinity. Lower
MFA and high cellulosic content are preferred to achieve high strength
and stiffness; however, to achieve high ductility, a higher MFA is
preferred [95,96]. In the case of man-made cellulose fibres, the process
used to produce the fibres also affects their properties, influencing the
degree of crystallinity, micro-void length, and crystal orientation.
Man-made fibres produced by the lyocell process, for example, have
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high crystallinity and lesser void lengths than the fibres produced by
viscose and modal processes [97].

Bio-derived reinforcements can also be classified according to their
size and shape. For example, bio-derived powder reinforcements include
microcrystalline cellulose (MCC), bamboo powder, powdered hemp, and
others [64,102-105]. Cellulose nanocrystals (CNCs) and cellulose
nanofibres (CNFs) are examples of bio-derived nano reinforcements
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109]. On the other hand, IM involves melting the material feedstock and
:able ? £ bio-derived fibres [91,08-101] forcing it into a closed mould to obtain the object of desired shape and
roperties of blo-dertved fibres 177,79~ : dimensions. IM allows for the mass-production of components with high
Fibre Density Length Tensile Young’s Failure precision economically [110].
3 -
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ax . - - = .40, . . . . .
Hemp s g £50-1110 58.70 16 aflhesw.n, theilow fibre content .1n FDM filaments, the llow aspect ratio of
Jute 1.3-1.5 1.5-120 392-800 10-55 1.51.8 bio-derived fibres, and the printed products’ porosity [88]. Table 5
Harakeke 1.3 45 440-990 14-33 4.2-5.8 summarises the main findings of FDM 3D printed PLA composites with
Sisal 1.3-1.5 900 507-855 9.4-28 2.0-2.5 bio-derived discontinuous fibre reinforcements. Values presented in the
Alfa 14 350 188-308 1825 1524 table are selected based on the composition of reinforcement and PLA
Cotton 1.5-1.6 10-60 287-800 5.5-13 3.0-1.0 .
Coir 1.2 20-150 131-200 46 1530 that showed the best results in each research work.
Curaua 1.1-1.4 1000-1500  700-1100 30-40 3.3-3.9 Where: FC - fibre content.
Silk 1.3 Continuous ~ 100-1500 5-25 15-60 Fibre content has shown to have the highest effect on the mechanical
Feather 0.9 10-30 100-203 03-10 6.9 properties of discontinuous fibre reinforced composites. Tensile strength
Wool 1.3 38-152 50-315 2.3-5 13.2-35 £ FDM orinted PLA bi ites has b b dtoi ith
Viscose 132 Confinuous  308.833 11.20 17.95 of F printed focomposites has been observed to increase wi
Modal 15 Continuous 515 - 570 1416 11-13.2 an increase in fibre content, but composites with fibre contents higher
Lyocell 1.5 Continuous  552-1019 4.7-13.36 8-9.4 than 20 wt% are usually highly viscous, making extrusion non-uniform

[106,107]. The following sections discuss the production and properties
of FDM 3D printed PLA composites with bio-derived reinforcements.

4.1. Discontinuous bio-derived micro fibre reinforcements

Biocomposite filaments reinforced with discontinuous natural fibres
for FDM are produced by mixing polymers, fibres, and in some cases,
additives through melt compounding followed by extrusion. Natural
fibres, including hemp, harakeke, bamboo, flax, and others, have been
researched for producing PLA biocomposite filaments [88].

Figure 13 compares tensile strength and Young’s modulus of
discontinuous bio-derived fibre reinforcement/PLA composites manu-
factured by FDM, injection moulding (IM) and compression moulding
(CM). IM and CM are the most commonly used traditional
manufacturing methods to produce bio-derived fibre reinforced com-
posites. In compression moulding, the material feedstock is placed in an
open heated mould cavity, closed with a top plug, and compressed with
a hydraulic press to consolidate the material. Lower cycle time and
higher reproducibility are the main advantages of this method [108,
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and causing clogging of the extruder die or printer nozzle [76,77]. For
example, by using 20 wt% harakeke fibres as reinforcement for PLA, an
increase of 42.5% and 5.4% in Young’s modulus and tensile strength,
respectively, were achieved compared to neat PLA. However, increasing
fibre wt% above 20% caused uneven surface and poor interlayer adhe-
sion. Fibre pull-out was observed in fractured samples showing weak
fibre/matrix adhesion [111].

It has also been observed that porosity in a 3D printed sample in-
creases with the increase in fibre content. Some of the proposed solu-
tions to decrease porosity in 3D printed biocomposites include vacuum
drying of the fibres, controlling humidity and temperature throughout
the printing process, and the use of plasticisers [116,125]. Applying
vacuum at the end of extrusion and adequate drying of the composite
filaments has resulted in reduced porosity in FDM printed PLA com-
posites reinforced with discontinuous flax and bamboo fibres [116]. For
example, PLA was compounded with two types of plasticisers (provided
by Proviron Industries NV) and then reinforced with bamboo and flax
fibres individually. A vacuum pump was used at the end of the com-
pounding line to reduce porosity, and 3D printing filaments with up to
4% voids were produced. It was observed that high extrusion speeds
resulted in filaments with smoother surfaces. The highest improvement
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Table 5
Summary of main findings of FDM 3D printed PLA composites with bio-derived discontinuous fibre reinforcements.
Reinforcement Reinforcem- Modification/treatments Characterisati-on Tensile Young’s Observations Ref.
ent content (wt specimen type strength modulus
%) (MPa) (GPa)
Hemp 10 Alkali fibre treatment with 5% Printed sample 37 3.5 Improvement in tensile properties was [111]
NaOH observed. The use of plasticiser was
suggested to improve interlayer adhesion
and surface quality.
Harakeke 20 Alkali fibre treatment with 5% Printed sample 36 4.2 3D printed PLA/harakeke composite [111]
NaOH+ 2% sodium sulphite demonstrated a 42.3% and 5.4% increase
in Young’s modulus and tensile strength,
respectively, compared to neat PLA.
Flax 15 PLA was compounded with two Filament 33 2.7 Filaments with only up to 4% voids were ~ [116]
types of plasticizers sourced from (ASTM D3039 produced.
Proviron Industries NV, whose standard)
types were not mentioned by the
authors.
Bamboo fibre 13 PLA was compounded with two Filament 30 2.4 L/d ratio of bamboo fibres had a direct [116]
(BF) types of plasticizers sourced from  (ASTM D3039 effect on Young’s modulus. BFs with a
Proviron Industries NV (Belgium)  standard) length of 2.14mm displayed an
improvement of 215% in Young’s
modulus compared to neat PLA.
Sugar cane 6 Raw sugarcane bagasse was Printed sample 57.1 - The highest mechanical properties were [122]
bagasse fibre treated with 7.5-wt% NaOH (ISO 527 observed for the samples printed in the
(SCBF) solution to obtain SCBF standard) parallel direction to the build plate. SCBF

