
297

Received: 2026.06.04
Accepted: 2026.07.23
Published: 2026.09.01

Advances in Science and Technology Research Journal, 2026, 20(10), 297–310
https://doi.org/10.12913/22998624/224930
ISSN 2299-8624, License CC-BY 4.0

Advances in Science and Technology 
Research Journal

INTRODUCTION

The three-dimensional printing technique 
using FDM technology was born in the 1980s 
[1]. We can distinguish several 3D printing 
technologies, mainly: stereolithography (SLA), 
fused deposition modeling (FDM) (also known 
as fused filament fabrication (FFF)), selective 
laser sintering (SLS) [1, 2]. Reducing material 
costs and affordability have increased the avail-
ability of FFF technology [2, 3]. FFF printing 
involves applying molten material layer by 

layer [4] according to commands from g-code, 
i.e. a program for numerically controlled
machines [2, 5].

Additive manufacturing, which includes 
3D printing, uses many materials, mainly poly-
mers, but also metals and ceramics [6, 7]. Eco-
logical awareness among printer users and good 
mechanical properties make polylactide one of 
the most frequently chosen materials for printing 
[7]. Polylactic acid (PLA), during degradation, 
breaks down into natural components, including 
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water and carbon dioxide [5]. 3D printing is val-
ued for the speed of production of prototypes 
and designs that can be personalized for a specif-
ic customer in low-volume production [6]. Bio-
degradable materials deserve special attention 
and are beginning to be tested for their use in 3D 
FFF printing [5, 6, 8], including derivatives of 
wood, cellulose [6] and used coffee [4]. Thanks 
to this, these materials fit into the concept of a 
circular economy [2, 4, 8]. While PLA is widely 
used in the packaging and disposable products 
industry, its widespread adoption in load-bear-
ing engineering components is still limited by 
its brittleness and low thermal stability [9, 10].

Mixing composites with bio-additives 
involves the problem of proper homogenization 
of the polymer with the bio-component [8]. Addi-
tives may cause problems with poor material 
compatibility, which weakens the bonds between 
surfaces [8]. However, appropriate chemical 
treatment of additives before combining it with 
the PLA matrix improves its properties, as is the 
case with lignin [5]. Furthermore, adding some 
additives to PLA can help strengthen the compos-
ite, but also make it lighter by having a lower spe-
cific density of the composite [11].

Attempts to mechanically and thermally 
strengthen PLA using additives of natural origin 
are still a challenge [9] - a controlled fiber content 
and appropriate selection of process parameters 
are needed to properly produce the filament for 
3D printing. This is important due to the appro-
priate filament diameter, fiber agglomeration, 
nozzle clogging or uneven extrusion flow. This is 
important for the performance of biocomposites 
that are reinforced with natural fibers [12].

FFF technology can be viewed as a micro-ex-
trusion process where scaling down results in sig-
nificant reductions in extrudate diameter, which 
complicates the direct translation of results from 
conventional extrusion to 3D printing. The intro-
duction of natural fillers serves not only as a rein-
forcement but also as a strategy to reduce produc-
tion costs and environmental impact, fitting into 
the circular economy paradigm [13].

This work focuses on checking the possibili-
ty of using polylactide additives as an ecological 
alternative to petroleum-based materials. The 
work includes some of the most frequently used 
fillers, as well as a description of the research 
process and the authors’ conclusions. Moreover, 
this work summarizes the research results and 
checks which fillers can be successfully used 

and which worsen the mechanical properties of 
samples and 3D prints.

CLASSIFICATION OF NATURAL FILLERS

Fibrous fillers

Fibrous fillers represent the most extensively 
researched group of natural reinforcements for 
PLA-based composites, primarily due to their high 
aspect ratio and superior intrinsic mechanical prop-
erties compared to particulate waste [2]. This sec-
tion synthesizes findings on various natural fibers, 
ranging from traditional bast fibers like hemp to 
regenerated cellulose (lyocell) and underutilized 
agricultural residues like date palm and tamarind.

Hemp and bast fibers
Bast fibers, including hemp (Cannabis sativa), 

flax, and harakeke, are among the most effective 
natural reinforcements for PLA due to their high 
cellulose content (typically 68–75%) and complex 
multi-walled structure. These fibers consist of a 
hard inner core surrounded by bast fiber bundles 
(lumen), providing exceptional intrinsic strength 
and stiffness. Their use supports the circular econ-
omy paradigm, as hemp is a carbon-neutral crop 
that sequesters carbon dioxide during growth and 
requires minimal chemical fertilizers [20, 21].

The reinforcement efficiency is highly 
dependent on chemical pre-treatments, specifi-
cally alkaline digestion (NaOH) followed by 
bleaching [9]. This process removes amorphous 
components such as hemicellulose and lignin, 
which increases surface roughness and facilitates 
mechanical interlocking with the PLA matrix. 
SEM analysis confirms that processed hemp 
fibers often exhibit a flat, ribbon-like morphol-
ogy with a network of microcellulose pores, 
essential for effective stress transfer [9, 14].

Srivastava et al. [14] found that a minimal 
addition of 2.5 wt% hemp powder results in a 
29.6% increase in tensile strength and a 21.7% 
improvement in Young’s modulus compared to 
pure PLA. A significant benchmark in their study 
was achieving a 37% reduction in material den-
sity at 5 wt% loading, highlighting the potential 
for lightweight structural applications.

Beg et al. [9] explored higher loadings (20–
40 wt%) and reported a record tensile strength 
of 70 MPa at 20 wt% loading, representing an 
8% improvement over neat PLA. At 40 wt%, the 
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Young’s modulus reached a maximum of 7.1 GPa, 
a two-fold increase over pure polymer. However, 
concentrations exceeding 20 wt% typically lead 
to a decline in tensile strength due to increased 
porosity (up to 16%), fiber agglomeration, and 
poor wetting by the PLA matrix.

Beyond static mechanics, bast fibers intro-
duce advanced functional properties. Hemp-rein-
forced PLA exhibits superior vibration damping; 
tests according to ASTM E1876 show that 2.5 
wt% loading provides the highest energy dissipa-
tion (loss factor of 0.0834), making it suitable for 
noise reduction and fatigue-resistant parts [14]. 
Furthermore, the recyclability of these biocom-
posites is a critical asset. Studies confirmed that 
hemp/PLA filaments can be reprocessed for up 
to three recycling cycles without a catastrophic 
reduction in mechanical performance, maintain-
ing comparable printability before significant 
fiber separation occurs [9].