was observed to promote the
crystallisation of PLA.

in Young’s modulus was recorded for bamboo fibres with a 230%
improvement compared to PLA compounded with a plasticiser.
Although the aspect ratio of flax fibres was higher than bamboo fibres, a
higher increase in stiffness was not observed due to loss of orientation in
the compounding process [116].

4.2. Continuous bio-derived micro fibre reinforcements

Using continuous natural fibre reinforcements could provide an op-
portunity to achieve higher mechanical properties. Most commercially
available FDM 3D printing filaments with continuous reinforcements
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use continuous carbon fibre and kevlar fibre. Recently, researchers have
developed customised methods to produce composite filaments with
continuous natural fibre reinforcements [126-129]. Studies show that
composites with continuous reinforcements, such as jute/PLA, and
flax/PLA, have exceeded the mechanical properties of composites with
discontinuous reinforcements [88]. FDM 3D printers used to fabricate
composites with continuous reinforcements are modified to include two
material supplies — the thermoplastic polymer and the continuous fibre.
Examples of two different printers with single and dual nozzle systems
are shown in Figure 14. In a single nozzle printer (see Figure 14 (a)),
thermoplastic polymer and continuous reinforcement are passed
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Figure 14. FDM 3D printing process for continuous fibre composites with a) single nozzle [131] Reproduced with permission from Elsevier, license number
5170290431014 b) dual nozzle Reproduced with permission from Elsevier, license number 5124221090291 [132].

through the heated nozzle. The temperature of the nozzle is set ac-
cording to the melting temperature of the thermoplastic matrix. The
matrix and fibre fuse together and are deposited layer by layer [130].

Figure 14 (b) shows the working mechanism of the dual nozzle
printer. This printer uses two different nozzles to deposit the matrix and
continuous fibres separately. One nozzle stops while the other is moving,
and the continuous reinforcement is sized to the thermoplastic polymer
to adhere to the previous layer. This dual nozzle printer allows cus-
tomised fabrication and minimises cost [133]. So far, studies involving
PLA/continuous natural fibre reinforcements have mostly used single
nozzle type FDM printers [134,135]. Some studies also involved direct
FDM 3D printing of PLA coated natural fibre yarns [127,136].

Results from current studies show the potential for achieving me-
chanical properties of 3D printed continuous natural fibre reinforce-
ment/PLA composites comparable to that of continuous carbon fibre/
PLA composites [137]. Reinforcement type, fibre content, production
method, and tensile properties of 3D printed PLA composites reinforced
with continuous bio-derived fibres are summarised in Table 6.

The selection of fibre, the volume fraction of the fibre, and fibre/
matrix interfacial adhesion play a critical role in achieving desired
mechanical properties. For example, the highest tensile properties were
achieved by flax/PLA composites and were attributed to the higher
strength of the flax fibres, the higher aspect ratio of the flax fibre (L/
d <10), higher fibre volume fraction (30.4%), and lower porosity con-
tent (v, = 3.2 £ 0.7%) [138].

It is essential to optimise processing parameters to produce contin-
uously reinforced PLA 3D printed composites with maximum interfacial
adhesion to avoid failure due to defects. Figure 15 shows SEM images of
longitudinal and transverse fracture surfaces of 3D printed flax yarn
reinforced PLA composites. The failure behaviour observed from tensile
tests and SEM showed a quasi-linear section associated with flax/PLA
interface debonding followed by debonding of flax fibre bundles within
the yarn. Highlighted areas in Figures 15 (a) and (b) show brittle, quasi-
linear stress-strain behaviour associated with a smooth surface and
debonding of significant lengths of fibres. This shows that the flax yarn
had weak cohesion because of the highly twisted structure and incom-
plete impregnation of PLA into the flax fibre [138]. Due to poor inter-
facial adhesion, a similar pull-out of fibres was observed in jute
yarn/PLA FDM 3D printed composites. This was attributed to incom-
plete wetting of jute yarn by PLA, and fibre surface treatment was
suggested to improve the fibre/matrix adhesion [134].

The importance of interfacial adhesion with respect to tensile prop-
erties of continuously reinforced PLA/flax composites has been
demonstrated at the 3D printing filament production level. Flax yarn
was coated with PLA to obtain continuously reinforced FDM filaments of
different diameters. An increase in tensile strength with a decrease in
filament diameter was observed, confirming higher tensile strength for
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composite filaments with higher flax content. However, this trend was
not displayed for 0.8 mm filament as the tensile strength was lower than
1mm filament despite having a higher flax content due to insufficient
adhesion of flax and PLA, as shown in Figure 16. The non-uniform
coating at lower filament diameters is due to the limitations of the
filament production process pertaining to the extruder geometry. Since
the extruder die was placed vertically and the upper hole had a diameter
of 1.2 mm, the chances of air bubbles entering were high, which caused
the roughness in the surface of filaments [127].

Future possibilities to improve the mechanical performance of
continuous bio-derived reinforcements/PLA composites include devel-
oping customised filament production methods, optimising printing
parameters, using low twist yarns, and exploring more reinforcement
options [88].

4.3. Particulate reinforcements

Bio-derived particle reinforcements in composites provide less rein-
forcement than fibres and are generally used in polymer matrices to
improve Young’s modulus [140]. Most commercially available PLA FDM
filaments with bio-derived particles are based on wood powder [141,
142]. Although many bio-derived particles have been extensively stud-
ied for 3D printability [140,143,152,144-151], only a few materials,
including MCCs, hemp powder, and bamboo powder, have displayed a
reinforcing effect when combined with PLA for FDM 3D printing, as
shown in Table 7. Values presented in the table are selected based on the
composition of reinforcement and PLA that showed the best results in
each research work.

Bio-derived particle reinforced 3D printing filaments are produced
by compounding PLA with particle reinforcements by batch mixing with
twin-screw extruders. For extrusion, filament diameter and dimensional
tolerances play a significant role in determining the particle size [154,
155]. Most benchtop FDM printers require mechanical refining or ball
milling of reinforcements to avoid nozzle clogging during extrusion. The
most commonly used particles are wood flour produced by ball milling
and microcrystalline cellulose. PLA and bio-derived particles need to
meet the requirement of less than 0.1% moisture content to avoid the
reaction of PLA with water at high temperatures, which excises chains
and reduces the properties of the 3D printed composite [150]. An in-
crease in particle content leads to inconsistent flow and variation in
diameter and reduces the mechanical properties of the filament. An
example of the formation of voids and pores with increasing particle
content can be seen in Figure 17 [153]. Various approaches to overcome
these issues and improve the properties of PLA reinforced with
bio-derived materials will be discussed in further sections.
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Table 6

Production and properties of FDM 3D printed PLA/continuous bio-derived fibre

reinforced composites.

Fibre
Content

Reinforcement

Production of
composite
filament and
3D printing

Tensile
Strength
(MPa)

Young’s
modulus
(GPa)

Ref.

Flax fibre 20.4 wt%
yarn for

maximum
tensile
strength,
36.7 wt%
for
maximum
Young’s
modulus

Flax fibre
yarn

30.4 wt%

Pineapple leaf -
fibre yarn

Jute fibre 6.1%
yarn volume

Molten PLA
was squeezed
through the
crosshead
extrusion die
of a single-
screw
extruder. Flax
yarn was
introduced
through the
vertical
opening of the
die and coated
with PLA. The
filament was
collected, and
a five-axis
FDM 3D
printer was
then used to
print with the
composite
filaments.
Flax yarn was
coated with
PLA using a
single screw
extruder. Flax
yarn of 68 tex
was used, and
the extrusion
temperature
was set to
180°C. FDM
printer
modified to
incorporate a
custom 1.8mm
nozzle was
used for 3D
printing.

A single nozzle
type 3D
printer was
used. The
pineapple leaf
fibre yarn and
the PLA
filament were
blended in the
extruder with
a 1:4 volume
fraction and
were
consolidated
at the hot end
to form a
composite.
The composite
filament was
extruded
through the
nozzle in a
layer-by-layer
fashion to
form a 3D
printed part.
A single nozzle
type

89

254

96.8

57.1

2.9

23

5.11

[127]

[138]

[135]

[134]
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Table 6 (continued)

Tensile
Strength
(MPa)

Production of
composite
filament and
3D printing

Fibre
Content

Reinforcement Young’s Ref.
modulus

(GPa)

fraction continuous

Vo fibre 3D
printer was
developed
where PLA
filament was
supplied using
drive gears
and a stepping
motor, and the
jute yarn was
supplied to the
printer head
automatically
by the
movement of
the PLA
filament. The
PLA filament
melts inside
the printer
head, merging
the yarn and
PLA in the
heated
segment. The
composite
filament is
extruded onto
the hot plate
in a layer-by-
layer pattern.

Ramie fibre Asinglenozzle  86.4 0.6
yarn type 3D

printer,
Combot-200,
was used to
fabric PLA/
ramie
composites
using an in-
situ
impregnation
method.

[139]

4.4. Nano reinforcements

Bio-derived nano reinforcements used in FDM 3D printing PLA are all
different types of nano celluloses and are categorised into cellulose
nanocrystals (CNCs), nano fibrillated cellulose (NFC), and bacterial
nanocellulose (BC) [156]. Nano celluloses have low density, ultra-fine
structure, and high mechanical properties, making them potential can-
didates for reinforcement of thermoplastics. CNC is obtained from acid
hydrolysis of cellulose and contains 100% cellulose, and its shape is
rod-like with a diameter of 2-20nm and a length of 100-500nm. NFC,
also known as cellulose nanofibril (CNF), can be obtained by mechani-
cally refining cellulose fibrils and has a composition of 100% cellulose
with both amorphous and crystalline regions. NFC has a square
cross-section with a 1-100nm diameter and a length of 500-2000nm
[157]. Bacterial cellulose is obtained from microfibrils secreted from
various bacteria separated from bacterial bodies and growth mediums.
The morphology of BCs depends on their sources, and they usually have
a square or rectangular cross-section. For example, Acetobacter micro-
fibrils have a rectangular cross-section of 6-10 nm by 30-50 nm [92].

Table 8 summarises the main findings in FDM 3D printed PLA
composites reinforced with CNCs, NFC, and BC. Values presented in the
table are selected based on the composition of reinforcement and PLA
that showed the best results in each research work.
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Table 7
Summary of main findings of FDM 3D printed PLA composites with bio-derived particle reinforcements.
Reinforc- Reinfor- Modification/ treatments Tensile Young’s Elon-gation ~ Observations Ref.
ement cement strength modulus at break
content (MPa) (GPa) (%)
Hemp 5wt% Hemp  Untreated 3.1 - An increase in storage modulus with an increase in hemp [103]
powder volume fraction was observed. Only composites with 5 wt
% Hemp displayed better storage modulus than neat PLA.
Bamboo 20wt% BP The bamboo powder was 51 - - CaCOj3 treated BP composites demonstrated the best [105]
powder treated with CaCO3 results with an increase of 40.33% in tensile strength.
(BP)
MCC 5wt% MCC Joncryl® ADR-4368C used 45 3.2 - Improvement in mechanical properties. Lower density [102]
as an epoxy-based chain samples due to the presence of voids.
extender

One of the main challenges in using nano cellulose as reinforcement
in PLA is that the hydrophilic cellulose has a tendency to aggregate in
the hydrophobic PLA matrix, and thus chemical/physical treatments
have been used to improve dispersion [164]. Esterification/acetylation,
silylation, TEMPO mediated oxidation, and grafting of molecules or
macromolecular groups to nanocellulose are the widely used approaches
for surface modification of nanocellulose [165].