Technologically, incorporating these fibers 
requires precise optimization of printing param-
eters to prevent nozzle clogging [9, 12, 14]. Com-
mon adjustments include increasing the nozzle 
temperature to 210–220 °C and reducing print-
ing speeds to 35–40 mm/s to ensure stable flow 
and adequate interlayer adhesion [9, 14]. While 
some comparative studies find harakeke slightly 
more effective than hemp at high loadings, both 
fibers remain the gold standard for sustainable 
3D-printed biocomposites [13, 14].

Regenerated cellulose (Lyocell)

Lyocell fibers are a type of human-made 
regenerated cellulose produced through a sus-
tainable closed-loop process involving the dis-
solution of cellulose in N-methyl morpholine-
N-oxide (NMMO). Unlike natural bast fibers, 
Lyocell offers uniform dimensions and superior 
thermal stability, with rapid degradation occur-
ring only above 316 °C, which is well above the 
typical processing temperatures for PLA (180–
220 °C). These characteristics make Lyocell an 
attractive reinforcement choice for improving the 
mechanical integrity and toughness of 3D-print-
ed biocomposites [2].

A comprehensive study by Gauss et al. [2] 
demonstrated that while the high shear forces 
during twin-screw extrusion significantly reduce 
the initial fiber length (from 2.93 mm to approxi-
mately 0.159 mm), the resulting aspect ratio 
remains above 10, which is near the critical limit 

for effective reinforcement. Their findings iden-
tified 10 wt% as the optimal filler loading for 
3D-printed specimens, yielding an average ten-
sile strength of 64.2 MPa and a significant 40% 
increase in Young’s modulus (to 4.56 GPa) com-
pared to neat PLA. Notably, the 10% formula-
tion also exhibited an increased strain at break 
(4.93%), suggesting that Lyocell can mitigate the 
inherent brittleness of PLA more effectively than 
natural fibers like hemp or kenaf.

The reinforcement efficiency in Lyocell/PLA 
composites is closely linked to the fiber align-
ment induced during the FFF process. XRD 
and microscopic analyses confirmed that shear 
stresses within the nozzle facilitate the orienta-
tion of fibers parallel to the printing direction. 
This alignment allows for controlled directional 
stiffening, which is a major advantage of addi-
tive manufacturing. However, performance lim-
its were observed at higher concentrations; at 30 
wt% loading, the mechanical properties declined 
due to increased filament porosity (up to 7.88%) 
and higher stress concentrations, which initiated 
premature brittle failure.

Technologically, the smooth surface of Lyocell 
fibers proved beneficial for processability, allow-
ing the 10% composite to be printed with nozzles 
as small as 0.25 mm without clogging. Further-
more, Lyocell-reinforced PLA exhibits outstanding 
dimensional stability during post-printing heat treat-
ment. While pure PLA often suffers from signifi-
cant anisotropic shrinkage when heated to increase 
crystallinity, Lyocell/PLA composites maintain 
their shape while achieving a storage modulus at 
80 °C that is up to 72 times higher than that of neat 
PLA. This enables the use of these materials in 
load-bearing structures with complex geometries 
for biomedical or engineering applications.

Regional and other bast fibers

The exploration of regional natural fibers 
allows for the development of sustainable mate-
rials tailored to local bio-resources and specific 
industrial needs. Henequen fibers (Agave four-
croydes), which are endemic to the Yucatan 
peninsula, have been investigated by Agaliotis 
et al. [10] as a potential reinforcement for PLA-
based composites. In their study, henequen flour 
with particle sizes ranging from 90 to 250 µm 
was incorporated in low concentrations (1–5 
wt%). The results demonstrated that a 1 wt% 
loading was optimal for 3D-printed specimens, 
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achieving a maximum tensile stress of 60.1 
MPa (a 5.3% increase over printed neat PLA) 
and a significantly improved strain to failure of 
0.078 (a 53% increase). The presence of these 
fibers at low concentrations was found to delay 
crack growth, thereby enhancing both strength 
and ductility.

However, the effectiveness of henequen rein-
forcement is highly sensitive to the filler con-
centration and printing parameters. For flour 
contents of 2 wt% and higher, the maximum 
stress declined due to particle agglomeration and 
increased porosity. SEM analysis revealed the 
formation of triangle-shaped voids between print-
ed layers and beads, which acted as stress concen-
trators. To mitigate these issues, the addition of 3 
wt% maleic anhydride as a coupling agent was 
tested, which successfully boosted the maximum 
stress to 63.9 MPa by improving the interfacial 
adhesion between the hydrophilic fibers and the 
hydrophobic PLA matrix. Furthermore, the study 
confirmed that a 0° raster angle is essential for 
maximizing mechanical performance, as ±45° 
and 90° orientations lead to significant reductions 
in stiffness and strength.

Other regional agricultural residues, such as 
tamarindus fruit fiber (TFF), also show promise 
as reinforcements due to their high cellulose con-
tent (approximately 67%) and stiffness. Research 
by Rajaram et al. [15] indicated that TFF can 
significantly enhance PLA’s mechanical proper-
ties, with a 40 wt% loading doubling the tensile 
strength (reaching 54.45 MPa) compared to neat 
PLA. This substantial improvement was attribut-
ed to matrix penetration into the fiber cell walls, 
which created a strong entangled coherence and 
effective stress transfer. While these specific 
TFF results were obtained through compres-
sion molding, they establish a high-performance 
baseline for this filler, suggesting that with opti-
mized particle size and extrusion parameters, 
TFF could be a viable candidate for high-loading 
FFF filaments.

Comparing these regional reinforcements 
highlights a common challenge in additive manu-
facturing: while traditional processing can accom-
modate high fiber loadings (up to 40 wt%) for 
maximum reinforcement, FFF technology often 
requires lower concentrations (approx. 1–5 wt%) 
to maintain printability and avoid catastrophic 
increases in porosity [10, 15].