CNFs have been grafted with L-lactide monomer to form PLA grafted
CNFs (PLA-g-CNFs). A post extrusion annealing treatment was per-
formed on the FDM filaments, which resulted in a 66% increase in
tensile strength and 28% in stiffness with 3% of PLA- g-CNF [158]. The
Pickering emulsion method was used to add TEMPO (2,2,6,6-Tetrame-
thylpiperidin-1-yloxy) oxidised bacterial cellulose (BC) to PLA, resulting
in an improvement in the dispersion of nanocellulose in the PLA matrix
and enhanced mechanical properties [161].

In all the FDM 3D printing studies done so far, the best mechanical
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properties have been achieved for 30wt% CNF reinforced composites.
To avoid agglomeration of CNFs at high loadings, chopped and freeze-
dried CNF networks that act as microsponges were used that allowed
PLA to flow into them during melt processing by creating mechanical
interlocking. The high interfacial adhesion between CNFs and PLA was
attributed to the low packing density of CNFs combined with the low
viscosity of PLA in the molten state [162].

Figure 18 shows fracture mechanisms in CNC and CNF composites
before, during, and after mechanical stress. The dimensions and shape of
the reinforcement material affect the microstructure of the composite.
CNCs have a spherical/oblong shape, due to which their lengths are
shorter in comparison to the fibril shape of CNFs, which allows them a
higher chance of diffusion. CNFs also tend to have better reinforcement
than CNCs efficiency because of their higher aspect ratio. CNFs have an
aspect ratio of 25-500 compared to 10-100 for CNCs [166]. CNF com-
posites have displayed a higher number of bridging nanofibrils on the
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fracture surface than CNC composites. Each nanofibril can bridge a
crack at multiple locations leading to better stress distribution and
stronger composites [167].

4.5. Enhancing properties of FDM 3D printed PLA biocomposites

Overall enhancement of properties of FDM 3D printed biocomposites
can be achieved by introducing modifications at three different stages.
The first stage is before 3D printing, where modifications can be intro-
duced on a material level that helps improve interfacial bonding be-
tween PLA and bio-derived reinforcements. The second stage is 3D
printing, where optimising printing parameters can help achieve effi-
cient printing and improved properties. The third stage is post 3D
printing, where enhancement of properties is achieved by reducing de-
fects using post-processing methods. A detailed overview of processes
followed for these three different stages to enhance FDM 3D printed PLA
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properties are presented here.

Pre-3D Printing Stage

PLA used for FDM is semi-crystalline and molecular chains of PLA
exhibit imperfect molecular symmetry, affecting the diffusion ability
and crystallinity of PLA, mainly within the limited window of time in the
FDM printing, leading to low mechanical properties and weak bonding
between the printed layers [153-157]. Studies show that adding plas-
ticiser such as polyethylene glycol (PEG) improved the crystallinity and
mechanical properties of PLA. On the other hand, more than 10 wt% of
PEG was shown to depreciate PLA properties as a PEG crystallisation
peak occurred in DSC, which shows the separate existence of PEG
[168-170]. As mentioned earlier, the addition of plasticisers also helped
in decreasing the porosity of FDM 3D printed PLA composites [116].

Cross-linking degree of molecular chains of PLA was improved by
adding synthetic low molecular weight (LMW) PLA components to
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Table 8
Summary of main findings of FDM 3D printed PLA composites with bio-derived nano reinforcements.
Materials Reinforcem- Modifications/treatments Tensile Young’s Elonga- Observations Ref.
ent content strength modulus tion at
(MPa) (GPa) break (%)

CNF 2.5 wt.% PEG600 was used as a 57.5 - 8.5 CNF filled PLA biocomposite filament showed an [112]
plasticizer. To obtain CNF, increase of 33% in tensile strength and 19% in
enzymatic hydrolysis of MCC elongation at break.
was performed.

CNF 3 wt% PLA grafted CNFs (PLA-g-CNF) ~ 45.2 3.5 - Tensile testing of filaments showed 66% increase ~ [158]
were obtained by grafting L- in tensile strength and 28% in stiffness.
lactide monomers onto CNFs

Nanocellulose 1 wt% Nanocellulose was obtained by ~ 41.5 2.6 5.5 Tensile tests showed the highest improvement in [159]
ultra-sonication of micro the stiffness and stress at the break with 1% nano
cellulose cellulose in PLA.