Particulate fillers

Industrial and agricultural waste

The utilization of industrial and agricul-
tural by-products as fillers in PLA composites 
is a key strategy for reducing material costs 
and environmental impact. Among these, spent 
coffee grounds (SCG) have gained significant 
attention. Yu W et al. [1] demonstrated that a 
low concentration of 3 wt.% SCG can slightly 
improve the tensile strength of PLA from 49.99 
MPa to 51.28 MPa, while achieving a maximum 
modulus of rupture of 109.07 MPa. However, 
their findings also highlight a critical perfor-
mance threshold; exceeding 5 wt.% loading 
leads to a rapid decline in mechanical properties 
(e.g., strength dropping to 26.45 MPa at 7 wt.%) 
due to particle aggregation and poor dispersion, 
which create stress concentration sites and pro-
mote crack formation.

While desktop-scale FFF often struggles 
with high SCG loadings, large-format additive 
manufacturing (LFAM) offers a different per-
spective. Paramatti et al. [4] explored the use of 
coffee masterbatches in a fused granular fabrica-
tion (FGF) system equipped with a 3 mm nozzle. 
Their research revealed that the incorporation of 
SCGs effectively reduces the complex viscosity 
of the PLA melt, which facilitates material flow 
and increases diffusion at the interlayer interface. 
This rheological advantage resulted in improved 
layer adhesion and allowed for the successful 
fabrication of complex, large-scale furniture parts 
with consistent quality.

Another promising particulate filler is derived 
from cashew nutshell waste. Paternina Reyes et 
al. [16] incorporated ground cashew nutshells 
(0.5–2.0 wt.%) into PLA filaments and reported 
a notable simultaneous improvement in both 
strength and ductility. Their results showed that 
a 2.0 wt.% loading achieved a tensile strength 
of 64.20 MPa and increased the elongation at 
break by approximately 3.36 times compared to 
neat PLA. This unique toughening effect, which 
contrasts with the brittleness often induced by 
other particulate fillers, is attributed to the rough 
and porous surface of the cashew nutshell par-
ticles. These morphological features promote 
strong mechanical interlocking at the filler-matrix 
interface. Furthermore, the thermal stability of 
these particles (up to 320 °C) ensures that their 
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reinforcing characteristics remain intact during 
high-temperature extrusion and printing.

The comparative analysis of these industrial 
wastes suggests that porosity and surface func-
tionalization are more critical than the chemi-
cal origin of the filler. Porous particles, such as 
those from cashew nutshells or optimized SCG 
masterbatches, provide better mechanical inter-
locking and rheological stability, whereas raw, 
non-porous particulate waste tends to act as a 
defect that initiates premature failure at higher 
concentrations [16].

Wood fillers

Wood f﻿illers, typically in the form of sawdust 
or wood flour, are among the most accessible nat-
ural fillers due to their abundance as by-products 
of the woodworking industry [11]. Their inte-
gration into PLA matrices is a well-established 
strategy to create wood-like aesthetics and reduce 
material costs, yet it poses significant challeng-
es regarding particle size control and interfacial 
adhesion [6, 11].

A recent study by Jasiński et al. [11] sys-
tematically explored the impact of pine sawdust 
particle size (ranging from <0.2 mm to 1 mm) 
on the properties of composites with a 10 wt% 
filler loading. Their results indicated that at the 
3D printing scale, there is no clear correlation 
between particle size and tensile strength, with 
average values ranging from 9.21 to 14.28 MPa. 
However, particle size proved to be the most criti-
cal factor for printability. The study established 
a “printability window,” recommending particles 
between one-fifth and one-half of the nozzle 
diameter (0.3–0.75 mm for a 1.5 mm nozzle) to 
prevent nozzle clogging. Interestingly, the small-
est fraction (<0.2 mm) also caused partial clog-
ging, which was attributed to the high specific 
surface area of fine particles leading to the forma-
tion of large agglomerates.

The mechanical performance of wood-filled 
PLA is highly sensitive to the filler concentration. 
Kariz et al. (2018) demonstrated that while a 10% 
beech wood content can slightly improve tensile 
strength, any further increase (up to 50%) leads to 
a sharp decline in strength (dropping to 30 MPa) 
and a significant increase in surface roughness 
and voids. This trend is supported by Liu et al. 
(2019), who identified 15% as the optimal load-
ing for pine wood flour. Furthermore, Baghia 
et al. (2020) reported that although 20% wood 

flour from poplar trees can increase the Young’s 
modulus, it simultaneously reduces both tensile 
strength and strain at break, reinforcing the inher-
ent brittleness of these biocomposites.

The primary failure mechanism in PLA-
wood composites is the formation of extensive 
voids at the filler-matrix interface. SEM charac-
terization reveals that these voids (ranging from 
9.4 to 40 µm) originate from the release of water 
and air trapped within the capillary spaces of the 
porous wood particles during high-temperature 
processing. As noted by Sztorch et al. (2022), 
the lack of chemical affinity between hydrophil-
ic wood and hydrophobic PLA prevents effective 
stress transfer, often resulting in fiber pull-out 
and interlayer delamination. To mitigate these 
issues, authors suggest that wood particles with 
more rounded shapes and smoother surfaces, 
combined with precise de-airing before extru-
sion, are essential for achieving denser and more 
reliable 3D-printed parts.

Nano-fillers and bionanocomposites

Nano-fillers, particularly nanocellulose in 
the form of nanofibrils (CNFs) or nanocrystals 
(CNCs), represent a modern frontier in develop-
ing high-performance PLA bionanocomposites 
for FFF 3D printing. These materials offer excep-
tionally high aspect ratios and significant rein-
forcing potential at very low concentrations (typi-
cally <5 wt.%) compared to micro-scale agricul-
tural waste [6, 17].

Recent studies by Agbakoba et al. [17] dem-
onstrated that incorporating just 1 wt.% of cellu-
lose nanofibrils (CNFs) extracted from eucalyptus 
sawdust, paired with triacetin as a green plasticizer, 
increased the tensile strength of 3D-printed PLA 
specimens by 12%. A critical finding was that CNFs 
act as processing aids, improving filament round-
ness and reducing thinning during extrusion by 
increasing melt viscosity. However, increasing the 
loading to 3 wt.% resulted in properties comparable 
to neat PLA, highlighting a performance plateau 
caused by the fundamental hydrophilicity of CNFs, 
which leads to agglomeration and weak interfacial 
interactions in the hydrophobic PLA matrix.