PHB/ 1wt% Dicumyl peroxide (DCP) isused - - - Improvement in interfacial adhesion and thermal ~ [160]

CNC as a cross-linking agent stability.
TEMPO-oxidized 1.5wt% BC was subjected to a TEMPO 32 3.7 - Improvement in crystallinity, mechanical [161]
BC - (TOBC) mediated oxidation strength, and toughness.
CNF 30wt% Untreated 80 7.1 1.5 Improvement in tensile strength and young’s [162]

modulus by 45% and 130%, respectively. A
decrease in elongation and toughness was
observed. Significant improvement in storage
modulus was achieved.
Sisal CNF 1 wt% Untreated 52.14 3.7 2.39 Tensile strength and Young’s modulus increased [163]
by 84% and 63%, respectively, with 1wt% CNF.
Adding CNF also improved crystallisation and
decreased voids.
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Figure 18. Fracture mechanisms in CNC and CNF composites 1) before mechanical stress 2) during mechanical stress 3) after mechanical stress [166].
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commercial PLA. It was observed that LMW PLA diffuses more quickly
across the inter-filament interface during the deposition of layers
improving the interlayer bond [171]. However, filaments extruded
through the nozzle during the FDM process stay in the molecular
diffusion and crystallisation temperature for a short time. To overcome
this issue, researchers have added radiation-sensitive materials to PLA
filaments before 3D printing and then irradiated the printed parts by
electron beam, y-ray, or microwave. Upon irradiation, free radicals are
generated in the primary or side chain of PLA, allowing further
cross-linking [60]. Similarly, in another experiment, PLA was blended
with y-ray sensitive trimethylolpropane triacrylate (TMPTA) and trially
isocyanurate (TAIC) and 3D printed by FDM. The 3D printed part was
then radiated by y-ray, and the temperature was set to near Tg. This
experiment showed an improvement in the tensile properties of radiated
PLA compared to the non-radiated one [172].

Interfacial shear strength (IFSS) directly affects the efficiency of load
transfer between fibre and matrix, thereby determining the mechanical
performance of discontinuous fibre reinforced composites [64,92,
173-176]. IFSS is defined as the product of the dynamic coefficient of
friction and the clamping residual stress. IFSS is used to determine the
stress required for fibre sliding in fibre-reinforced composites. It is one of
the key interfacial properties and represents the strength required to
overcome the chemical bonding between the fibre and matrix. In the
absence of any chemical bonding between the fibre and the matrix
material, IFSS represents the amount of strength required to overcome
the static coefficient of friction between the fibre and the matrix [177].

One of the main challenges to achieving good interfacial bonding is
creating surface-chemical compatibility between the hydrophilic bio-
derived reinforcements and the hydrophobic PLA matrix [178,179].
Several physical, chemical, and biological treatments have been pro-
posed to reduce the hydrophilicity of the reinforcement surface and
improve reinforcement/matrix adhesion [46]. Surface modification and
compatibilisation of the matrix are the most used methods to improve
interfacial adhesion [178]. Tables 9 and 10 summarise recent research
on surface modification and PLA matrix compatibilisation, respectively.

3D. Printing Stage

Various factors, including build orientation, printing temperature,
and raster angle, affect the mechanical properties of a 3D printed
polymer composite [61]. However, studies on the influence of printing
parameters on the properties of FDM printed PLA biocomposites are
limited and have only recently been reported [193]. Higher extrusion
temperatures have been shown to improve adhesion between matrix and
fibre and improve tensile properties. 3D printing PLA/PHA wood fila-
ments and PLA/hemp filaments by increasing printing temperatures
from 210°C to 230°C resulted in an improvement in tensile strength.
However, increasing the printing temperature above 230°C led to a
decline in tensile properties due to thermal degradation of bio-derived
fibres [152,194]. Partial thermal degradation of bio-derived fibres was
correlated with the reduction in thermal stability decomposition of
hemicellulose and lignin, which occurs between 210°C to 370°C. Hemp
fibres, for example, have been concluded to be thermally stable in the
range of 110°C to 210°C [194]. Flax fibres, on the other hand, displayed
thermal degradation after 220°C [195]. Reduction in tensile properties
at high temperatures was also associated with the accumulation of
filament at the extruder nozzle causing defects in the filament.

Effects of printing orientation on PLA/sugarcane bagasse fibre
(SCBF) composites were studied, and it was found that longitudinal
orientation (0°) displayed the best tensile properties with a tensile
strength of 57.1 MPa compared to 42.6 MPa in vertical (90°) direction
[122]. However, in another research, PLA/agave fibre composites were
studied to understand the effect of raster angle. It was found that tensile
and flexural properties were not impacted significantly by the raster
angle, and impact strength slightly increased at -45°/45° [196].

Along with printing parameters, interlayer adhesion of deposited
filaments also significantly impacts the mechanical properties of FDM
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Recent works involving surface modification to improve interfacial adhesion in
PLA composites with bio-derived reinforcements.

Composite Modifier Effects on composite Ref.
properties
PLA/Unidirectional Lignin and Tannin Tannin showed better [180]
Flax fibres results. A 17% and 29%
increase in ultimate
flexural strength and
interlaminar shear
strength, respectively,
was observed.
PLA/Coir fibres/ Alkali treatment with Improvement of 128% [181]
Pineapple leaf 6% NaOH solution and 112% was observed
fibres in tensile strength and
Young’s modulus,
respectively.
PLA/ Poplar Fibre Maleic Anhydride and Tensile strength for [182]
KH550 0.5% MA and 2%
KH550 improved by
17% and 23%,
respectively.
PLA/ Kenaf/ Kenaf fibres were Increase in impact, [183]
Montmorillonite treated with 6% NaOH  flexural and tensile
(MMT) clay solution strengths by 11%, 46%
and 6%, respectively.
PLA/ Pineapple leaf Alkali treatment with Improvement in [184]
fibre yarn 5 wt% NaOH solution thermal stability and
PLA/ sisal fibre tensile properties.
yarn
PLA/Bacterial BC was subjected to a Improvement in [161]
cellulose (BC) TEMPO mediated crystallinity,
oxidation mechanical strength,
and toughness.
PLA/CNF CNFs were grafted 66% increase in tensile [158]
with L-lactide strength and 28% in
monomer to form PLA  stiffness with 3% of
grafted CNFs (PLA-g- PLA- g-CNF
CNFs)
PLA/CNF CNFs were grafted Increase in tensile [185]
with L-lactide strength, Young’s
monomer to form PLA-  modulus, elongation at
g-CNFs break, and impact
strength by 20%,
31.8%, 12%, and
27.9%, respectively,
compared to PLA/CNF
composite.
PLA/CNC Immobilised Lipase 66% increase in tensile [186]
was used to catalyse strength, 61% increase
the formation of in elongation at break,
laurate ester groups and improvement in
on the CNC surface crystallinity.
PLA/CNC Acetic anhydride was Improvement in barrier [187]

used for surface
modification of CNC.
Dropwise acetylation
was performed by
using 3g CNC, 4.5g
pyridine, and 114g
acetic anhydride

properties, interfacial
compatibility, and
mechanical properties.