The use of cellulose nanocrystals (CNCs) 
offers even more pronounced thermal and 
mechanical benefits. Chike Agbakoba et al. [8] 
reported that CNCs act as powerful nucleating 
agents, enhancing the crystallization behavior 
of PLA by up to 15% and improving thermal 
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stability by approximately 20 °C. Their research 
achieved a substantial 48% increase in the tensile 
strength of bionanocomposite filaments through 
the synergistic use of CNCs and a multifunctional 
chain extender (Joncryl), which improved melt 
strength and prevented thermo-hydrolytic degra-
dation during processing. Crucially, these CNC-
reinforced materials exhibited a transition from 
inherent brittleness to ductile fracture behavior, 
with elongation at break reaching up to 25.5% for 
some formulations.

Beyond mechanical reinforcement, nanocel-
lulose enables the development of multifunctional 
filaments. Szymańska-Chargot et al. [18] devel-
oped a ternary system using carrot-derived CNFs 
modified with silver nanoparticles (AgNPs). Their 
research demonstrated that adding 1–4 wt.% of 
this modified filler imparted strong antibacte-
rial properties against Escherichia coli and Bacil-
lus cereus. Importantly, the silver nanoparticles 
remained bonded to the nanocellulose surface, 
preventing their migration from the composite – 
a vital safety feature for active food packaging. 
Furthermore, the addition of carrot-derived CNFs 
was found to tailor the material’s barrier proper-
ties by increasing gas permeability, which can be 
beneficial for the transpiration requirements of 
fresh produce packaging.

The synthesis of these findings suggests that 
bionanocomposites overcome the processability 
hurdles typical of high-loading fibrous fillers. By 
acting at the molecular level, nanocellulose can 
simultaneously enhance the mechanical integrity, 
thermal resistance, and specialized functional 
characteristics of PLA without compromising its 
biodegradability or the precision of the 3D print-
ing process [8, 17, 18].

Lignin and its derivatives

Lignin, the second most abundant renewable 
bio-resource after cellulose, is a highly branched 
phenolic polymer predominantly considered an 
industrial byproduct of the pulping industry. Its 
intrinsic hydrophobicity, antioxidant capacity, and 
reinforcing potential make it a versatile natural 
filler for PLA-based composites [3, 19]. However, 
the incorporation of unmodified (native) lignin 
often faces challenges related to its high thermal 
transition temperature and resistance to flow, 
which can limit printability and induce brittleness.

Research by Zaidi et al. [3] evaluated the sta-
bility of filaments produced using a bench-top 

extruder with organosolv lignin (3–15 wt.%). 
Their findings indicate that low concentrations 
(3–5 wt.%) of native lignin can enhance the 
Young’s modulus of 3D-printed specimens by 
up to 34% through improved interlayer adhe-
sion. However, concentrations reaching 10 wt.% 
resulted in a significant decline in tensile strength 
(dropping to 23.38 MPa from 49.25 MPa for 
neat PLA). This instability at higher loadings is 
consistently attributed to particle agglomeration 
and insufficient interfacial bonding between the 
hydrophilic hydroxyl groups of lignin and the 
hydrophobic PLA matrix. Similarly, Tanase-
Opedal et al. [19] observed that while spruce 
lignin generally reduces tensile strength, these 
effects can be partially mitigated by optimizing 
the 3D printing temperature. For their biocom-
posites (20–40 wt.% lignin), a temperature of 
215 °C proved optimal for enhancing layer fusion 
and mechanical performance. Furthermore, their 
study confirmed that lignin acts as an effective 
nucleating agent, facilitating the crystallization of 
the PLA matrix.

To overcome the compatibility issues of 
native lignin, chemical modifications such as 
esterification have been explored. Mohan et al. 
[20] successfully modified organosolv pine lignin 
with fatty acid esters (C10, C14, and C18). The 
C14 lignin ester at a 30 wt.% loading emerged 
as the superior additive, significantly improv-
ing strength, formability, and overall structural 
integrity compared to native lignin. Specifically, 
samples printed at 220 °C exhibited the highest 
quality with uniform surface texture and superior 
layer cohesion. This improvement is attributed to 
the optimal chain length of the C14 ester, which 
enhances chain mobility and flexibility without 
causing phase separation.

Beyond static mechanical reinforcement, lig-
nin imparts valuable multifunctional properties to 
3D-printed parts. Ye et al. [5] demonstrated that 
even extremely low loadings (0.5 wt.%) of lig-
nin can improve the toughness of PLA by 81.8% 
and tensile strength by 13.5%. Additionally, these 
lignin-doped materials exhibited remarkable 
UV-blocking capability (up to 99.9% for UVB) 
and antioxidant activity (up to 79%), highlight-
ing their potential for sustainable packaging and 
medical applications.

The synthesis of these findings suggests that 
while native lignin is effective at low concen-
trations (up to 5 wt.%), achieving high-perfor-
mance biocomposites at higher loadings requires 
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chemical derivatization, such as esterification, 
to ensure adequate compatibility and structural 
integrity in FFF-printed components.

PROCESSING AND PRINTABILITY 
CHALLENGES

Nozzle clogging and particle size control 

Nozzle clogging is identified as a primary 
processing barrier in the FFF printing of PLA 
biocomposites, as the physical obstruction of the 
extrusion path directly compromises part qual-
ity and process stability [6]. This phenomenon is 
highly sensitive to the filler’s granulometric frac-
tion relative to the nozzle orifice. Jasiński et al. 
[11] systematically quantified this relationship 
using pine sawdust, establishing that particles 
exceeding one-half of the nozzle diameter (e.g., 
>0.75 mm for a 1.5 mm nozzle) lead to immediate 
and complete clogging. Interestingly, their study 
also revealed that the smallest tested fraction 
(<0.2 mm) could cause partial clogging, a phe-
nomenon attributed to the high specific surface 
area of fine particles which promotes the forma-
tion of large agglomerates. Based on these find-
ings, they proposed a “printability window” rec-
ommending particle sizes between one-fifth and 
one-half of the nozzle diameter to ensure stable 
flow while maintaining material integrity.

The risk of blockage is further amplified by 
the filler concentration. Research by Mian et al. 
[12] and Srivastava et al. [14] consistently iden-
tifies an optimal loading range between 2 wt.% 
and 6 wt.% for various natural fibers, such as 
date palm and hemp. Exceeding these thresholds 
often results in uneven extrusion and increased 
brittleness due to fiber clustering and poor wet-
ting by the PLA matrix. Similarly, Agaliotis et 
al. [10] observed that henequen flour concentra-
tions above 2 wt.% led to particle agglomera-
tion and the formation of triangle-shaped voids 
between layers, which further destabilized the 
printing process.

However, filler morphology also plays a sig-
nificant role in determining the minimum viable 
nozzle size. For instance, the smooth surface 
and uniform dimensions of regenerated cellulose 
(lyocell) allowed for successful printing with 
nozzles as small as 0.25 mm at 10 wt.% loading 
[2]. In contrast, natural micro-scale agricultural 
wastes typically require larger nozzle diameters 

to prevent the entrapment of non-uniform parti-
cles [2, 4]. Ultimately, as noted by Sharma et al. 
[6], improper particle size control remains one of 
the primary reasons for low 3D printing quality in 
biomass-filled polymers, necessitating rigorous 
pre-processing steps such as sieving and double 
extrusion to ensure adequate homogenization.

Rheological behavior and extrusion 
stability 

The introduction of natural fillers fundamen-
tally alters the rheological properties of the PLA 
melt, which is a critical determinant of extrusion 
stability and filament quality. FFF technology can 
be perceived as a micro-extrusion process where 
scaling down industrial processes results in a 
significant reduction of the extrudate diameter – 
often by a factor of 20 to 30. This miniaturization 
amplifies the impact of melt viscosity variations 
and the sensitivity of the process to filler-induced 
inhomogeneities [13].

The impact on viscosity varies significantly 
depending on the filler type and its morphology. For 
instance, incorporating spent coffee grounds (SCG) 
has been shown to reduce the complex viscosity of 
the PLA melt. This reduction facilitates the melt 
flow of the extrudate and increases molecular diffu-
sion at the interface between layers, which leads to 
better interlayer adhesion and reduced internal pores 
[4]. In contrast, nanocellulose reinforcements gen-
erally increase melt viscosity. Studies on cellulose 
nanocrystals (CNCs) indicate that restricted mobil-
ity of PLA chains results in higher viscosity, with 
composites often exhibiting Newtonian behavior at 
low shear rates before transitioning to shear-thin-
ning at higher frequencies. While increased viscos-
ity can prevent filament “drooping” and improve 
the roundness of the extruded material[8], it also 
heightens the risk of under-extrusion if processing 
temperatures are not precisely optimized to ensure 
adequate flow [12].

Extrusion stability is further challenged by 
inconsistencies in filament diameter and oval-
ity, which directly affect the volume of material 
deposited. Research on bionanocomposites sug-
gests that diameter variations are often linked 
to the presence of plasticizers and the tension 
applied during winding [8, 17]. For instance, 
triacetin plasticization can lead to “thinning” of 
the filament as it emerges from the nozzle due to 
reduced melt strength [17]. However, the addition 
of cellulose nanofibrils (CNFs) can mitigate this 
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effect by increasing melt viscosity and enhanc-
ing compression during processing, resulting in 
improved filament roundness and more consistent 
diameters [8, 17].

A major factor destabilizing the extrusion 
process is the inherent hydrophilicity of natural 
fillers. Lignocellulosic particles, such as wood 
sawdust or hemp fibers, tend to release trapped 
air and residual moisture during high-temperature 
extrusion, leading to moisture-induced porosity 
[2, 12]. These micro-voids not only destabilize 
the extrudate diameter but also act as stress con-
centrators in the printed parts, often initiating fail-
ure between beads [12]. Furthermore, the lack of 
chemical affinity between hydrophilic fillers and 
the hydrophobic PLA matrix often causes phase 
separation, which manifests as structural discon-
tinuities and irregular flow behavior during the 
deposition of the molten bead [11].

Parameter optimization and innovative 
solutions 

To overcome the inherent processing difficul-
ties of biocomposites, an iterative optimization of 
3D printing parameters is essential. Literature indi-
cates that standard PLA settings (typically 190–210 
°C) are often insufficient for filled materials due to 
incomplete melting and increased melt viscosity. 
Mian et al. [12] reported that for PLA reinforced 
with 5 wt% date palm fiber, increasing the nozzle 
temperature to 220 °C and reducing the printing 
speed to 63 mm/s were necessary to achieve stable 
extrusion, as lower temperatures resulted in under-
extrusion and clogging. Similarly, Srivastava et 
al. [14] found that as hemp content increased 
from 2.5% to 5%, progressive adjustments were 
required, reaching a nozzle temperature of 220 
°C and a reduced speed of 35 mm/s. These adjust-
ments increase the residence time of the material in 
the heated nozzle, ensuring more uniform melting 
and reducing the risk of blockage.

Build plate management also requires reca-
libration to handle the altered thermal proper-
ties of biocomposites. Mian et al. [12] success-
fully mitigated warping and inadequate first-
layer adhesion by increasing the platform tem-
perature from 55 °C to 65 °C. For lignin-based 
composites, Tanase-Opedal et al. [19] identi-
fied 215 °C as the optimal printing temperature 
to enhance layer fusion. In more advanced sys-
tems using modified lignin esters, the highest 
print quality and strongest interlayer cohesion 

were achieved at 220 °C, highlighting the syn-
ergy between chemical modification and ther-
mal optimization [20].

Beyond software adjustments, hardware 
innovations provide promising solutions to 
biomass-related printability issues. Sharma et 
al. [6] proposed a novel nozzle design featuring 
selective variable extrusion and multiple inter-
changeable dies. This mechanism can accommo-
date various filler shapes and granularities, sig-
nificantly reducing the risk of blockages while 
improving production speed and surface quality. 
Furthermore, the application of large-format 
additive manufacturing (LFAM) with direct 
pellet extrusion (Fused Granular Fabrication, 
FGF) represents a major scaling breakthrough. 
Paramatti et al. [4] demonstrated that using a 3 
mm nozzle and a single-screw pellet extruder 
bypassed the clogging problems typical of desk-
top FFF, allowed the use of coarser particles (up 
to 900 µm), and minimized thermomechanical 
degradation by eliminating the intermediate fila-
ment extrusion step.

The synthesis of these findings suggests that 
while desktop FFF requires narrow “printability 
windows” and precise tuning of thermal param-
eters, emerging hardware technologies like FGF 
and specialized nozzles offer more robust path-
ways for the industrial implementation of natural 
filler-reinforced PLA.