3D printed PLA parts. The main reason for weak interlayer bonding is
that PLA cannot maintain enough time at melting temperature. In the
FDM process, the temperature of PLA drops quickly after the filament is
extruded. As a result, molecular chains on the interface of PLA are not
diffused completely, and these filaments cannot be fused with the newly
extruded filaments effectively. This effect results in anisotropic material
behaviour and reduced strength caused by voids formed during printing
[197].

The cooling rate parameter plays a crucial role to improve interlayer
bonding. If the cooling speed is too slow, resulting PLA parts have poor
surface quality and may also result in deformed shapes. If the cooling
speed is too high, molecular diffusion on the surface decreases, and the
interface bond between layers becomes weak [198]. Researchers have
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Table 10
Recent works involving matrix compatibilisation to improve interfacial adhe-
sion in PLA composites with bio-derived reinforcements.

Composite Compatibilizer Effects on composite Ref.

properties

PLA/Lemongrass PLA grafted with Improvement of tensile [188]

fibre (LF) maleic anhydride strength, impact strength,

(PLA-g-MAH) and flexural strength.

PLA/ Maleic anhydride- The compatibilisation effect [189]

Microcrystalline grafted PLA (PLA- was seen to increase with an

cellulose (MCC) g-AMS/MAH) increase in Dy (grafting
degree) of PLA-g-AMS/
MAH.

PLA/ Tannin Methylene An increase in the tensile [190]
diphenyl strength of the composite
diisocyanate(p- by 19.1% was recorded.

MDI) Moreover, there was an
improvement in melting
temperature and thermal
degradation onset
temperature.

PLA/Sisal PLA/Flax Maleic anhydride- Improvement in tensile [191]
modified PLA (MA-  strength was achieved. In
PLA) comparison, the tensile

properties of flax fibre
composites were superior to
sisal fibre composites.
PLA/ Wood fibres Maleic anhydride- Good interfacial adhesion [192]

modified PLA at higher wood fibre

loadings (up to 80%).

studied and implemented heating of the pre-deposition layer as a solu-
tion to resolve the anisotropy problem caused by interface bonding
between layers in FDM printed PLA parts [199].

A synchronous and local laser heating system was proposed to heat
the layered zone of PLA near the nozzle, as shown in Figure 19. The
temperature at the interface was raised to exceed the Tg. Results showed
that interface diffusion of PLA molecules increased, improving the
interface bond between layers. More than 60% improvement in strength
and 100% improvement in elasticity were recorded [199,200]. A similar
method was employed using an infrared lamp to increase the tempera-
ture at the interface of PLA layers. As shown in Figure 20 (a), three
different experimental conditions were set. A comparison of average
mechanical properties is shown in Figure 20 (b). Conditions 1 and 2
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show a significant improvement in fracture energy, whereas condition 3
shows a decline in properties. This was explained by the use of infrared
radiation of 1 kW, which led to the degradation of the mechanical
properties of PLA [201].

The local laser pre-deposition heating and infrared preheating use
external heating sources to control the local printing temperature, which
improves the interface bonding of printed layers. This results in
improved mechanical properties of FDM 3D printed PLA as there are low
residual stresses during controlled cooling. However, it is essential to
consider cost and complexity factors while employing these technolo-
gies for FDM.

Post 3D Printing Stage

Defects in 3D printed natural fibre reinforced PLA composites that
affect the mechanical strength are due to residual stresses, uneven fibre
distribution, and poor bonding between fibre and matrix [88]. Residual
stresses caused due to 3D printing process and changes in the crystal
structure of PLA are interrelated. PLA exhibits four different crystalline
forms, namely o, f, y, and . The most common form is the a form that is
obtained from a slow cooling procedure from a melt solution. p form is
obtained from the deformation of o form by drawing PLA at high tem-
peratures. y form of PLA is a result of epitaxial crystallization on a single
substrate like hexamethylbenzene. The 6 form (or «’ form) has a similar
crystal structure to the o form and is obtained upon fast cooling from a
melt [202-205]. The & form occurs during the fast cooling process while
3D printing and is metastable. PLA has thermal and mechanical stability
in this form [202]. Annealing is used as a post-processing method to
reduce residual stress and increase the crystallinity of FDM printed PLA
components. Annealing is a process where the material is reheated and
held above or near its Tg and then allowed to cool slowly. This heating
and prolonged cooling remove the § form, redistribute the stresses, and
increase the crystallinity resulting in improved strength and stiffness
[206,207]. Annealing at 120°C for 10 minutes showed to improve
crystallinity and reduce residual stresses [202]. Another study showed
that the best results in improved tensile strength were obtained when
PLA was annealed at 80°C. However, annealing also causes deformation
leading to changes in the dimensions of the PLA parts depending on the
grade of PLA used. To achieve accurate dimensions, deformation is a
significant factor to be considered [208].

Nozzle travel direction

: Optical heating and
| temperature sensing

Laser-nozzle

!
—l
distance: 1Tmm

Increased inter-
filament molecular
penetration

Only by parameter
optimization: Weak
inter-filament bond

Figure 19. Concept diagram of laser local pre-deposition heating method to improve interface bond of PLA layers in FDM 3D printing [200]. Reproduced with

permission from Elsevier, license number 5124230169886.
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Figure 20. a) Infrared preheating experimental setup b) variation of fracture energy for various preheating conditions [201]. Reproduced with permission from

Elsevier, license number 5124230347232.