PLA SPECIFIC PARAMETERS

Natural fillers concentrations in the compos-
ite range from 1% to 40% (in the case of lignin 
ester and hemp hurd). The 3D printing tempera-
ture of the samples ranged from 150°C (Jasiński 
et al.) to 230 °C (Tanase-Opedal et al.). Due to 
the additives in the composite, printing speeds 
are low, ranging from 10 to 63 mm/s. According 
to available studies, the bed temperature does not 
affect the mechanical strength of the samples, but 
rather the adhesion of the samples to the print-
ing bed. This prevents the samples from detach-
ing from the bed. The numerical data for Young’s 
modulus and tensile strength are summarized in 
Table 3 and Table 4, respectively. These tables 
include only the specific values explicitly stated 
in the source texts by the original authors. In 
cases where research findings were presented 
solely through graphical representations without 
precise numerical data, those values were omitted 
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to ensure the highest degree of accuracy and to 
avoid potential errors associated with manual 
estimation from charts.

The Young’s modulus values ​​reported by Beg 
et al. are highest at a 40% additive concentration, 
but no values ​​are provided for other concentrations. 
The Mian et al. study provides information on 
Young’s modulus but does not calculate its value.

Tensile strength was reported by the authors 
for all concentrations in most cases. In the work 
of Jasiński et al., maximum strength values ​​were 
given depending on the length of the sawdust 
used in the study. Again, in the work of Beg et al., 
only the highest strength value obtained overall 
(the highest was for the 20% concentration).

Reinforcement efficiency – fibrous vs. 
particulate fillers

A comparison of the data indicates that 
fibrous fillers consistently provide superior rein-
forcement compared to particulate waste, particu-
larly regarding ultimate tensile strength (UTS). 
The primary reason for this divergence is the 
high aspect ratio of fibers, which facilitates more 
effective stress transfer from the PLA matrix to 
the reinforcement [2, 9].

High-performance reinforcements such as 
hemp hurd fibers (20 wt.%) have achieved a record 
tensile strength of 70 MPa [9]. Similarly, regener-
ated cellulose (Lyocell) at 10 wt.% loading yielded 

Table 1. Bio-additives used, PLA type and natural filler concentration values ​​in the composite

References Filler PLA type Filler concentration ​​in the 
composite

Yu W et al. [1] Coffee PLA Ingeo 4043D 0%, 1%, 3%, 5%, 7%

Paramatti et al. [4] Coffee PLA Ingeo 3D850 0%, 5%, 10%

Gauss et al.[2] Lyocell PLA Ingeo 2003D 0%, 10%, 20%, 30%

Zaidi et al. [3] Organosolv lignin PLA Ingeo 3052 0%, 3%, 5%, 10%

Mohan et al. [20] C14 lignin ester PLA Ingeo 3D850 0%, 10%, 20%, 30%, 40%

Jasiński W et al. [11] Wood (sawdust) PLA Ingeo 4043D 0%, 10%

Beg et al. [9] Hemp fibers (hemp hurd) PLA Ingeo 2003D 0%, 20%, 30%, 40%

Mian SH et al. [12] Date palm PLA (not specified) 0%, 5%

Srivastava et al. [14] Ground and sieved hemp 
powder PLA (not specified) 0%, 2.5%, 5%

Agaliotis et al. [10] Henequen fiber flour PLA Ingeo 2003D 0%, 1%, 2%, 3%, 4%, 5%

Agbakoba et al. [17] Cellulose nanofibrils (CNFs) PLA Ingeo 6202D 0%, 1%, 3%

Chike Agbakoba et al. [8] Cellulose nanocrystals 
(CNCs) PLA Ingeo 6202D 0%, 0.1%, 0.5%, 1%

Tanase-Opedal et al. [19] Spruce lignin PLA (not specified) 0%, 20%, 40%

Table 2. 3D printing process parameters used in individual studies

References Nozzle diameter [mm] Printing temperature [°C] Bed temperature [°C] Print speed [mm/s]

Yu W et al. [1] n/a 195 - 60

Paramatti et al.[4] 3.0 190 80 10, 15, 20, 30

Gauss et al. [2] 0.5 215 70 30

Zaidi et al. [3] 0.4 215 60 60

Mohan et al. [20] 0.4 220 70 15

Jasiński W et al. [11] 1.5 150 - -

Beg et al. [9] 0.75 210 70 30

Mian SH et al. [12] 0.4 210 65 63

Srivastava et al. [14] 0.4 200–220 60–70 35–45

Agaliotis et al. [10] 0.8 215 60 30

Agbakoba et al. [17] n/a 175 n/a 60

Chike Agbakoba et al. [8] 0.4 185–190 50 60

Tanase-Opedal et al. [19] 0.4 205–230 n/a 35
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Table 3. Young’s modulus value for different natural filler concentration values ​​[MPa]

References Material used in the 
biocomposite 0% 1% 2% 2.5% 3% 4% 5% 10% 20% 30% 40%

Yu W et al. [1] Coffee (grounds) 2336 - - - 3604 - 2044 - - - -

Paramatti et 
al. [4] Coffee masterbatch 3192.6 - - - - - 2983.7 2880.7 - - -

Gauss et al. [2] Lyocell fibers 3260 - - - - - - 4560 4580 4900 -

Zaidi et al. [3] Lignin 488 - - - 654 - 548 524 - - -

Mohan et al. [20] C14 lignin ester - - - - - - - - - 786.14 -

Jasiński W et 
al. [11] Wood (sawdust) 1580 - - - - - - 1014 - - -

Beg et al. [9] Hemp fibers (hemp 
hurd) - - - - - - - - - - 7100

Srivastava et 
al. [14] Hemp powder 3200 - - 3760 - - 4090 - - - -

Agaliotis et al. 
[10] Henequen flour 1930 1480 1620 - 1430 1580 1490 - - - -

Agbakoba et al. 
[17] CNFs + plasticizer 2115.5 2378.75 - - 2542.33 - - - - - -

Tanase-Opedal 
et al. [19] Spruce lignin 2890 - - - - - - - 2460 - 2695

Table 4. Tensile strength values ​​depending on the natural filler concentration [MPa]

References Material used in 
the biocomposite 0% 1% 2% 2.5% 3% 4% 5% 7% 10% 20% 30% 40%

Yu W et al. [1] Coffee (grounds) 49.99 - - - 51.28 - - 26.45 - - - -

Paramatti et al. [4] Coffee (grounds) - - - - - - 49 - 47 - - -

Gauss et al. [2] Lyocell 62.8 - - - - - - - 64.2 57.1 47.5 -

Zaidi et al. [3] Lignin (printed 
samples) 49.25 - - - 31.48 - 30.23 - 23.38 - - -

Mohan et al. [20] C14 lignin ester - - - - - - - - - - 19.2 -
Jasiński W et al. 
[11] Wood (sawdust) 33.43 - - - - - - - 14.28 - - -

Beg et al. [9] Hemp fibers 
(hemp hurd) - - - - - - - - - 70 - -

Mian SH et al. [12] Date fibers 50.4 - - - - - 53.69 - - - - -

Agaliotis et al. [10] Henequen flour 56.7 60.1 48.9 - 41.4 40.4 35.5 - - - - -
Agbakoba et al. 
[17]

CNFs + 
plasticizer 22.7 25.43 - - 22.41 - - - - - - -

Tanase-Opedal et 
al. [19] Spruce lignin 58.45 - - - - - - - - 39.35 - 45.65

Figure 1. Young’s modulus value for different natural filler concentration values ​​[MPa]
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a UTS of 64.2 MPa [2]. Even at low concentra-
tions, fibers show significant benefits; Srivastava 
et al. [14] reported a 29.6% increase in tensile 
strength with just 2.5 wt.% hemp powder, while 
Mian et al. observed a 6.53% improvement (reach-
ing 53.69 MPa) using 5 wt.% date palm fibers [12].

In contrast, particulate fillers such as spent 
coffee grounds (SCG) and wood sawdust typical-
ly lead to a degradation of UTS as concentrations 
increase. Yu W et al. [1] found that while 3 wt.% 
SCG could slightly enhance strength to 51.28 
MPa, exceeding 5 wt.% caused a rapid drop to 
26.45 MPa at 7 wt.% loading. Similarly, Jasiński 
et al. [11] reported that 10 wt.% pine sawdust 
resulted in relatively low UTS values ranging 
from 9.21 to 14.28 MPa, with no clear correlation 
to particle size at the 3D printing scale.

The efficiency of fibers is further enhanced 
by the alignment induced during extrusion. 
XRD and microscopic characterization of 
Lyocell and hemp composites confirm that 
fibers orient themselves parallel to the printing 
direction (0° raster), allowing for controlled 
directional stiffening [2]. Conversely, isomet-
ric particles (e.g., coffee grounds, wood dust, 
native lignin) often act as stress concentrators 
or inclusions that disrupt matrix continuity [1, 
3]. Without high aspect ratios to bridge cracks, 
these particulates initiate premature failure at 
the filler-matrix interface [3].

The synthesis of these results suggests that 
for applications requiring high structural integrity, 
fibrous fillers are the optimal choice, whereas par-
ticulate fillers are better suited for cost reduction or 
aesthetic purposes at very low loadings (typically 
<5 wt.%) to avoid catastrophic loss of strength.

The stiffness-strength trade-off

A universal trend observed across nearly all 
studied natural fillers is the marked increase in 
stiffness (Young’s modulus) accompanied by a 
progressive loss of tensile strength and ductility 
(strain at break) as filler loading increases [21]. 
This “stiffness-strength trade-off” is primarily 
governed by the restricted mobility of PLA poly-
mer chains induced by the inclusion of rigid bio-
derived particles or fibers [3, 21].

The addition of rigid fillers acts as a rein-
forcement that enhances the modulus of elasticity 
according to the rule of mixtures [21]. For instance, 
adding native organosolv lignin at low concentra-
tions (3–5 wt.%) can enhance the Young’s modu-
lus by up to 34% [3]. In high-loading fibrous com-
posites, Beg et al. [9] reported that a 40 wt.% hemp 
hurd content achieved a record Young’s modulus 
of 7.1 GPa, representing a two-fold increase over 
neat PLA. Similar stiffening effects were noted for 
cellulose nanocrystals (CNCs), where restricted 
chain mobility resulted in higher storage moduli 
and improved thermal stability [8, 17].

While stiffness continues to rise with filler con-
tent, UTS often reaches a peak at low concentra-
tions before declining sharply [1]. Native lignin 
at 10 wt.% loading causes the UTS to drop from 
49.25 MPa to just 23.38 MPa [3]. Similarly, wood-
filled PLA exhibits a 10% strength increase at 10 
wt.% beech wood loading, but drops to 30 MPa 
when the content is increased to 50 wt.% [10, 13].

The degradation of strength at higher load-
ings is consistently attributed to three factors: 
particle agglomeration, increased porosity, and 
poor interfacial wetting [1, 9, 10]. As the filler 

Figure 2. Tensile strength values ​​depending on the natural filler concentration [MPa]
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content increases, the PLA matrix can no longer 
fully encapsulate every particle or fiber, leading 
to the formation of extensive internal voids –
reported as high as 16% for some hemp and wood 
composites [9]. These voids and clusters act as 
stress concentrators that initiate premature brittle 
failure, preventing the effective transfer of loads 
from the matrix to the reinforcement [3, 10, 21].

The synthesis of these findings highlights a 
critical “performance plateau” for most biocom-
posites; while natural fillers are highly effective 
at increasing the rigidity of PLA, their use in 
structural applications is limited to a narrow con-
centration window (typically 3–10 wt.%) unless 
chemical modifications are employed to preserve 
material integrity [14, 20].

Role of interfacial adhesion and 		
chemical modification

The fundamental challenge in developing 
high-performance PLA biocomposites is the inher-
ent chemical incompatibility between the hydro-
philic lignocellulosic fillers and the hydropho-
bic polymer matrix. This mismatch leads to poor 
interfacial adhesion, resulting in the formation of 
micro-voids at the boundary layers that prevent 
effective stress transfer and act as crack initiation 
sites [9, 10]. Synthesis of recent findings indi-
cates that while physical interactions can provide 
modest reinforcement at very low concentrations, 
chemical modification is the critical pathway for 
breaking performance barriers at higher loadings.

Zaidi et al. [3] reported that incorporating 10 
wt.% of native organosolv lignin caused a drastic 
reduction in tensile strength, dropping from 49.25 
MPa for neat PLA to just 23.38 MPa. This insta-
bility is attributed to insufficient interfacial bond-
ing and the tendency of unmodified hydroxyl 
groups to promote particle agglomeration.

In contrast, Mohan et al. [20] demonstrated 
that esterifying organosolv lignin with tetradeca-
noic acid (C14) allows for a successful loading of 
up to 30 wt.%, achieving the highest strength and 
toughness in the study. The long-chain aliphatic 
groups of the C14 ester enhance compatibility 
and wetting by the PLA matrix, which SEM anal-
ysis confirms leads to superior layer cohesion and 
a uniform surface texture.