5. FDM 4D Printing of PLA and its Bio-Derived Composites

As stated earlier, PLA exhibits shape-memory behaviour as a
response to a thermal stimulus. Figure 21 shows a complete cycle of
shape-memory mechanism in PLA consisting of the original pro-
grammed shape, deformed temporary shape, and recovered original
shape. Shape-memory systems based on PLA are often programmed at
temperatures above their Ty and further cooled to have a fixed tempo-
rary shape. The original shape of the material is recovered upon raising
the temperature above its Ty. At a microscopic level, shape recovery is
triggered by the polymer chain mobility induced by glass transition

Cooling

Shape recovery
A

Heating
T=Tg

Temporary shape

O

T<Tg : Original shape

[209].

There are numerous studies on the shape memory behaviour of PLA,
but few have explored the effects of FDM parameters on shape memory
properties. Activation temperature, printed specimen thickness, and
nozzle temperature have significantly impacted the shape recovery ratio
and shape recovery rate of PLA. The shape recovery ratio is the ratio of
the difference between original deformation and recovery deformation
and shape recovery rate recovery in deformation per unit time [210].

Increasing activation temperature has been shown to improve shape
recovery ratio in multiple cases. In a study based on the effects of
operational parameters of FDM on 4D printing PLA, activation

Heating
T=Tg

=i

Deformation 1

Figure 21. Shape-memory mechanism in PLA.
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temperature was seen to have a significant effect on the shape recovery
of PLA. A maximum of 99.3% recovery ratio was achieved at a tem-
perature of 85°C [211]. Origami structure printed using PLA showed a
recovery ratio of 85% at an activation temperature of 65°C, and when
the temperature was increased to 75°C, full shape recovery was
observed [212]. In another study investigating FDM 3D printed PLA
honeycomb structure, an increase from 68% to 74% was recorded in
shape recovery ratio when the activation temperature was increased
from 65°C to 85°C [213].

3D printed part thickness was also seen to directly affect shape re-
covery. Shape recovery behaviour was analysed by printing PLA directly
onto the print bed and printing PLA onto a nylon fabric. It was observed
that the shape recovery percentage decreased with an increase in the
thickness of the 3D printed sample. For both cases, 800um thick samples
showed the highest shape recovery ratio with 75.5% and 1200um thick
samples showed the lowest shape recovery ratio with 42.9% [49].
Another study on the effects of printing parameters on PLA shape re-
covery showed that layer thickness had a minimum influence on shape
recovery ratio and more influence on the maximum shape recovery rate.
The optimum layer thickness to get the best shape recovery ratio was
observed to be 150 pm, and the optimum layer thickness to get the best
maximum shape recovery rate was 300 um [70].

Higher nozzle temperatures showed an improvement in the shape-
recovery rate of PLA [211,213]. A 10% increase in shape recovery
ratio was observed when nozzle temperature was increased from 175°C
to 225°C. In another research, increasing nozzle temperature from
190°C to 210°C resulted in an increase in shape recovery ratio from 62%
to 68%, but no further improvement was observed above 230°C [213].
Table 11 gives a summary of the main findings in recent research based
on 4D printing PLA and its biocomposites using FDM.

PLA based hygromorphic composites (HBCs) can be 4D printed by
using bio-derived reinforcements that display anisotropic swelling upon
water absorption [217,218]. HBCs are based on the bilayer structure of
natural fibres [219]. Recent work in HBCs includes wood fibre, spores,
and natural fibres such as jute, flax, kenaf, and coir [53]. For HBCs, the
responsiveness or the variation of curvature between the initial and final
stages of initiation is determined by Timoshenko’s equations as
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6(1 4+ m)*

3(1+m)* + (1 + mn) + <m2 +L>

flm,n) = @

mn

Here Ak is the change of curvature of the bilayer, f (m, n) is a function
that depends on various variables, including m = fi Where t, and t, are

thicknesses of passive and active layers, respectively and n = %" where E,
A

and E, are longitudinal Young’s moduli of the wet passive and active
layers. A is the coefficient of differential hygroscopic expansion be-
tween the two layers, AC is the difference in moisture content in the
storage and the testing environments, and ¢ is the thickness of the sample
[53].

HBCs are 4D printed using two approaches — a mono-material
approach and the multi-material approach. The mono-material
approach is based on stacking the layers of the material in the printing
process in an asymmetric manner to achieve anisotropy in the same
printed material. Mono materials further have two categories — full
material filling and partial filling. Actuation in the full material filling
approach is dependent on printing orientation, the overlap of the fila-
ments that control porosity, layer height, number of printed layers, and
the raster angle [220]. For example, changing the overlap from positive
to negative in a wood/PLA/PHA biocomposite increased the porosity
content by 6+0.5%, reducing responsiveness due to the lowered
swelling strains. Figure 22 shows a plot of maximum curvature (Kpay) as
a function of actuation speed for compressed samples and samples of
different widths. It can be seen that higher porosity leads to faster
actuation. Apart from the actuation speed, Knax is also influenced by the
width of the sample, hygroelastic properties, and the microstructure
[217].

The partial filling approach in printing HBCs utilises filament
anisotropy, the spacing between the filaments, interfilament bonding,
and surface/volume ratio. For example, it was shown that increasing the
printing path space from 1mm to 1.5mm improved the responsiveness of
wood/PLA HBC [220].

The multi-material printing approach uses a hygroscopic material
along with PLA that has low moisture absorption or swelling properties.
To obtain maximum responsiveness, materials should be selected such