The utilization of coupling agents offers 
another effective strategy for bridging the filler-
matrix interface. Agaliotis et al. [10] found that 
adding 3 wt.% maleic anhydride to a 1 wt.% 

henequen-reinforced composite successfully 
boosted the maximum tensile stress from 60.1 
MPa to 63.9 MPa. This improvement is fostered 
by the coupling agent’s ability to create a chemi-
cal bridge between the filler and matrix, thereby 
delaying crack growth and enhancing ductility.

Furthermore, pre-treatments such as alkaline 
digestion (NaOH) followed by bleaching or silani-
zation play a dual role: they remove amorphous 
components like hemicellulose and lignin while 
simultaneously increasing surface roughness [9]. 
This modified morphology facilitates mechanical 
interlocking with the PLA matrix, a factor identified 
as essential for the effective stress transfer observed 
in high-strength Lyocell and treated hemp com-
posites [2, 13]. Collectively, these results suggest 
that chemical functionalization not only preserves 
material integrity at high filler contents but also 
allows for the customization of functional proper-
ties like thermal stability and UV-blocking without 
compromising mechanical performance [5, 20].

AM-specific failure mechanisms

A critical analysis of the literature reveals that 
the mechanical performance of PLA biocompos-
ites is often dominated by structural defects unique 
to the Fused Filament Fabrication (FFF) process, 
rather than the intrinsic properties of the material 
constituents alone. The layer-by-layer nature of 
additive manufacturing introduces specific fail-
ure modes, primarily centered around anisotropic 
porosity and interfacial discontinuities.

One of the most prevalent defects in 3D-print-
ed biocomposites is the formation of triangle-
shaped voids at the junctions between adjacent 
beads and layers. These voids, which typically 
result in a baseline porosity of 4–5% even in neat 
PLA, act as primary stress concentrators that 
initiate crack propagation [10]. In natural filler-
reinforced composites, this phenomenon is often 
exacerbated by the filler’s presence, with reported 
porosity levels climbing as high as 16% for hemp 
and wood-filled filaments [9]. The presence of 
these macro-pores leads to premature brittle fail-
ure, as the effective load-bearing cross-section is 
significantly reduced [10].

Unlike traditional injection molding, the hot-
end extrusion in FFF triggers the rapid release of 
air and water vapor trapped within the capillary 
spaces of hydrophilic fillers like wood sawdust or 
hemp fibers. This “outgassing” during the molten 
state creates micro-voids and phase separation at 
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the filler-matrix interface. SEM characterization 
by Jasiński et al. [11] and others confirms that 
these moisture-induced discontinuities range from 
9.4 to 40 µm and do not correlate with particle size, 
suggesting they are a fundamental byproduct of 
processing porous biomass at high temperatures.

The strength of 3D-printed parts is heav-
ily dependent on the cohesion between depos-
ited beads. Research on date palm biocomposites 
shows that a tighter raster packing (approx. 133 
µm) allows for a more uniform stress distribution 
compared to neat PLA (approx. 212 µm), which 
often exhibits larger gaps and signs of interlayer 
debonding [12]. While inlayer fracture (breaking 
of individual rasters) remains the dominant mecha-
nism in high-quality prints, weak interfacial bond-
ing – often caused by filler agglomeration at layer 
boundaries – frequently shifts the failure mode to 
interlayer delamination or fiber pull-out[10, 12].

An exceptional mechanical shift is observed 
in nanofillers (CNC/CNF) reinforced systems. 
While most micro-scale natural fillers increase 
the brittleness of PLA, the addition of cellu-
lose nanocrystals can induce a transition from 
brittle to ductile fracture behavior. This is evi-
denced by the “whitening effect” during tensile 
testing, which results from crazing (micro-void 
formation) and strain-induced crystallization. 
For instance, bionanocomposites containing 1 
wt.% CNFs and triacetin achieved an elonga-
tion at break of 105%, highlighting how molec-
ular-scale reinforcement can densify the struc-
ture and mitigate the sudden failure typical of 
3D-printed parts [8, 17].

In summary, failure in 3D-printed PLA bio-
composites is a multi-scale phenomenon where 
AM-specific geometric voids and process-
induced porosity often override the reinforcing 
potential of the fillers, necessitating precise con-
trol over printing parameters and filler drying to 
achieve structural reliability.

CONCLUSIONS

The selection of filler concentration repre-
sents a fundamental trade-off between mechani-
cal stiffening and process stability.

To achieve a balance between strength and 
stiffness, fibrous reinforcements such as Lyocell 
or treated hemp should be utilized at concentra-
tions of 10–20 wt.%. While higher loadings (up to 
40 wt.%) can double the Young’s modulus, they 

often lead to a sharp decline in tensile strength 
due to porosity levels reaching 16%.

For industrial and agricultural waste (e.g., 
spent coffee grounds or wood flour), the opti-
mal loading window is much narrower, typi-
cally 1–5 wt.%. Concentrations exceeding 7 
wt.% usually act as structural defects, promot-
ing crack initiation and significant loss of mate-
rial continuity. Bionanocomposites utilizing cel-
lulose nanocrystals (CNCs) or nanofibrils (CNFs) 
offer the most efficient reinforcement, providing 
significant improvements in crystallinity and duc-
tility at extremely low loadings of 1–3 wt.%.

Engineers should increase the nozzle tempera-
ture to 210–220 °C and reduce printing speeds to 
35–40 mm/s. These adjustments increase the resi-
dence time of the material in the hot-end, ensur-
ing more uniform melting and reducing the risk of 
nozzle blockage. To prevent clogging, filler particle 
size must be strictly controlled between one-fifth 
and one-half of the nozzle diameter (e.g., 0.3–0.75 
mm for a 1.5 mm nozzle). Raising the build plate 
temperature to 65–70°C is recommended to miti-
gate the warping issues commonly associated with 
the moisture-sensitive nature of bio-fillers.

Esterification of fillers (e.g., using C14 tetra-
decanoic acid) is highly recommended for amor-
phous fillers like lignin, as it improves interfa-
cial wetting and allows for loadings of up to 30 
wt.% without sacrificing toughness. The addition 
of approximately 3 wt.% maleic anhydride as a 
coupling agent can effectively bridge the filler-
matrix interface, delaying crack growth and 
enhancing ductility.
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