Ak = AB AC-f (m,n) 6h) that a high difference of hygroscopic strains between layers is obtained.
t However, the two materials must be compatible to prevent delamina-
tion. Hygroscopic material is oriented in the direction perpendicular to
Table 11
Summary of main findings in recent research in 4D printing PLA and its composites with bio-derived additives.
Material Type of Results Key observations Year Ref.
responsiveness
PLA Thermo- An add-on device was used to print on a curved Lower printing temperatures led to an increase in 2021 [214]
responsive surface, and the potential for 4D printing different ~ shrinkage. Shape memory behaviour was seen to largely
types of reconfigurable devices was depend on the activation medium used, and shape-
demonstrated. shifting was achieved in short activation times, typically
less than 30 seconds.
PLA printed as a spring Thermo- - It was demonstrated that commercial PLA could be used 2021 [215]
structure and a vase responsive as a shape memory polymer to 3D print complicated
structure shapes
PLLA Thermo- Activation temperature has the highest effect on Along with activation temperature, nozzle temperature 2021 [211]
responsive shape recovery time. also plays a role in achieving a better shape recovery rate.
Higher nozzle temperatures (210°C) favour shape
recovery time and percentage
PLA Thermo- Up to 74% recovery ratio was obtained Higher nozzle temperatures (210°C and above) resulted 2020 [213]
printed responsive in higher unfolding rates, and higher activation
asa temperatures (85°C) resulted in higher recovery rates.
honey
comb structure
PLA origami structure Thermo- A maximum of 90% shape recovery rate was Activation temperature plays a significant role in shape 2020 [212]
responsive achieved recovery. Nozzle temperature has less significance
compared to factors like thickness and layer height.
PLA/HA (Hydroxyapatite) ~ Thermo- 95.8% recovery achieved Samples with 8wt% HA displayed maximum shape 2020 [216]
responsive memory. Infill density was observed to have the highest

influence on mechanical properties.
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Figure 22. Maximum curvature (Kmax) as a function of actuation speed for compressed samples and samples of different widths [217]. Reproduced with permission

from Elsevier, license number 5124230593451.

the desired direction of expansion, and the polymer is oriented in a di-
rection parallel to the direction of expansion [218]. Bio-inspired
multifunctional materials can be designed, and 3D printed using the
multi-material approach. For example, wood-filled thermoplastic com-
posites were designed and developed to obtain self-shaping orthotic
splints. The hygroscopic nature of wood was exploited to demonstrate
the principle of self-tightening observed in the Dioscorea bulbifera plant
[221]. In another research work, a curling behaviour was observed on
exposure to moisture in a flat composite sheet comprising PLA and wood
fibre. Upon exposure to moisture, the polymer will constrain the
expansion of the wood. This results in the improvement of control over
the extent and direction of deformation [218]. Similar research was
conducted using commercially available PLA/PHA (poly(hydrox-
yalkanoate))/wood composite filament for FDM 3D printing. It was
observed that layer thickness and printing orientation significantly
impact the mechanical properties of FDM 3D printed PLA/PHA/wood
composite. High levels of porosity and moisture absorption were
observed with a reduction in tensile strength [222].

Bio-derived fibre content is a significant factor to improve respon-
siveness in 4D printed HBCs. Since the bio-derived fibre acts as the
actuator in HBCs, a high volume fraction is desirable to achieve faster
and higher swelling [223]. However, the use of high volume fractions of
discontinuous fibres leads to clogging, as discussed earlier. Using
continuous bio-derived reinforcements can be an excellent strategy to
achieve high responsiveness and avoid printer nozzle blocking [88].
Apart from the materials, the architecture of HBCs also plays an essential
role in enhancing the responsiveness of HBCs [224]. Bio-inspired de-
signs include movement of pine-cone scales by multi-stage double cur-
vature, force generation principle in Dioscorea bulbifera plant,
edge-growth propelled flower opening in the lily plant, curvature in-
versions from concave to convex to trap prey in venus flytrap, and others
have been explored to produce HBCs [221,225]. However, the main
challenges in combining 3D printing technologies and biomimetic

22

designs include achieving enhanced actuation, functional robustness,
and high mechanical properties [225].

6. Summary and Outlook

Additive manufacturing of biocomposites using FDM is currently a
subject of growing research interest. Bio-derived materials have become
popular due to their mechanical qualities, environmental benefits, and
commercial viability. The use of PLA biocomposites has become
increasingly common among various industrial sectors with growing
interest in employing environmentally beneficial materials. Studies
based on the use of bio-derived reinforcements for PLA matrix aim to
achieve similar performance as their petroleum-based counterparts. This
article presented a detailed overview of a range of bioderived re-
inforcements and their effects on the performance of FDM 3D printed
PLA. The processing methodology and results for bio-derived fibre,
particulate, and nanomaterial reinforcements have been outlined in
detail. A comparison has been made between traditionally manufac-
tured and 3D printed PLA biocomposite. In addition, an overview is
presented on existing research, recent progress, and opportunities for
future development of FDM 3D/4D printing of PLA and its
biocomposites.

One of the main challenges for biocomposites using FDM is achieving
tensile properties comparable to conventional processes such as
compression moulding or injection moulding. Three major factors in
achieving higher mechanical properties for FDM 3D printed PLA bio-
composites are improving interfacial adhesion, using high strength bio-
derived reinforcements, and developing innovative ways of producing
continuous fibre reinforced filaments. Discontinuous fibre re-
inforcements offer limited benefits in enhancing mechanical properties
due to high porosity and anisotropy. Future research trends show the use
of continuous fibre reinforcements to effectively improve the mechani-
cal properties of FDM 3D printed PLA biocomposites. Current studies on
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continuous bio-derived reinforcements employ commercially available
fibre yarns, preferably with a low twist. Customised development of
fibre yarns for 3D printing can be an alternative to commercial yarns.
Investigation in the area of production of continuous natural fibre
reinforced PLA filaments is in the initial stages, and further research is
required to achieve high fibre content filaments.

4D Printing offers the advantages of combining complex design
manufacturing and the potential to produce self-actuating objects. The
future of 4D printing biocomposites involves multi-disciplinary research
to combine design strategies, material properties, stimulus properties,
and composite mechanics. PLA biocomposites are very promising for
FDM 4D printing since PLA displays a shape memory effect and the use
of bio-derived reinforcements allows exploration of the hygromorphic
nature of the printed composites. Biocomposites that respond to applied
external stimulus in a useful manner can be produced by exploiting the
tendency of natural fibres to behave as hydraulic actuators. Complex
material architectures can be researched by controlling fibre orientation
and distribution. Potential research opportunities include control of
actuation, improvement of actuation performance by increased fibre
content and better material selection.
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